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Preface

The International Society on Oxygen Transport to Tissue (ISOTT, www.isott.
info) is an interdisciplinary society comprising about 250 members worldwide.
Its purpose is to further the understanding of all aspects of the processes
involved in the transport of oxygen from the air to its ultimate consumption
in the cells of the various organs of the body. The annual meeting brings
together scientists, engineers, clinicians and mathematicians in a unique inter-
national forum for the exchange of information and knowledge, the updating of
participants on latest developments and techniques, and the discussion of
controversial issues within the field of oxygen transport to tissue. Founded in
1973, the society has been the leading platform for the presentation of many of
the technological and conceptual developments within the field both at the
meetings themselves and in the proceedings of the society. These have been
published first by Plenum Publishing (1973), then byKluwer Academic/Plenum
Publishers and presently by Springer Publishing, all in the Advances In Experi-
mental Medicine and Biology Series.

The 36th Annual ISOTT conference was held in Sapporo, Japan during
August 3–7, 2008. It was the second occasion that the ISOTT meeting was held
in Japan; the first one was held in the same place in 1987 organized by Professor
Masaji Mochizuki. The meeting consisted of one special lecture by the Honorary
President ProfessorMamoru Tamura, 8 invited lectures, 7 organized sessions (31
presentations altogether), a specially plannedAsians session (4 presentations), 20
general oral presentations, and 64 poster presentations. In addition, we had an
opportunity to hold a satellite symposium in the same venue titled ‘‘Oxygen
Transport and Medicine’’ (4 presentations) chaired by Professor Makoto Sue-
matsu, Keio University School of Medicine. We welcomed 131 full registrants
(with 15 accompanying persons) and 38 one-day-ticket holders. In addition to
promoting enthusiastic in-depth discussions in the conference, at after-hours, we
offered special occasions so that the participants could relax and feel ISOTT’s
traditional familiar atmosphere. One example is the Summer Ski Jump demon-
strations performed by Mr. Kazuyoshi Funaki, the Gold Medalist in 1998’s
Winter Olympic Games in Nagano, Japan.

This volume is the fruit of Sapporo ISOTT meeting. All the manuscripts have
been carefully reviewed and revised according to the reviewer’s recommendation.
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Unfinished Physiology

John W. Severinghaus

Abstract The following was an invited pre-dinner commentary to the standing

group waiting for supper, light heartedly suggesting several still unsettled

physiologic problems in need of study.

1 Introduction

Professor Ichiro Kuwahira wrote in June asking me to briefly inspire you young

investigators before dinner. I can only inspire air and have no talent for giving

useful advice. The Danish mathematician – philosopher – poet Piet Hein wrote

short poems he called ‘‘GROOKS’’:

‘‘Shun advice at any price. That’s what I call good advice.’’

If I had 20–30 min I could describe two physiologic unsettled questions that

need some young investigators to tackle. But we are hungry and standing, so I’ll

just pose the questions. Details after dinner when we can all sit down

somewhere.

1. How does the law of mass action work for the electron-oxygen reaction at
cytochrome aa3? (Fig. 1)

2. What makes brain capillary flow stop and go at about 6–10 times per min,
and what is the neuro-chemistry involved? (Fig. 2)

And remember another GROOK.

‘‘When technology is master we shall reach disaster faster.’’

Good luck and bon appetite!

J.W. Severinghaus (*)
UCSF, San Francisco, CA, USA
e-mail: jwseps@comcast.net
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Fig. 1 Polarographic simulation of brain cytochrome aa3 copper electron-O2 physical chem-
istry in progressive hypoxia. To maintain a constant polarographic electrode current (VO2) as
PO2 falls, cathode negative potential must be increased hyperbolically. Brain metabolic rate
does not fall in moderate hypoxia (>30 torr PaO2) until mitochondrial PO2 falls from its
normal level of about 15 torr to below 1 torr (Chance). A widespread misinterpretation of
Chance’s finding has led to assumptions that mitochondrial PO2 is normally less than 1 torr.
Themass law, when applied at constant metabolic rate, insures a hyperbolic relation of copper
potential and local PO2. In vivo, during redox reduction by arterial hypoxia, cytochrome aa3
copper (negative) potential is increased by increased substrate concentrations in the citric acid
cycle (at constant flux). A common source of confusion is the biochemical view of redox
reduction as positive rather than negative

Fig. 2 PO2 cycles in cat brain with a 10mm implanted oxygen electrode [1]. Adjacent tissue
within about 1 mm is usually synchronous, but not so at greater distances, This is due to
digital opening and closing of precapillary sphincters at 6–12/min, is exaggerated at low PCO2

and abolished in hypoxia. What is the mechanism?

4 J.W. Severinghaus
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Cell Respiration Under Hypoxia: Facts

and Artefacts in Mitochondrial Oxygen Kinetics

Francesca M. Scandurra and Erich Gnaiger

Abstract When oxygen supply to tissues is limiting, mitochondrial respiration
and ATP production are compromised. To assess the bioenergetic conse-
quences under normoxia and hypoxia, quantitative evaluation of mitochon-
drial oxygen kinetics is required. Using high-resolution respirometry, the
‘‘apparent Km’’ for oxygen or p50 of respiration in 32D cells was determined at
0.05 � 0.01 kPa (0.4 mmHg, 0.5 mM, 0.25% air saturation). Close agreement
with p50 of isolated mitochondria indicates that intracellular gradients are small
in small cells at routine activity. At intracellular pO2

<2 kPa (15 mmHg, 10% air
saturation) in various tissues under normoxia, respiration is limited by >2%
with a p50 of 0.05 kPa. Over-estimation of p50 at 0.4 kPa (3 mmHg) would imply
significant (>17%) oxygen limitation of respiration under intracellular nor-
moxia. Based on a critical review, we conclude that p50 ranges from 0.01 to
0.10 kPa in mitochondria and small cells in the absence of inhibitors of cyto-
chrome c oxidase, whereas experimental artefacts explain the controversial
>200-fold range of p50 in the literature on mitochondrial oxygen kinetics.

1 Introduction

Intracellular oxygen levels in the microenvironment of mitochondria are the
result of a dynamic balance between oxygen transport to tissues through the
respiratory cascade [1] and oxygen utilization by the mitochondrial respiratory
electron transport system [2]. At any physiological steady state, a metabolic
perturbation of oxygen demand leads to a shift of intracellular oxygen concen-
tration (decrease after stimulation or increase after arrest), unless effective
control of oxygen supply exerts a compensatory effect to maintain intracellular
oxygen levels within a regulated range. Conversely, an environmental

E. Gnaiger (*)
D. Swarovski Research Laboratory, Department of General and Transplant Surgery,
Medical University of Innsbruck, Innsbruck, Austria; OROBOROS
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perturbation from normoxic to hypoxic or hyperoxic levels modifies the vari-
ables of oxygen transport and themetabolic capacity for oxygen consumption is
compromised if mitochondrial oxygen pressures are changed below the level of
kinetic saturation. Three elements, therefore, are responsible for controlling
cellular oxygenation: the environmental oxygen level, oxygen transport and
respiratory metabolism.

This review is focused on cellular and mitochondrial respiration, under the
control of extracellular or mitochondrial oxygen pressure (Section 2). In Sec-
tion 3, we summarize our experience gained by application of high-resolution
respirometry to the study of isolated mitochondria and intact cells under con-
ditions of varying oxygen concentrations. Extending the comprehensive review
on mitochondrial oxygen kinetics published in 1995 [3], we discuss in Section 4
possible explanations for discrepancies on the p50 of mitochondrial respiration,
i.e. the partial pressure at which respiration rate is 50% of flux at kinetic oxygen
saturation. There is a >200-fold range of mitochondrial p50 reported in the
literature. Whereas instrumental and methodological artefacts are responsible
for the major part of this large range, a 10-fold variation of p50 is due to
turnover of cytochrome c oxidase (between the minimum of respiration com-
pensating for leak and fully ADP-stimulated respiration) and variation between
different mitochondrial sources and various small cells. In Section 5, we relate
the p50 of mitochondrial respiration to intracellular oxygen regimes under
normoxia and hypoxia, discussing the theoretical consequences of the actual
p50 of mitochondrial respiration under physiological conditions, for energy
homeostasis and mitochondrial excess capacities, oxygen sensing and signalling
responses to hypoxia. In particular, comparison of the p50 in isolated mitochon-
dria and intact cells supports the direct measurement of high intracellular
oxygen gradients in cardiomyocytes [4, 5], in contrast to the comparatively
negligible intracellular oxygen gradients in small cells [6].

2 Mitochondrial and Cellular Oxygen Kinetics

2.1 Isolated Mitochondria

Mitochondrial respiration is a hyperbolic function of oxygen partial
pressure, pO2

,

jO2
¼ pO2

p50 þ pO2

(1)

where jO2
is the rate expressed relative to the maximum pathway flux, Jmax,

observed at kinetic oxygen saturation in a defined metabolic state. Characteristic
metabolic states of isolated mitochondria, incubated with selected substrate com-
binations (e.g. pyruvate, malate, glutamate, succinate), are (i) OXPHOS (State 3
[7]; maximally ADP-stimulated oxidative phosphorylation; but see [8]), and (ii)
LEAK (State 4 [7]; minimumoxygen flux required to compensate for proton leak,

8 F.M. Scandurra and E. Gnaiger



slip and cation cycling, without providingADPor by inhibiting phosphorylation;
for discussion see [9]). Jmax, therefore, is a complex function of coupling and
electron supply through the mitochondrial electron transport system to cyto-
chrome c oxidase. Similarly, the maximum reaction velocity of an enzyme, Vmax,
varies as a function of the concentrations of other substrates and enzyme con-
centration, [E]. The enzyme turnover, Vmax/[E], or pathway flux, Jmax, exert an
influence on the apparent Michaelis-Menten constant, Km

0, or p50. The p50 of
mitochondrial respiration, therefore, depends on the metabolic state. If catalytic
efficiency,Vmax/Km

0, is constant, thenKm
0 and p50 increase in direct proportion to

enzyme turnover [10]. In addition to substrate and ADP supply [11], coupling of
electron transport to phosphorylation modifies the p50 of cellular and mitochon-
drial respiration [2, 12, 13]. Since the present review is focussed on mitochondrial
physiology, we will not consider uncoupled states which provide ameasure of the
capacity of the electron transport system, ETS.

2.2 Intact Cells

In the ROUTINE state, cell respiration is controlled by physiological aerobic
ATP demand at routine steady-state ADP levels, which result from the dynamic
balance of ATP production (aerobic and glycolytic) and cellular ATP utiliza-
tion. After inhibition of electron transport, e.g. by 0.5 mMmyxothiazol, residual
oxygen consumption (ROX) is observed which is subtracted from total oxygen
consumption to obtain mitochondrial ROUTINE respiration. As shown by the
inhibitory effect of oligomycin, which inhibits ATP synthase and induces a
LEAK respiratory state, ROUTINE respiration is about two to four times
higher than LEAK respiration, and is thus significantly less than OXPHOS
capacity, which may be six to ten times the LEAK respiration, as expressed by
the respiratory control ratio [14, 15].

In addition to the enzymatically catalyzed oxygen consumption, the oxygen
dependence of cell respiration is controlled by oxygen gradients related to
oxygen transport from the extracellular medium to the mitochondria. The
oxygen pressure difference, Dpcell, between the extracellular medium and the
average mitochondrion is a function of cell size, cell shape, mitochondrial
distribution and oxygen flux. At half-maximum oxygen flux, oxygen gradients
are 50% of their maximum at unlimited flux, and maximum Dpcell¼ 2�Dp50 can
be calculated as the p50 difference of respiration in intact cells and isolated
mitochondria, at comparable metabolic states [6],

Dp50 ¼ p50;cell � p50;mito (2)

For comparison of mitochondria and cells, respiration is expressed as oxy-
gen flux per mitochondrial protein, JO2

[pmol �s–1�mg�1], or relative to a
mitochondrial marker such as aa3 content or citrate synthase activity. Cell
respiration is frequently expressed as oxygen flow per number of cells, IO2

[pmol �s�1 �10�6], which is an extensive quantity and varies with cell size and
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mitochondrial content [16]. High oxygen flow in large and active cells, such as
cardiomyocytes, results in proportionally high Dp50 [6].

3 Oxygen Kinetics and High-Resolution Respirometry

3.1 Nanomolar Resolution of Oxygen Concentration

Measurement of mitochondrial oxygen kinetics presents an experimental chal-
lenge [3, 17, 18], considering the demands set on oxygen monitoring with high
sensitivity and high time resolution. High-resolution respirometry (HRR) was
developed for routine measurement of low volume-specific oxygen flux and
low, sub-micro molar oxygen concentration [3]. The instrumental and metho-
dological basis of HRR (Oxygraph-2 k; OROBOROS INSTRUMENTS, Aus-
tria; www.oroboros.at) has been discussed in detail [11]. Since 2001, HRR was
improved further in a second generation of instruments (Oxygraph-2 k) with
reduced signal noise (Fig. 1; compare Fig. 3) as achieved by higher temperature
stability, improved stirring and advanced electronics and mechanical design. The
HRR features most important for oxygen kinetics are summarized briefly:
(1) The experimental chamber and sealings are made of inert materials which
do not store and release dissolved oxygen (no Perspex, no Teflon coated stirrers).
(2) Unstirred layers are minimized by effective stirring, and gas-aqueous phase
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Fig. 1 Oxygen kinetics of respiration of 32D cells in a closed chamber (2 ml mitochondrial
respiration medium MiR05; OROBOROS Oxygraph-2 k; 5.106 cells.ml�1, 378C). a. Oxygen
concentration (continuous line) and volume-specific oxygen flux (circles) as a function of time
during the aerobic-anoxic transition. The oxygen signal was corrected for the time constant
(t¼ 2.8 s) of the O2 sensor. Oxygen flux was corrected for instrumental background.
b. Hyperbolic fit (continuous line) in the low-oxygen range of oxygen flux (circles) as a function
of oxygen concentration or oxygen pressure (oxygen solubility 9.71 mM/kPa).Maximum flux,
JV,max, was 66 pmol �s�1�ml�1. Corresponding to the low maximum flow, Imax, of 13
pmol �s�1�ml�1 in the endogenous ROUTINE state, the p50 was 0.028 kPa (0.21 mmHg;
0.27 mM). After re-oxygenation and dilution of the cells by a factor of 0.94–4.7.106 cells.ml�1

(due to injections of aerobic respiration medium; not shown), respiratory flow (per cell)
returned to the initial value, and the p50 was 0.022 kPa in a second aerobic-anoxic transition
(dashed line, showing the lower volume-specific flux at the lower cell density)
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boundaries are avoided to exclude uncontrolled oxygen gradients. (3) Polaro-
graphic oxygen sensors (POS) with a large cathode, inserted into the precisely
thermostatedO2k-chamber (�0.0018C) yield a linear signal with low noise over a
500,000-fold dynamic range. Noise decreases with declining oxygen pressure,
which eliminates the requirement for smoothing in the low-oxygen range and
ensures high time resolution. (4) Accurate oxygen calibrations are obtained at air
saturation and zero oxygen concentration, with correction for signal drift in the
nanomolar concentration range. (5) High digital resolution (2 nM) and data
recording at intervals of one second are a basis for deconvolution of the oxygen
signal with the calibrated first-order exponential time constant of the POS, and
for calculating oxygen flux, JV,O2

[pmol�s�1�ml�1], as the time derivative of
oxygen concentration. (6) Errors of oxygen flux are minimized by on-line correc-
tion for instrumental background, calibrated by measurement of residual oxygen
back-diffusion into the system and oxygen consumption by the POS over the
entire experimental oxygen range. (7) Concentrations ofmitochondria or cells are
varied in a range compatible with instrumental sensitivity, time resolution and
steady-state enzyme kinetics. In this range, measurement of p50 must be indepen-
dent of sample concentration or transition time. (8) Before aerobic-anoxic transi-
tions, oxygen fluxmust be sufficiently stable to exclude time effects superimposed
over oxygen dependence of respiration. In addition, reversibility and stability of
respiration are evaluated after re-oxygenation, which is particularly important in
prolonged experiments with steady-state oxygen levels. (9) By selecting oxygen
pressures<1.1 kPa for hyperbolic analysis [3], oxygen levels>10 times the p50 are
covered, without extending to non-physiological high oxygen pressures.
(10) Non-linear hyperbolic fits of the flux/oxygen pressure relation are tested
by evaluation of residuals rather than linearity of double-reciprocal plots [19].

3.2 High-Resolution Oxygen Kinetics: Effects of Cell Density
and Cell Activity

Mouse parental promyeloid 32D cells [20] are small cells grown in suspension in
RPMI 1640 (PAA Laboratories Pasching, Austria). Figure 1a shows typical
traces of oxygen concentration and oxygen flux during an aerobic-anoxic
transition. Flux was a hyperbolic function of oxygen concentration with a p50
of 0.028 and 0.022 kPa in the first and second transition, at Imax of 13
pmol �s�1�10�6 (Fig. 1b). Oxygen flow of intact 32D cells varied between
cultures, with identical or occasionally very low activities of cells incubated in
mitochondrial respiration medium MiR05 (compared to cell culture medium
RPMI; Fig. 2a). The ‘‘intracellular’’ mitochondrial respiration medium is not
physiological, but is frequently used in respiratory studies with cells, when
plasma membrane permeabilization is effected as part of the titration protocol
in theOxygraph-2 k chamber [16]. The lowest values of oxygen flow inMiR05 are
representative of an inactive respiratory state, as shown by comparison
with oligomycin-inhibited respiration of cells measured in RPMI (Fig. 2a).
In Fig. 2b, p50 values from the same experiments are plotted against volume-
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specificROUTINE oxygen flux, which was varied from 16 to 260 pmol�s�1�ml�1

by incubation of each cell culture at two different cell concentrations in the range
of 2�106–11�106 cells/ml. Cell density exerts its effect not only on volume-specific
flux, JV,max, but may also modulate cell-specific oxygen flow, Imax (for HUVEC,
see [12]). As reported previously [12, 13, 18], variation of mitochondrial or cell
density provides an essential test for instrumental time resolution and kinetic
consistency of p50 values.

Variation of oxygen flow (per cell; Fig. 2a) in paired experiments with the
same cell culture (Fig. 2b) was due to different levels of activity in the ROU-
TINE state. The corresponding range in turnover of cytochrome c oxidase
explains the linear dependence of p50 on cell respiration (Fig. 2a). Variation of
cell size and mitochondrial content provides an alternative mechanism for
variation of respiratory activity per cell [16]. At constant mitochondrial p50
(constant turnover of cytochrome c oxidase), however, cellular p50 would not
vary with oxygen flow per cell, except if intracellular gradients and Dp50 (Eq. 2)
increase with cell size in different cultures.

The linear increase of p50 as a function of oxygen flow (per cell; Fig. 2a)
indicates varying enzyme turnover at constant mitochondrial content per cell,
which was further supported by the constant citrate synthase activity per cell
(data not shown). Additional support for our interpretation in terms of varia-
tion ofmitochondrial activity stems from independent control experiments with
32D-vRAF cells suspended in RPMI and pharmacological intervention with
respiratory activity. When ROUTINE respiration was inhibited by oligomycin
(2 mg/ml), the p50 declined proportional to the reduced LEAK respiratory flow.
These results are comparable to the decrease of p50 in isolated mitochondria
from the activeOXPHOS state to the passive LEAK state ( [2, 13, 21]; Table 1).
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Fig. 2 Oxygen kinetics of respiration of 32D cells incubated in cell culture mediumRPMI (full
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on oxygen flux (per ml of cell suspension), in paired experiments at two dilutions of cell
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(squares); 1.9 and 8.5 (diamonds). Each symbol indicates a single aerobic-anoxic transition
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A linear dependence of the Km
0 of cytochrome c oxidase on enzyme turnover

[10] was shown conclusively in the bacterial enzyme [22, 23].
Respiratory flow in theROUTINE state of 32D cells in RPMI averaged 18.4

� 3.7 pmol �s�1 �10�6 (N¼ 39; compare [15]), and the corresponding p50 was

0.051 � 0.012 kPa (= 0.38 mmHg; c50¼ 0.48 mM; Table 1). The 32D cell

volume is 0.0009 � 0.0001 mm3 (0.9 pL), determined in a CASY1 TT system

(Schärfe System, Reutlingen, Germany). These cells are comparable to human

umbilical vein endothelial cells (HUVEC) in terms of cell volume, ROUTINE

respiration, electron transport capacity after uncoupling and p50 [12, 15].
We have not determined the oxygen kinetics of mitochondria isolated from

32D cells, but may compare the cellular p50 with results on mitochondria

isolated from rat liver and rat heart, which is 0.016 and 0.020 kPa in the passive

LEAK state and 0.035 and 0.057 kPa in the active OXPHOS state with sub-

strates for Complex I or succinate + rotenone for Complex II ( [2, 13]; Fig. 3a,

b). Since the substrate combination for Complex I+II exerts an additive effect

and stimulates OXPHOS capacity to a higher level of cytochrome c oxidase

turnover [9], the p50 in the active OXPHOS state of Complex I- or Complex
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Fig. 3 Oxygen flux per volume of incubation medium, JV,O2
[pmol �s�1 �ml�1], as a function of

oxygen pressure, pO2
, in the low-oxygen range <1.1 kPa, in active heart mitochondria

(OXPHOS, 1 mM ADP, 1 mM ATP, 2 mM pyruvate, 5 mM malate; 308C), at different
mitochondrial protein concentrations [mg/ml]. Protein-specific flux at kinetic oxygen satura-
tion, Jmax, is 4.5 nmol �s�1�mg�1 independent of protein concentration. Similarly, the p50 is
independent of protein concentration (a and b), whereas the increase of p50 (c) is an experi-
mental artefact at protein concentrations >0.15 mg/ml, corresponding to volume-specific
Jmax >500 pmol �s�1�ml�1. From [13]
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II-respiration is quite comparable to turnover conditions in the ROUTINE

state. Taken together, these data indicate that the small intracellular oxygen

gradients (Eq. 2) in 32D cells are close to the limit of detection. Similar conclu-

sions are drawn [6] from the oxygen kinetics of HUVEC (ROUTINE

IO2
¼ 30–50 pmol �s�1 �10�6 and p50¼ 0.05–0.08 kPa [12]) and human fibro-

blasts (ROUTINE IO2
¼ 50 pmol �s�1�10�6 and p50¼ 0.04–0.08 kPa [24, 25],

where oxygen flow, IO2
, is given per number of cells).

4 Discussion

4.1 Comparative Mitochondrial Physiology and p50
of Mitochondrial Respiration

Extending previous reviews on oxygen kinetics of mitochondrial respiration

[3, 6], Table 1A and Fig. 4 summarize p50 and respiration in isolated, coupled

mitochondria incubated with physiological substrates and in intact small

cells. With a focus on mitochondrial physiology, no data are included on

(i) uncoupled respiration [3, 12, 13, 18]; (ii) the isolated step of cytochrome c

oxidase with artificial substrates, and (iii) large cells (hepatocytes, cardiomyo-

cytes) where oxygen gradients are significant [4, 6]. In addition to rat liver, rat

heart and various mammalian cell types, a large variety of mitochondrial

sources has been tested, including plants [26], brine shrimp embryos (Artemia

[27]), and frog skeletal muscle [28]. Considering this broad spectrum of

comparative mitochondrial physiology and respiratory states from LEAK

to ROUTINE and OXPHOS, the range of p50 from 0.01 to 0.11 kPa

(0.08–0.75 mmHg) is remarkably consistent, and independent of measurement

in closed or open chambers if methodological criteria are met as summarized

above (Section 3.1; [3]).
Close agreement of p50 for small cells and isolated mitochondria suggests

that Dp50 (Eq. 2) is in the order of 0.01–0.03 kPa (Table 1A). A 10- to 20-fold

higher Dpcell has been reported by delayed fluorescence of endogenous proto-

porphyrin in small cells [29], which is not supported by a model of oxygen

diffusion [18].
Comparison of results reported for identical experimental models (e.g. iso-

lated rat liver mitochondria or HUVEC; Table 1A, B) suggests that discrepan-

cies of p50 are primarily related tomethodological issues. The scatter of reported

p50 values increased dramatically since 2003 (Fig. 4). Consideration of funda-

mental instrumental and experimental criteria helps to discriminate between

physiological variability and experimental bias (Fig. 3). In several cases, separa-

tion of facts and artefacts on oxygen kinetics is impossible without extending

the studies in question by methodological tests, particularly variation of mito-

chondrial or cell density (Fig. 2; [12, 13]).
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4.2 Methodological Limitations of Closed Systems

The basis of oxygen kinetic measurements in closed respirometry systems [30]

is the measurement of oxygen flux in aerobic-anoxic transitions (Fig. 1). To

compensate for low instrumental resolution, high mitochondrial concentra-

tions (>0.2 mg mitochondrial protein/ml) have been used to achieve accurate

measurement of oxygen flux. Under these conditions, rapid aerobic-anoxic

transitions present a potential problem as pointed out by Britton Chance

more than 40 years ago: ‘‘It is probable that the enzyme concentrations were

so high under our experimental conditions that the enzyme passed too rapidly

through the first order region for an accurate measurement of the Km value’’

[10]. Direct experimental evidence for the magnitude of such inaccuracies was

provided by using a large range of mitochondrial densities for measurement of

oxygen kinetics [13]. Volume-specific oxygen flux is shown as a function of

oxygen pressure at increasing protein concentrations of isolated rat heart

mitochondria (Fig. 3). The p50 is 0.035 kPa in the active OXPHOS state, as

measured at protein concentrations ranging from 0.02 to 0.12 mg/ml (Fig. 3a,b).

At higher mitochondrial concentrations, volume-specific fluxes >500
pmol �s�1�ml�1 result in artificially high p50 values (Fig. 3c).

Correction of the oxygen signal for the exponential time constant of the POS

[3] is important but insufficient at high flux when the aerobic-anoxic transition

time is too short (Fig. 4a). At densities of 0.2–0.5 mg/ml (258C) of rat liver and
heart mitochondria in the passive LEAK state, volume-specific fluxes are in the

range of 50–100 pmol �s�1 �ml�1, which are optimum for oxygen kinetics and

result in a reproducible p50 of 0.02 kPa [3, 27, 31, 32] (Table 1A). In contrast,

even high-resolution respirometry cannot resolve short transition times

<30–40 s from 10 mM to zero oxygen at high volume-specific flux >500
pmol �s�1�ml�1 in closed chambers, which explains the erroneously high p50 of

0.15 kPa for rat liver and heart mitochondria [32] respiring in the active

OXPHOS state (Table 1B; Fig. 4a).
Varying human umbilical vein endothelial cell (HUVEC) density in a three-

fold range from 0.6 �106 to 2.0 �106 cells/ml, maximum oxygen flow and p50 of

ROUTINE respiration vary by a factor of 1.4, from 35 to 49 pmol �s�1 �10�6 and
from 0.052 to 0.075 kPa, respectively, in endothelial growth medium without

inhibitor [12]. In contrast, a 6-fold higher p50 of 0.44 kPa was reported for

HUVEC in the presence of L-NMMA (NOS inhibitor) with 31 �106 cells/ml and

corresponding high volume-specific flux [33]. Instruments with high O2 back-

diffusion [33, 34] are particularly sensitive to artefacts of rapid aerobic-anoxic

transitions (Fig. 4a).
In electron paramagnetic resonance (EPR) oxymetry, small numbers of cells

can be studied in micro chambers of 50 ml volume [35]. Without sufficient

stirring, oxygen gradients develop in diffusion zones around cells [35], compar-

able to the diffusion zone towards the POS membrane [36]. Although diffusion

conditions across unstirred POS are simpler to model in comparison to
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suspended cells, corrections are inherently inaccurate and the only satisfactory
solution for measurement of dissolved oxygen is obtained by vigorous stirring,
as in HRR. Taking oxygen diffusion in unstirred EPR oxymetry into considera-
tion reduces the estimate of p50 for respiration of endothelial cells two-fold [35],
but the corrected p50 values remain highly sensitive to cell density (2 �106–5 �106
cells/ml; Table 1B). The minimum oxygen pressure, p#, at which cessation of
respiration in EPR oxymetry indicates equilibrium to be established within
mitochondria, is at 0.05 kPa [35] (in the range of p50 from HRR), whereas the
thermodynamic equilibrium pO2

is 0.0003 kPa for coupled mitochondrial oxy-
gen reduction [3]. Perhaps oxygen diffusion through the tube sealing clay
contributes to the high p# in capillaries used for EPR oxymetry. The sensitivity
(>2-fold) of p# on diffusion corrections indicates that it is not a thermodynamic
equilibrium property, since diffusion gradients are dissipated in the approach to
equilibrium. Further uncertainties may result from high noise of flux and lack
of temperature control in EPR oxymetry. The diffusion model applied for
correction in EPR oxymetry assumes that the diffusion zone increases as a
steady function of time [35], whereas experimental validation – using the POS
as a test system – suggests that a steady-state is reached after a short period of a
few minutes. Wall effects are not considered, nor potential effects of cell
aggregation in the confinement of a 50 ml capillary [35]. Taken together, these
difficulties may explain the high apparent p50 derived from EPR oxymetry
(Fig. 4b).

4.3 Variation of p50 in Open Systems

Using a steady-state approach with oxygen transfer from the gas to aqueous
phase (GAP), Sugano et al. [21] report a p50 of 0.08 kPa in active pigeon heart
mitochondria at a protein concentration of 0.2 mg/ml (Table 1A). At 10 mg/ml,
however, Cole et al. [37] obtained a p50 of 0.005 kPa in active rat skeletal muscle
mitochondria. Using the identical instrumental GAP respirometry system, a p50
of 0.37 kPa was reported for rat liver mitochondria in the passive LEAK state
[38], 75 times higher than in ADP-stimulated rat skeletal muscle mitochondria
[37] (Fig. 4c). In contrast to the well established direct proportionality between
p50 and turnover of cytochrome c oxidase [10–13, 22, 26, 28], the p50 obtained by
GAP respirometry was paradoxically higher in the quiescent LEAK state
compared to the active OXPHOS state [38]. GAP respirometry, therefore,
yields inconsistent results on mitochondrial oxygen kinetics (Fig. 4c). Under
conditions of very high flux [37], oxygen gradients between the gas and aqueous
phases and towards the oxygen sensor at the bottom of the chamber may
explain differences between the mitochondrial response to oxygen pressure in
the heterogeneous system and the much lower p50 reported by the POS in GAP
respirometry. This does not explain, however, why the reported p50 increases as
the volume specific flux declines in this GAP respirometric system (Table 1B).
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In addition, previous claims that the p50 may be lower in closed than open

systems [39] are rejected with reference to the literature summarized over the

past 40 years in general and to discrepancies of GAP respirometry in particular

(Fig. 4, Table 1).

4.4 Variation of p50 In Vivo

Living cells provide an in vivo model that can be studied in vitro, both in closed

measuring systems or open systems at steady state. The p50 of mitochondrial

respiration in vivo varies as a function of metabolic state (turnover of cyto-

chrome c oxidase), as observed in living cells (Fig. 2). The 1H nuclear magnetic

resonance signal of deoxymyoglobin provides an elegant means of monitoring

intracellular oxygen saturation in vivo, reducing Dp50 (Eq. 2) to the effects of

intracellular oxygen gradients. Using this approach in perfused rat heart [40],

maximally active human skeletal muscle [41] and mouse skeletal muscle at rest

or stimulated by uncoupling [42], p50 values of mitochondrial respiration range

from 0.07 to 0.2 kPa (Table 1C), whereas the p50 in resting rat cardiomyocytes is

0.015 based on intracellular pO2
derived from spectrophotometric myoglobin

saturation measurements [43]. The dependence of cellular or tissue respiration

on average myoglobin saturation does not accurately reflect the p50 of mito-

chondrial respiration. Direct comparison would require modelling of the dis-

tribution of mitochondria [44] over the range of local oxygen pressures as

determined by intracellular oxygen gradients [4], and particularly evaluation

of anoxic core regions [5] and their effect on the overall response of tissue or cell

respiration under these heterogeneous oxygen conditions. A mitochondrial p50
of 0.067 has been derived from a model of brain oxygen supply [45].

5 Conclusions

The p50 of mitochondrial respiration in the range of 0.02–0.05 kPa

(0.15–0.4 mmHg) indicates close matching of the affinity of cytochrome c

oxidase to the demands imposed on enzyme function in the low-oxygen envir-

onment within cells. 86% myoglobin saturation (2 kPa O2) in normoxic resting

mouse skeletal muscle [42] supports full (99%) respiratory capacity of mito-

chondria in theLEAK state (Table 1A). At maximum aerobic exercise in human

muscle, however, myoglobin saturation is 50% (pO2
¼ 0.3–0.4 kPa) [41, 46],

which implies an oxygen limitation to 0.9 of maximummitochondrial capacity,

assuming homogenous oxygen distribution. Short-term performance at the

extreme of maximum aerobic muscle power induces physiological, intracellular

hypoxia at environmental normoxia, if we consider oxygen limitation by >5%
as a criterion of defining bioenergetic hypoxia.
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In contrast, with a p50 as high as 0.4 kPa (3 mmHg; Table 1B), mitochondrial
activity would be limited to 0.44 of respiratory capacity at 50% myoglobin
saturation. Even at an intracellular oxygen pressure of 4–5 kPa in liver [47],
respiration rate would reach only 0.9 of capacity. Such high p50 values of
mitochondrial respiration are experimental artefacts resulting from high
volume-specific flux in closed chambers (Fig. 4a) and of diffusion limitation
in unstirred systems (Fig. 4b). Internally inconsistent results on p50 from open
GAP respirometry indicate a methodological problem which remains unre-
solved (Fig. 4c). Several recent studies on the inhibition of cytochrome c oxidase
by NO report erroneously high p50 in the absence of inhibitor [33, 34, 39]. A
critical evaluation is required whether or not these methodological deficiencies
extend into the higher oxygen range where NO inhibits cytochrome c oxidase, a
compensatory shift may occur of cytochrome redox states [33, 48] and mito-
chondrial ROS production may be affected.

At half-maximum aerobic power, myoglobin saturation in skeletal muscle is
increased to 70% (pO2

¼ 0.9 kPa [46]), corresponding to oxygen limitation of
5% with a p50 of 0.05 kPa. An intracellular pO2

of 1–2 kPa at modest routine
activity, therefore, is the normoxic mitochondrial microenvironment in skeletal
muscle, and the high affinity of mitochondrial respiration for oxygen prevents
significant oxygen limitation under these conditions. On the other hand, a p50 of
0.02–0.05 kPa is not excessively low and thus provides the potential for mito-
chondria to function as a bioenergetic oxygen sensor and playing a role in
oxygen signalling and adaptation to hypoxia [49, 50].
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Alveolar Hypoxia-Induced Systemic

Inflammation: What Low PO2 Does

and Does Not Do

Norberto C. Gonzalez and John G. Wood

Abstract Reduction of alveolar PO2 (alveolar hypoxia, AH) may occur in

pulmonary diseases such as chronic obstructive pulmonary disease (COPD),

or in healthy individuals ascending to altitude. Altitude illnesses may develop in

non-acclimatized persons who ascend rapidly. The mechanisms underlying

these illnesses are not well understood, and systemic inflammation has been

suggested as a possible contributor. Similarly, there is evidence of systemic

inflammation in the systemic alterations present in COPD patients, although

its role as a causative factor is not clear.
We have observed that AH, induced by breathing 10% O2 produces a rapid

(minutes) and widespread micro vascular inflammation in rats and mice. This

inflammation has been observed directly in the mesenteric, skeletal muscle, and

pial microcirculations. The inflammation is characterized by mast cell degra-

nulation, generation of reactive O2 species, reduced nitric oxide levels, increased

leukocyte-endothelial adherence in post-capillary venules, and extravasation of

albumin. Activated mast cells stimulate the renin-angiotensin system (RAS)

which leads to the inflammatory response via activation of NADPH oxidase. If

the animals remain in hypoxia for several days, the inflammation resolves and

exposure to lower PO2 does not elicit further inflammation, suggesting that the

vascular endothelium has ‘‘acclimatized’’ to hypoxia.
Recent experiments in cremaster microcirculation suggest that the initial

trigger of the inflammation is not the reduced tissue PO2, but rather an inter-

mediary re-leased by alveolar macrophages into the circulation. The putative

intermediary ac-tivates mast cells, which, in turn, stimulate the local renin-

angiotensin system and induce inflammation.
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1 Introduction

Reduction of alveolar PO2 is commonly encountered in pulmonary disease and
in healthy subjects exposed to altitude. Rapid ascent may trigger illnesses such
as acute mountain sickness, high altitude pulmonary edema or high altitude
cerebral edema [1]. The pathogenesis of these diseases is unknown; while
inflammation is present, it is unclear whether it is a cause or an epiphenomenon
of the disease. Altitude exposure is accompanied by increased levels of inflam-
matory markers [2–5] and leukocytosis [6], increased superoxide generation and
CD18 expression by granulocytes, and enhanced inflammatory response of
neutrophiles [7, 8]. Anti-inflammatory drugs such as dexamethasone are useful
therapeutic agents [1]. Either acclimatization [9] or hypoxic preconditioning [6]
prevent or attenuate these changes. These findings suggest that inflammation
may play a role, either in the genesis or the development of altitude illness.
These conditions are becoming increasingly common owing to the large number
of individuals worldwide who reach altitudes higher than 2,500 m within a few
hours for recreational, work, or military purposes [1].

Pulmonary diseases such as COPD may present systemic effects, including
weight loss, skeletal muscle dysfunction, and cardiovascular and nervous system
abnormalities [10]. While the systemic hypoxemia commonly present in COPD
may influence these effects, it has been suggested that systemic inflammationmay
also contribute to the genesis or development of these systemic abnormalities [11].
As with diseases of altitude, the role of inflammation in COPD is still unclear.

We have shown that reduction of inspired PO2 initiates a rapid and
widespread inflammation in mesentery [9], skeletal muscle [12, 13] and pial
microcirculations [14] of rats. The inflammation features increased levels of
reactive O2 species (ROS) [15], mast cell degranulation [12, 13, 16], local renin-
angiotensin system (RAS) activation [17], leukocyte-endothelial adhesive inter-
actions [15, 18], and albumin extravasation [18]. If hypoxia is maintained for
several days, the inflammation resolves and more severe hypoxia is not accom-
panied by inflammation, suggesting that the vascular endothelium has
‘‘acclimatized’’ to prolonged hypoxia [9].

Recent observations support the hypothesis that the systemic inflammation
of alveolar hypoxia is not triggered by the reduction of systemic PO2, but by a
mediator released into the circulation from alveolar macrophages. This paper
will review the evidence that led us to formulate this hypothesis.

2 Dissociation Between Cremaster Microvascular PO2 Values

and Cremaster Inflammation

The first observation suggesting that local hypoxia was not the trigger of
systemic inflammation was the dissociation observed between cremaster micro-
vascular PO2 (PmO2) – estimated from the phosphorescence decay method [19],
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and cremaster inflammation [12, 13]. Selective reduction of cremaster PmO2

(local ischemia or selective cremaster hypoxia induced by equilibrating the
cremaster with 95% N2, 5% CO2) in rats breathing room air did not produce
leukocyte endothelial adherence (LEA) or mast cell degranulation (MCD). On
the other hand, lowering alveolar (and systemic) PO2 produced cremaster LEA
and MCD, even when the cremaster PmO2 was higher than normal. Accord-
ingly, cremaster LEA and MCD occur only when alveolar PO2 is reduced,
independent of the value of cremaster PmO2. One possible explanation for
this phenomenon, among other alternatives, is that the inflammation is trig-
gered by a substance released from a distant site.

3 Plasma from Hypoxic Rats Produces Inflammation in Normoxic

Cremaster

We reasoned that if the putative mediator is carried by the circulation, plasma
obtained from hypoxic rats should produce inflammation in normoxic tissues.
Blood obtained from conscious rats breathing 10% O2 was centrifuged and
plasma separated allowing plasma PO2 equilibration with room air [20]. Applica-
tion of plasma onto the surface of normoxic cremaster elicited a rapid increase in
LEA and substantial MCD. These responses are similar to those observed in
various vascular beds during alveolar hypoxia [9, 12, 16]. The inflammation is
specific of plasma from hypoxic donors, since it was not elicited by application of
plasma from normoxic rats. The inflammatory agent is not generated by blood
cells, since no inflammation developed in response to plasma separated after
hypoxic in vitro equilibration. The inflammation of hypoxic plasma is not due to
agents released by activated leukocytes or mast cells in the systemic microcircula-
tion of the donor, since plasma obtained from hypoxic donors pretreated with
cromolyn still elicited inflammation. Cromolyn blocks LEA and MCD in the
hypoxic donor [20]. The combined data of these studies strongly support the idea
that the inflammation of alveolar hypoxia is triggered by an agent(s) released
from a distant site and transported by the circulation.

4 Alveolar Macrophages Are Necessary for the Inflammation

of Alveolar Hypoxia

Several reasons suggest the lungs as the site of origin for the agent(s) responsible
for triggering the inflammation of alveolar hypoxia. First, inflammation occurs
only when the alveolar PO2 is reduced, independent of systemic tissue PO2;
second, the lung receives the entire cardiac output so substances released by the
lung rapidly reach the systemic circulation. Alveolar macrophages (AMØ) are
ideally positioned to sense changes in alveolar PO2. Additionally, AMØ store a
number of substances which could trigger inflammation. While most known
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effects of AMØ activation occur within the lung, examples of systemic inflam-
mation secondary to AMØ activation have been documented [21, 22].

AMØwere depleted by tracheal instillation of disodium clodronate-contain-
ing liposomes [7]. This technique results in temporary depletion of AMØ [23]; in
our hands, the number of AMØ recovered from each rat by broncho-alveolar
lavage (BAL) decreased from a normal of 6.7 � 0.3 � 106 to 0.45 � 0.07 � 106

four days after treatment. Alveolar hypoxia (10% O2 breathing) in AMØ-
depleted rats failed to increase LEA, MCD, or albumin extravasation. This
was not due to inability of the AMØ- depleted rats to mount an inflammatory
response to Angiotensin II (Ang II) or mast cell secretagogues. Plasma obtained
from hypoxic, AMØ-depleted donors did not produce increased LEA or MCD
in normoxic cremaster; furthermore, supernatant of primary cultures of AMØ
exposed to hypoxia produced inflammation in the normoxic cremaster [18].

5 Activation of Mast Cells by the AMØ-Generated Intermediary

Stimulates the Local Renin-Angiotensin System (RAS)

The RAS plays a role in the inflammation of alveolar hypoxia: Ang II receptor
blockade or Ang I-converting enzyme (ACE) inhibition attenuate LEA, MCD
and increased vascular permeability of alveolar hypoxia [17]. The inflammatory
effects of plasma from hypoxic rats [17] and of supernatant of hypoxic AMØ
are also attenuated by blockade of the RAS [24]. The activation of the RAS in
these cases is secondary to mast cell degranulation. Several lines of evidence
support this: 1. Topical Ang II induces LEA but not MCD; 2. Ang II-induced
LEA is not blocked by cromolyn, while this agent blocks the inflammatory
responses to plasma from hypoxic rats and from supernatant from hypoxic
AMØ; 3: The inflammation induced by the mast cell secretagogue C4880 is
blocked by RAS blockade [24]. These findings indicate that the effects of Ang II
in the leukocyte-endothelial interface are downstream frommast cell activation,
and that MCD leads to generation of Ang II. The mechanism by which this
occurs is not clear, mast cells of some species contain an angiotensin I convert-
ing chymase; also renin is contained in cardiac mast cells of several species.

The data summarized here indicate that the inflammation of alveolar
hypoxia is initiated by a substance released into the circulation by AMØ
stimulated by the reduced alveolar PO2. This substance activates perivascular
mast cells which, in turn, activate the local RAS and initiate the inflammatory
response. The identity of the mediator is still unclear; the data suggest that it is a
mast cell secretagogue either stored or rapidly assembled by AMØ. Identifica-
tion of this substance and development of means to antagonize its effects may
provide a useful tool for improving our understanding of the strategies
employed by intact organisms to adapt to reduced alveolar PO2.
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The Influence of Oxygen Supply, Hemorheology

and Microcirculation in the Heart and Vascular

Systems

Giuseppe Cicco and Sebastiano Cicco

Abstract The microcirculation is an important system, containing resistance

arterioles, capillaries and venules, whose main function is to transport oxygen

and nutrients to the tissues. Endothelial cells are the main cell types of the

microcirculation; their homeostasis is modulated by constant shear stress.

Altered hemorheology induces a change in the production of vasodilator

and vasoconstrictor agents. The most important pattern inducing endothe-

lium dysfunction is an increase in oxidative stress, which decreases the amount

of nitric oxide and favors microvascular phlogosis. In this review we will

consider the main scientific reports about the cardiovascular risk factors

such as smoking, hypercholesterolemia, hyperviscosity, hypertension, dia-

betes, stress and increased homocysteine levels, all having as common etio-

pathogenetic factor alterations in microcirculation and in tissue oxygenation.

We also focus on their influence on endothelial cells, inducing endothelial

changes and dysfunction related to altered oxygen supply and linked to

increased oxidative stress. Also important are endothelial stem cells, that are

able to repair vascular endothelial damage, especially in cardiovascular

patients, with or without endothelial dysfunction. Under these circumstances

the numbers of these stem cells are altered, which means there is a decrease in

regeneration capability (post ischaemia modified albumin, etc.). This could be

an important negative prognostic factor. Microcirculation and tissue oxyge-

nation are very important factors strongly linked to hemorheology, especially

in cardiovascular patients, and their alterations could cause impairment, or

initiate cardiovascular pathologies.
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1 Microcirculation Anatomy

Organs are not isolated islands in our body. They are all connected by a ‘‘big
sea’’ and together compose the continent that we call the body. That ‘‘sea’’ is
blood and the channels in which it flows is the circulation. To take what they
need for their ‘‘life’’, organs need a microcirculation, which could be considered
as an organ itself, being composed of the smallest blood vessels all over the body
including resistance arterioles, capillaries and venules. Its most important
function is the transport of oxygen to peripheral parts of the body and the
removal of the CO2 produced.

All mechanisms that regulate blood flow into the microcirculation are
designed to ensure this transport function. In the intima the endothelial cell
layer regulates coagulation, fibrinolysis and vasomotion. In the endothelial
tunica there are muscular cells that modulate vascular contractility; in the
adventitia tunica the connective tissue, nerves and capillaries provide mechan-
ical shielding, innervation and nutrition to vessel walls respectively [1].

2 Endothelial Physiology

The main cell types of microcirculation are the endothelial cells, which form
the inner lining of all blood vessels. A constant shear stress modulates
vascular endothelium homeostasis, increased shear stress leading to a change
in the secretion of vasodilator and vasoconstrictor agents. Increased oxida-
tive stress is a major pathogenetic mechanism of endothelial dysfunction,
causing decreased nitric oxide (NO) bioavailability and microvascular
inflammation [2].

The endothelium contributes to the local balance between pro- and anti-
inflammatory mediators, hemostatic balance, as well as vascular perme-
ability and cell proliferation. Normal endothelium cells show vasodilator,
anticoagulant and anti-adhesive properties, and release vasodilators (nitric
oxide, prostacyclin) and vasoconstrictors (endothelin 1, thromboxane A2).
NO is synthesized from the amino acid L-arginine in a reaction catalyzed
by a family of enzymes called NO synthases (NOSs) requiring tetrahydro-
biopterin (BH4) as co-factor; this leads to relaxation of smooth muscle
cells by increasing intracellular cyclic guanosine-monophosphate levels
[3, 4] (Fig. 1).

The endothelium modulates fibrinolysis, coagulation, vascular tone, leuko-
cyte adhesion, platelet aggregation, vascular permeability, cell proliferation,
and myocardial contractility. All these mediators are important for the living
micro-circulatory homeostasis. Also produced are phlogosis mediators (inter-
leukins), procoagulants (thromboxane A2), anticoagulants (antithrombin –
AT-III, heparin, plasminogen activator – PAF), vasodilators (NO), and vaso-
constrictors (TXA2, Endothelin ET-1) [5].
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3 Hemorheology and the Microcirculation

Interesting is the capability of the red cell (RBC) to pass through narrow

capillaries. The diameter of arterioles is about 3.5 mm while the diameter of

RBC is about 7 mm; RBC transit and oxygen transport to the cells is only

possible due to RBCs being able to deform themselves.
The first experiments in hemorheology were performed in 1675 by

Antoni von Leewenhoek (The Netherlands), who was the first to study

the shape of RBCs with his newly developed microscope [6]. From these

early experiments hemorheology has continued to develop and finally led

to development of the Laser Assisted Optical Rotational Red Cell Analy-

zer (LORCA). This is a computerized instrument, served by a dedicated

software, and able to detect RBC deformability (Elongation Index, EI)

evaluated at different shear stresses from 0.3 to 30 Pascals (Pa), as well as

RBC aggregability [7–9].
Shear stress influences the release of mediators by the endothelium, but also

influences the possibility of RBCs to gain entrance into the smallest capillaries.

Studying how RBCs deform themselves, using LORCA, enables us to under-

stand potential problems with peripheral perfusion. Changes in RBC rheologi-

cal properties are due to many factors, such as genetic defects, alterations in

RBC metabolism, oxidative damage, micro-enviromental influences on RBC

etc.; LORCA is able to investigate these.
Many types of changes can influence blood composition, such as alterations

in hematocrit, increased number of leukocytes, and damage to plasma compo-

sition [10]. These changes can lead to altered aggregation, which can also result

from changes in plasma composition, alterations in RBC deformability, and

alterations in the surface properties of the RBCs.

Fig. 1 NOS produces NO starting from L-Arginine and oxygen. NO stimulates the guanylyl
cyclise (GC) function that increases cGMP production, which inhibits the Myosin Light
Chain Kinase (MLCK) with the final result of relaxation of smooth muscle cells. Enzymes
are underlined
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4 Vessels and Oxidative Stress

Reactive Oxygen Species (ROS) and their derived Reactive Nitrogen Species
(RNS) are synthesized in all vascular cells. It has been shown that an increase in
ROS and RNS production induces damage such as hyper- cholesterolemia,
diabetes, and hypertension [11, 12]. The most important species for the cardi-
ovascular system is the superoxide anion (O2

–). When this anion links itself with
nitric oxide it produces the peroxinitrite (ONOO–), which is the most toxic to
cells.

Oxidative stress is physiologically present in our cells, but the scavenger
system balances their production, to protect cells. In the presence of exogenous
stimuli like smoking, diabetes, hypertension, hypercholesterolemia or stress, in
combination with the physiological increase in oxidative stress due to age,
scavengers are not able to protect cells, resulting in a net production of ROS
and RNS. These anions react with lipoproteins, which starts an endothelial
phlogosis, that damages endothelium, leading to atherosclerosis. One of the
main effects of atherosclerosis is vascular remodelling, that increases the risk of
a possible major event, such as infarction, aneurism or stroke. This is the reason
why cardiologists consider smoking, hypercholesterolemia, hypertension and
diabetes as major risk factors in infarct pathogenesis, and try to prevent
infarction by reducing these risk factors [11–16].

Very important is the rarefaction and the desertification detected with capil-
laroscopy in some areas in vascular patients, especially hypertensives and
cardiac patients. Karch et al. analyzing patients suffering from cardiac disease,
showed that there were differences between the groups of hearts analyzed: the
infarcted heart had the worst scenario compared with both controls and dilated
hearts, with an increase in heart capillaries distance, an increase in cell diameter
and a decrease in capillary density [17].

5 Microcirculation and the Heart

Capillary density (evaluated using computerized videocapillaroscopy) and spa-
tial arrangement of capillaries are determinants in maintaining the balance
betweenmyocardial oxygen demand and supply. These indices may be seriously
altered in patients with heart failure caused by idiopathic dilated cardiomyo-
pathy, ischemic cardiomyopathy, or inflammatory cardiomyopathy. Cardiac
remodelling includes changes in both the myocytes and the extracellular matrix.
Dilated cardiomyopathy and ischemic cardiomyopathy are associated with
apoptosis, myocyte hypertrophy, and increased interstitial fibrosis, ultimately
leading to decreased capillary density, and thus to increased diffusion distances
and impaired oxygen delivery to capillaries from myocytes.

Endothelial activation is the main cause of the vessel wall light phlogosis that
ends in endothelial dysfunction. This dysfunction is not only related to
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cardiovascular risk; tissue ischemia and a reduction of shear stress increase the
oxidative stress. This, combined with the increase in cytosolic calcium (due to
the ATP-K+ channel block with the consequent depolarization and Ca2+

channel opening) this increases NO and ONOO� production with an alteration
in the secretion of vasoconstrictors, an increase of the membrane oxidation, cell
proliferation and leukocyte adhesion.

All the above mechanisms result in an increase of the risk of coagulation and
of the possibility that platelets could clot on plaque. When this happens, the
event that could increase damage to cells is ischemia. An obstructive thrombus
is like a major accident on a motorway at rush hour. Due to the decreased
arterial flow, blood can not arrive at the peripheral cells; these try to survive for
some time before dying with tissue hypoxia, which occurs just before necrosis.
The attempt to survive needs a metabolic switch from aerobic to anaerobic
metabolism, causing a consequent increase in glycolisis producing enough
energy to give ATP to the cell that dies after six hours. If revascularization
can be achieved in time, functional failure of the stunned myocardium is
reversible. However, if cells suffer more than they could repair the damage,
they die with necrosis in contractile bands with the mitochondrial calcium
phosphate (if the reperfusion is done within 40 min) or without. Thus, the
heart could dilate its chambers with the consequent ventricular aneurism. In
the case of non- reflow coagulative necrosis results.

Cells try to compensate for ischemic damage by producing pro-angiogenetic
molecules like VEGF and FGF. These molecules stimulate the neoangiogen-
esis; but this mechanism is not useful in the heart. Revascularization is scarce in
the heart and it happens only at the peripheral infarcted area close to the still
functioning capillaries.

Garmy-Susini et al. showed that endothelial stem cells from bone marrow
were able to repair vascular endothelial damage in systemic circulation [18].
Especially in cardiovascular patients with or without endothelial dysfunction,
the number of these stem cells is decreased and this means that there is a
decreased regeneration capability (post-infarction, decreased neoangiogenesis).
This could also be an important negative prognostic factor. Thus, the use of
endothelial stem cells injected directly into the infarcted area is the new clinical
perspective.

6 Microcirculation and Pathology

When considering the role of microcirculation and its most important vari-
ables (vessels, haematocrit, blood viscosity), a current definition of the
ischemic syndrome, could be that the resistance microvessels are not able to
compensate for the effects of a decrease in perfusion pressure following
stenosis and/or change in systemic blood pressure, with resulting impairment
of the supply of nutrients and oxygen and the removal of catabolites. Besides
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this physiopathologic role, the microcirculation, where exchange between

vessels and tissues occurs has a very important role in inducing complications

(i.e. renal damage, cardiac or cerebral damage) during hyper-tension, dia-

betes, vasculitis, immunological inflammatory syndromes; hyperviscosity

syndromes, and cardiovascular risk factors such as hypercholesterolemia,

age, smoking, etc [19].
Finally the microcirculation has an important etiopathogenetic role in

venous ulcers, in vascular vertigo, in sepsis, in a good acceptance of organ

transplantation, in cancer neoangiogenesis and in other pathologies. The study

of the microcirculation and its hemorheology is a very large area of investiga-

tion with many clinical implications and fields of research. Due to its ability to

alter oxygen supply and delivery in various tissues, the microcirculation is

strongly linked to blood perfusion and tissue exchange.
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Could Dilated Cardiomyopathy Alter

the Peripheral Microcirculation

and Blood Rheology?

Giuseppe Cicco, Valeria Fanelli, Sebastiano Cicco, Massimo Iacoviello,

and Stefano Favale

Abstract Our aim was to perform a preliminary study of blood flow in the
peripheral microcirculation in patients with heart failure. Cardiac patients were
investigated to establish possible microcirculatory changes due to this pathology.
We evaluated 16 patients (non-smokers, dislipidemicwith hypercholesterolemia),
receiving oral treatment and inNYHA class 2.3� 0.5. A dilated cardiomyopathy
(DCM) group was evaluated before cardiac resynchronization therapy (CRT)
obtained by biventricular intra-cardiac defibrillator (ICD) implantation, and
again 3 months after its implantation. We measured the ejection fraction (EF),
peripheral blood flow (using laser Doppler) at the left wrist on the volar side,
capillary morphology (using computerized videocapillaroscopy) on the nail bed
of the 4th finger of the left hand, rheological status (using the LORCA), as well as
hematocrit, hemoglobin concentration, red blood cell (RBC) surface acetylcho-
linesterase (AchE), and homocysteine. Our data show that in the DCM vs.
control group, peripheral flow did not depend only on the heart: throughout
the study, blood flow did not change significantly compared to controls and was
increased after CRT. There was no decrease in aggregation time. The blood flow
did not alter RBC deformability or RBC surface AchE. Due to the lower
oxygenation and to a non-significant increase in the number of capillaries after
CRT, DCM patients are at higher cardiovascular risk than healthy subjects.

1 Introduction

The heart is the ‘‘primum movens’’ of the blood. And its work is necessary to
push the red blood cells (RBC) into vessels and microvessels. Pathology of the
heart might influence this mechanism at the source of motion.
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To investigate blood rheology and microcirculation an important point is to
consider how blood can arrive in the microvasculature; in fact, if the source of
motion does not work well, the microcirculation might also suffer.

As Turchetti et al. [1] have shown, cardiological pathologies also interfere
with blood rheology, with a decrease in blood deformability. Starting from
these considerations, we wanted to explore the microcirculatory situation in
patients suffering heart pathology.

The possibility that heart failure could also interfere with the RBC structure
idea needs to be thoroughly investigated because a combination of heart
pathology and changes in RBC could be dangerous for the patient. Impairment
between blood demand and heart work could also interfere with oxygen
demand and supply, and this could aggravate the peripheral oxygenation and
metabolism. Finally lower blood flow could aggravate a bad peripheral situa-
tion; this hypothesis also needs to be investigated.

For our initial investigation we chose patients with dilated cardiomyopathy
(DCM). These patients suffer from an organ pathology that is not related to
microvessel status as is, for example, infarction. In fact patients with DCMhave
heart dysfunction due to a variety of causes (e.g. idiopathic, alcoholism, etc) not
related to vessel status.

2 Material and Methods

Criteria for entry into the study were an ejection fraction (EF) of<35% and the
absence of previous myocardial infarction. Of the 126 patients with DCM
evaluated using echo–color–Doppler since 2006, only 16 patients (14 males)
fitted the criteria. They were aged 58� 11 years, had a low mean EF (26� 4%)
and were in NYHA class 2.3 � 0.5. They were non-smokers, with low choles-
terolemia due to pharmacological therapy (statins, 40 mg per day) they had
received before their first examination and confirmed by us (Table 1). They
needed to have cardiac resynchronization therapy (CRT) to extend their life,
and to improve the EF, which was obtained by implantation of a biventricular
intracardiac defibrillator (ICD). These patients were examined before ICD
implantation and again 3 months later. Medical therapy included: ACE inhi-
bitors, b-blockers, sartans and oral anticoagulants following INR values.

These 16 patients were compared with 10 healthy controls (6 males), non-
smokers, with no vascular and cardiac pathologies, with no work limitations,
and taking no medication (Table 1).

To investigate blood flow we used a laser Doppler (Periflux 5010/5020,
Periflux combined system, Perimed, Sweden); the laser Doppler pole was placed
on the skin of the volar face of the left wrist. Transcutaneous tissue oxygen
partial pressure (TcpO2) was also evaluated using a Combi sensor placed on the
skin of the left forearm at the medium third of its volar face (Periflux 5040,
Periflux combined system, Perimed, Sweden). Blood flow and TcpO2 were
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measured many times. We waited 10 min in order to calibrate and establish the

values. After this we measured the basal value (T0) for 60 s. For the organ

pathology under study it was important to establish change in blood flow and

TcpO2 during muscle work; therefore, we evaluated blood flow during hand

motion for 30 s (T1) and blood flow after motion for 15 s (T2), tracking the

values after 5 s from the end of the hand motion (T1-2). We repeated the same

measurements at the second examination, but then we also evaluated blood

flow and TcpO2 response when warming-up the skin temperature with the

Periflux 5010/5020 probe. We evaluated blood flow and TcpO2 for 120 s

while skin temperature was at 448C (T3) and blood flow after heating for 90 s

(T4) with 210 s between T3 and T4 (Table 2).

To evaluate microvessel morphology at both visits we used computerized

videocapillaroscopy (Videocap, Mitsubishi, Japan) at both visits was per-

formed on the nail bed of the fourth finger of the left hand (taking 5 pictures)

and we established an average value for each patient for the number of capil-

laries, and of tortuosity and ectasia. Both the capillaroscopy and Periflux

measurements were done in a temperature-controlled room (248C).
Rheological, changes were detected using the LORCA system (Mechatro-

nics, NL) at both examination times. Using this instrument we evaluated RBC

deformability expressed as the Elongation Index (EI30Pa) at 30 Pa shear stress.

Table 1 Data on groups studied

DCM

Before CRT After CRT Controls

Number 16 (14 M) 10 (6 M)

Age 53 � 11 38 � 11

Smokers No No

Mean arterial pressure (mmHg � SD) 101.8 � 4.7 90.7 � 9.2 88.2 � 17.4

Ejection fraction (%�SD) 26 � 4 40 � 10

NYHA class 2.3 � 0.5

Hb (mg/dl � SD) 14.4 � 1.5 13.8 � 1.2 14.1 � 1.4

Hematocrit (% � SD) 40.6 � 4.0 40.3 � 3.3 41.2 � 2.6

LDL (mg/dl � SD) 101.6 � 39.6 105.2 � 42.2 100.7 � 6.9

HDL (mg/dl � SD) 42.6 � 7.6 41.5 � 8.9 43.4 � 2.4

Homocysteine (ng/dl � SD) 11.8 � 5.9 11.3 � 3.2 9.5 � 2.2

Table 2 Overview of the periflux time steps (in seconds)

600 60 30 30 5 15 65 120 210 90

Calibr. Basal
(T0)

Hand motion (T1) After motion
(T2) (T3)

After heat (T4)
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This was done using a 125 ml EDTA blood sample in 3 ml PVP (polyvinyl
pyrrolidone). We also evaluated RBC aggregability as the half-time (t½ in
seconds) needed to form clots in the LORCA cup. To evaluate the RBC surface,
using on the Li-heparin blood sample, we determined the surface acetylcholine
esterase (AchEs) concentration as the absorption difference between the first
and the sixth evaluation on the single sample at both examination times.

As laboratory routine we evaluated hemoglobin (Hb) concentration, hema-
tocrit and LDL andHDL concentration (Table 1). We also evaluated the serum
fibrinogen and homocysteine levels. All statistical analyses were done with
Student’s t-tests; significance was considered at p-values less than 0.05.

3 Results

In the DCM group the ejection fraction (EF) after CRT was significantly
increased (25.85 � 4% before RCT vs. 40 � 10% after the treatment; p <
0.001).

We also found an increase in basal values of the blood flow (T0) after CRT in
basal values (T0) (before 15 � 5 vs. after 21 � 3 Perfusion Units (PU), p <
0.009). Also, during hand motion (T1) there was a significant increase in blood
flow values (before 55� 23 vs. after 86� 47 PU; p< 0.02), whereas there was no
significant difference when comparing blood flow after handmotion (T2) before
and after CRT. Instead, before and after CRT, basal flow (T0) and after motion
(T2) the values of the DCMgroup were not significantly changed if compared to
the control group, while the DCM hand motion values (T1) compared to
controls were significantly decreased at the first examination (DCM before
CRT 55 � 23 vs. controls 110 � 37 PU; p < 0.001). These values (T1) were
not significantly decreased at the second examination (DCM after CRT 86� 47
vs. controls 110 � 37 PU). Due to the patients critical physical condition at the
first examination it was not possible to collect data on blood flow influenced by
heat (448C) at that time. Therefore, we compared the blood flow response after
heat stress compared to the blood flow value after motion. We found an
increase due to heat (DCM after CRT T2 18.6 � 8.9 vs. DCM after CRT T4

41.7� 28.2 PU; p< 0.004). Comparing values after heat stress (T4) between the
DCM group and controls there was no significant difference (DCM T4 41.7 �
28.2 vs. control T4 58.7� 15.9 PU; n. s.). Regarding oxygenation (TcpO2) there
was no significant difference (p=n.s.) before and after CRT (T0 Before 74� 15
vs. After 72� 19 mmHg; T1 Before 75� 13 vs. After 74� 17 mmHg; T2 Before
76� 13 vs. After 74� 16mmHg). Instead, comparing values of theDMC group
to the controls there was a significant decrease in TcpO2 in DCM before and
after CRT compared to controls, at basal TcpO2 (DCMBefore CRT 74� 15 vs.
controls 99 � 16 mmHg, p < 0.001; DCM after CRT 72 � 19 vs. controls 99 �
16 mmHg, p < 0.002), during motion (DCM before CRT 75 � 13 vs. controls
98� 14mmHg, p< 0.003; DCMafter CRT 74� 17 vs. controls 98� 14mmHg,
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p < 0.001) and after motion (DCM after CRT 76 � 13 vs. controls 98 �
15 mmHg, p < 0.001; DCM After CRT 74 � 16 vs. controls 98 � 15 mmHg,
p< 0.002).Investigating the morphology of the microvessels with computerized
videocapillaroscopy we found a significant decrease in the number of capillaries
compared to controls both before and after CRT (DCM before CRT 9.6� 2 vs.
controls 11.56 � 2, p < 0.02; DCM after CRT 9.6 � 2.2 vs. controls 11.56 � 2,
p < 0.02). Capillary morphology was significantly changed. In fact the number
of ectasi and tortuosities were significantly increased when comparing values
before and after CRT values to the controls (ectasia: DCM before CRT 6.4 �
1.9 vs. controls 1.1 � 0.5, p < 0.001; DCM after CRT 6.5 � 2.1 vs. controls
1.1� 0.5, p< 0.0009; Tortuosities: DCMbefore CRT 8.4� 2.3 vs. controls 3.0�
1.3, p < 0.001; DCM after CRT 8.5 � 2.2 vs. controls 3.0 � 1.3, p < 0.002).

Laboratory data showed no significant change when comparing the values
before and after CRT (hematocrit: DCM before CRT 14.4 � 1.5 vs. after CRT
13.8 � 1.2 mg/dl; hemoglobin: DCM before CRT 40.6 � 4.0 vs. after CRT
40.3 � 3.3%).

RBC surface AchEs, homocysteine and RBC deformability (EI30) and RBC
aggregability (t½) also showed no significant change when comparing the data
on DCM before vs. after CRT and comparing the DCM values with controls.
Only fibrinogen was significantly decreased (before 335 � 63 vs. after 277 �
45 mg/dl; p < 0.006) after therapy; we assume this result is due to the medical
therapy that patients had received during the 3 months between the two
examination times.

4 Discussion

Our aim was to explore the relationship between the heart and peripheral
microcirculation. In recent years studies on heart pathology have mainly
focused on organ status and few researchers have explored heart microcircula-
tion alone: many being predominantly interested in the pharmacological
response. The main difficulty is related to the location of the heart, therefore
in vivo studies must evaluate indirect parameters such as the VO2 peak in the
mask during cycloergometry. Using this parameter Baravelli et al. [2] evaluated
dilated cardiomyopathy. Studing NYHA class II-III patients (as we did), they
noted that the peak VO2 associated with the ECG T-wave evaluation could be
used as a prognostic factor of heart function in the prediction of heart failure.
They demonstrated that cardiac events were more likely to occur in patients
that have an altered T-wave combined with a decreased peak.

On the other hand, the peripheral microcirculation could also suffer due to
the DCM status, and this might aggravate peripheral pathologies. In fact an
ischemic status could initiate damage (such as stroke, diabetic damage to the
retina or legs, tumors, etc.). In the present study, we noted a reduction in
transcutaneous tissue oxygenation (TcpO2) compared to controls, suggesting
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that these patients have a difficult O2 exchange in the micro-vasculature in all

situations, also after CRT. In fact there is a reduction in peripheral oxygenation

that does not increase with an increase of the EF. Kronenberg et al. [3], using

positron emission tomography, determined the carbon-11-acetate in myocar-

dium, and stressed that cardiac mitochondria suffer from an altered metabo-

lism. They hypothesized that the suffering mitochondria could be smaller or

inefficient. This situation could also interfere with the vascular metabolism and

could modify the vasa vasorum morphology.
Following the above hypothesis Karch et al. [4] analyzed different patholo-

gical hearts after biopsy or autopsy. They demonstrated that the coronary

microcirculation was changed: the microvessels analyzed were smaller in dia-

meter, had an increased distance between them, and there was an altered

architecture. This information is important, because it presents another pro-

blem to be investigated i.e. what is the state of the peripheral microvessel

morphology and architecture? To explore this, we used videocapillaroscopy.

Analyzing a standard area we analyze of the fourth finger of the left hand, and,

to reduce possible interpersonal variability we averaged the values of the images

to reduce possible interpersonal variability. We also showed that in patients

with a DCM there was vascular remodelling-vessels in DCM were winding and

with ectasia, reduced in number and often they were not well perfused with

blood.
An important function of the heart is to push blood into vessels. Heart

failure reduces the amount of blood that every contraction pushes into the

aorta: thus it is possible that reduced TcpO2 might be due to the reduced blood

flow at the end of the capillaries. Laser Doppler data do not confirm this, but

demonstrated that the response to muscle stress is lower in patients that have

not received CRT. However, blood flow was significantly increased after CRT

in DCM patients at basal time (T0). The values at this point were not signifi-

cantly different from controls, while the data show that blood flow values are

significantly decreased in T1, while the ejection recovery decreased the differ-

ence versus controls.
The TcpO2 values do not normalize after 3 months of CRT. In the DCM

groups, at the first examination it was not possible to do the heat stress test due

to the patients’ critical status. At the second examination we performed the test

to gain insight into the neurological response during heart pathology. This test

revealed a good andmaintained, as in controls; this underlines that neurological

flow maintenance is well preserved. RBCs, on the other hand, did not show

modifications: we did not find any significant alterations compared to controls

in the tested parameters (as elongation, aggregation, hemoglobin concentra-

tion, hematocrit and AchEs). This suggests again that reduced TcpO2 is a

consequence of a reduced VO2 peak that, combined with the reduced blood

flow could present its bill during muscle activity. At the end, the peripheral

microcirculation continues to suffer from the heart pathology, also after CRT

[5–11].

46 G. Cicco et al.



5 Conclusion

Our data show that heart failure puts the microvasculature in a bad situation: it
must support blood flow while suffering from reduced flow itself. CRT and the
medical therapy we provided to patients were unsuccessful in increasing the
TcpO2 by increasing blood flow. In fact an increase of the EF and of blood flow
does not correspond with an increase in oxygenation. This might be due to the
altered microvascular morphology that we revealed. RBCs do not suffer from
the low TcpO2 and maintain their plasticity, an important characteristic neces-
sary for transit of the capillary lumen, but this is insufficient in the presence of
low oxygenation or the presence of longer microcirculatory pathways bringing
nutrients to cells.
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The Role of Glyoxalase System in Renal Hypoxia

Reiko Inagi, Takanori Kumagai, Toshiro Fujita, and Masaomi Nangaku

Abstract Methylglyoxal (MG), a highly reactive a-oxoaldehyde generated by
oxidation of carbohydrate and glycolysis, binds to proteins and forms advanced
glycation end products (AGE). MG and MG adducts have been implicated in
oxidative stress-related diseases, therefore, MG detoxifying system such as the
glyoxalase system (glyoxalase I) also contributes to progression of these dis-
eases. Recent papers have emphasized the pathophysiological effects of MG
and the glyoxalase system in acute hypoxic injury, which is associated with
acute oxidative stress. We investigated the kinetics of MG level and glyoxalase
I activity in renal acute hypoxic injury induced by ischemia-reperfusion (I/R).
I/R induced tubulointerstitial injury and the histological changes were asso-
ciated with a significant decrease in renal glyoxalase I activity and an increase in
MG level in the damaged tubular cells. Of note, rats over expressing human
glyoxalase I showed amelioration of I/R-induced histological and functional
damages and it was associated with a decrease inMG level in the lesion resulting
in reduction of oxidative stress and tubular cell apoptosis. In conclusion,
glyoxalase I has renoprotective effects in renal hypoxia such as I/R injury via
a reduction in cytotoxic MG level in tubular cells.

1 Hypoxia in the Kidney

Cells convert biochemical energy from nutrients into adenosine triphosphate
(ATP). Organisms that use oxygen as a final electron acceptor in respiration are
described as aerobic. Aerobic metabolism is approximately 19 times more
efficient than anaerobic metabolism. Therefore, under hypoxic conditions,
cells suffer from ATP deficiency. Furthermore, hypoxic conditions are asso-
ciated with oxidative stress. While previous studies demonstrated oxidative
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stress as excessive production of reactive oxygen species (ROS) under hyperoxic
conditions, the current consensus is that oxidative stress is observed whenever
oxygen homeostasis is disrupted and can be demonstrated both in hyper- and
hypoxia.

A decrease in oxygen tension plays a major role in a variety of kidney
diseases. Acute hypoxia causes acute kidney failure, which has remained a
significant health concern with high mortality rates. The most common cause
of human acute renal failure is ischemia due to hypotension or sepsis. Also in
kidney trans-plantation, ischemia-reperfusion (I/R) injury is the significant
problem. Recent papers have emphasized the pathological effects of hypoxia
not only in acute renal failure but also in chronic kidney diseases: chronic
hypoxia in diabetic nephropa-thy, hypertension, and chronic glomerulonephri-
tis is a final common pathway to end-stage renal disease [1]. This background
indicates the clinical importance of renal hypoxic injury.

The cellular response to hypoxia is centered on hypoxia-inducible factor,
HIF. This factor is composed of two subunits, an oxygen-sensitive HIF-a
subunit and a constitutively expressed HIF-b subunit. Intracellular accumula-
tion of HIF induces the coordinated expression of a number of adaptive genes
against hypoxic insult, such as the genes related to glucose metabolism, hema-
topoiesis, and angiogenesis. Three isoforms of HIF-a subunits have been iden-
tified, HIF-1a, HIF-2a, and HIF-3a. HIF-1 is ubiquitously distributed and
shows protective effects to tubulointerstitial damage induced by I/R or hyper-
glycemia [2, 3]. HIF-2a is involved in the regulation of erythropoietin as well as
oxidative stress in the renal endothelium and interstitium [4]. Little is known
about HIF-3, but it is likely that HIF-3 serves as an inhibitory role because
HIF-3 lacks activation domains [5].

2 Role of Methylglyoxal (MG), a Precursor of Protein Glycation,

in Hypoxic Injury

Hypoxia is associated with oxidative stress as described above. Under the
oxidative stress, proteins are posttranslationally modified by phosphorylation,
carbonylation, or glycation in an enzyme dependent or independent manner.
These posttranslational protein modifications contribute to the development of
the various manifestations of oxidative stress-related diseases. In fact, phos-
phorylation induced by oxidative stress causes intracellular signaling resulting
in cell death in-cluding apoptosis, cell proliferation, and inflammation. Protein
carbonylation or glycation leads to their conformational modification and
thereby induces loss of their original physiological activities and/or gain of
pathogenic functions, one of which accelerates the vicious cycle of oxidative
stress and hypoxia.

In glycation, methylglyoxal (MG) is one of the major precursors to form
advanced glycation endproducts (AGE) as unfavorable byproducts of various
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metabolic pathways. MG is generated from the oxidation of carbohydrates or
gly-colysis, and increased oxidative stress is associated with conditions of
increased MG. MG serves as a highly reactive carbonyl compound, binding
not only to pro-teins but also to DNA with subsequent modification of these
molecules to form AGE, which exert multiple and diverse pathological effects
through the binding to receptor for AGE, RAGE. Furthermore, MG itself is
cytotoxic and pro-apoptotic. MG selectively inhibits mitochondrial respiration
and glycolysis in the cells [6, 7]. In relation to this, MG has been shown to
inactivate membrane ATPases and glyceraldehyde-3-phosphate dehydrogen-
ase, a key enzyme of the glycolytic pathway [8].MG induces apoptosis via c-Jun
N-terminal kinase (JNK) activation or through activation of protein kinase Cd
[9, 10]. Co-treatment with concentrations of MG and glucose comparable to
those seen in the blood circulation of diabetes causes cell apoptosis or necrosis
with an increase in the ROS content in cultured human endothelial cells [11].

MG has been implicated with various diseases related to oxidative stress
including diabetes mellitus, diabetic complications such as vascular and renal
diseases, chronic renal failure, neuronal disease, hypertension, and aging.
Recent studies demonstrate that MG and MG-arginine adducts are accumu-
lated in the heart and brain damaged by I/R, respectively, suggesting the
diverse pathogenic contribution of MG not only in the chronic diseases but
also in the acute diseases including hypoxia [12, 13]. In diabetes, hyperglyce-
mic condition triggers MG production due to the change of glucose metabo-
lism and/or hyperglycemia-mediated oxidative stress. However, the precise
mechanism of MG andMG adducts accumulation under hypoxic condition is
not defined.

3 Glyoxalase System for Detoxification of MG

and its Pathophysiology

Cells are endowed with the system that efficiently metabolizes and detoxifies
MG, i.e. the glyoxalase system. The glyoxalase system is composed of two
enzymes: glyoxalase I, which metabolizes MG to S-D-lactoylglutathione, and
glyoxalase II, which converts S-D-lactoylglutathione to D-lactate [14]. The
glyoxalase system is ubiquitously expressed and is well conserved in many
species, suggesting the biological importance of this system. Glyoxalase I pre-
vents the accumulation of not only MG but also other reactive a-oxoaldehydes
including glyoxal, therefore, it is a key enzyme in the glycation defense system.
The glyoxalase I activity requires the cofactor, reduced glutathione (GSH),
indicating that the glycation defense activity is regulated not only by transcrip-
tional status but also by redox status.

The glyoxalase system, especially glyoxalase I, plays an important role in the
regulation of the MG level in the body. Therefore, a decrease in glyoxalase I,
which enhances MG production and MG adducts accumulation, might be one
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of the risk factors of MG-related disease progression. Increasing evidence
suggests the pathophysiological significance of glyoxalase I in diabetes mellitus,
diabetic complications such as retinopathy and nephropathy, Alzheimer dis-
ease, anxiety, tumor, and aging. We previously demonstrated that one 69-year-
old female patient who had been on hemodialysis for three years and had
suffered from recurrent cardiovascular complications despite the absence of
significant risk factors showed the deficiency of glyoxalase I activity with high
levels of glycated proteins accumulation in plasma [15].

Many investigations indicate the protective role of glyoxalase I as a MG
detoxifying enzyme in hyperglycemic condition. Proteomic analysis of glomer-
uli obtained from type 2 diabetic mice showed increased expression of glyox-
alase I. However, renal cortical glyoxalase I activity was decreased in these mice
because of a decrease in its cofactor, GSH [16]. Thus, it is likely that the
increased expression of glyoxalase I may represent an insufficient adaptive
response to increased MG formation in diabetic kidneys. These results were
consistent with another paper demonstrating that glyoxalase I overexpression
in endothelial cells ameliorated MG formation, along with intracellular AGE
accumulation, thereby prevented increased macromolecular endocytosis under
hyperglycemic conditions [17].

Relationship between glyoxalase I and aging was emphasized by the re-cent
study demonstrating that C. elegans overexpressing glyoxalase I decreasedMG
modifications of mitochondrial proteins and mitochondrial ROS production
with subsequent prolongation of lifespan [18].

In solid tumors, malignant cells suffer from stress conditions, such as glucose
starvation and hypoxia. Glyoxalase I is often elevated in drug- and apoptosis-
resistant cancers, demonstrating the adaptive effects of glyoxalase I as a de-
toxifying enzyme in tumor cell survival [19].

4 Renoprotective Effect of Glyoxalase I in Hypoxic Injury

MG and the glyoxalase system have been implicated in oxidative stress-related
diseases as described above. However, their pathogenic contribution to kidney
suffering from oxidative stress via acute hypoxia remains elusive. While many
previous reports emphasized a pathogenic role of MG mainly in chronic dis-
orders, recent studies suggested the involvement ofMG in acute diseases such as
I/R injury. MG content is increased in the I/R heart associated with the
accumulation of AGE, NE-carboxymethyl lysine (CML) [13]. In I/R injury of
the brain, MG-arginine adducts, argpyrimidine, is detected after 24 h reoxy-
genation [12].

To evaluate the pathological effects of MG and glyoxalase I in acute renal
injury due to hypoxia, we investigated a role of the glyoxalase system in this
injury.We examined the kinetics of glyoxalase I activity in a rat renal I/Rmodel
and found that I/R significantly induced a decrease in renal glyoxalase I activity
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without any changes in its mRNA or protein level and in a manner independent

of GHS level. The decreased glyoxalase I activity was associated with an
increase in its substrate, MG: MG level estimated by MG-lysine adducts
(NE-carboxyethyl lysine, CEL) accumulation was significantly increased in the

tubulointerstitial lesion [20]. Our preliminary data demonstrated that renal I/R
causes the lowering of gly-oxalase I activity resulting in MG accumulation in
the tubular lesion. It strongly suggests a contribution of glyoxalase I in devel-
opment of the I/R injury.

MG is not only an AGE precursor leading to the vicious cycle of oxidative
stress and glycation but also cytotoxic and pro-apoptotic [9, 10]. Therefore,

from a theoretical point of view, glyoxalase I might be a key factor for detox-
ifying MG and protecting organs against I/R injury. To test this hypothesis, we
established transgenic rats overexpressing glyoxalase I in the kidney [21]. We
observed that the rats overexpressing glyoxalase I were resistant against I/R

injury at pathological and functional level in the kidney [20]. In particular, I/R-
induced decrease in glyoxalase I was prevented by glyoxalase I overexpression
and it was associated with reduction of an increased MG level by I/R. The
pathological improvement included a significant reduction of lipid peroxida-

tion and tubular cell apoptosis.
HIF is a master gene switch of adaptive responses against hypoxia. Recent

studies showed that HIF function is impaired by ROS-induced modification of
HIF-a subunit by MG in cultured fibroblasts. HIF-a subunit modification by
MG reduced heterodimer formation and HIF-a binding to all relevant promo-

ters [22]. Glyoxalase I overexpression prevented these MG-modified HIF.
Thus, in addition to the cytotoxic and pro-apoptotic effects by MG, MG can
aggravate tissue injury in ischemic injury via impairment of a defensive mechan-
ism in ischemia. The glyoxalase system is expected to restore the defense against

hypoxia.

5 Conclusion

Recent accumulating reports have demonstrated that MG and the glyoxalase
system contribute to the development of acute hypoxic injury. Our studies also
support their pathophysiological effects in I/R-injured kidney: glyoxalase I
activity is lowered by I/R and thereby leads to an increase in MG level in the

damaged tubular cells and augments the disease manifestations mediated by
cytotoxic MG including exacerbation of oxidative stress and apoptosis. Over-
expression of glyoxalase I reduces I/R-induced renal MG accumulation and
improves the renal damage, giving an important insight into understanding the

pathophysiology of acute hypoxic injury.
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Intracortical Microcirculatory Change Induced

by Anesthesia in Rat Somatosensory Cortex

Kazuto Masamoto, Takayuki Obata, and Iwao Kanno

Abstract The present study aimed to characterize microcirculatory responses
to anesthesia in brain tissue. With multi-photon excitation fluorescence micro-
scopy, intra-cortical capillary dimension and red blood cell (RBC) flow were
successfully visualized up to a depth of�0.6mm from the cortical surface in rats
anesthetized with either isoflurane or a-chloralose. We observed that the dia-
meter of the major cerebral artery was �100 mm under isoflurane, but �75 mm
under a-chloralose. The capillary diameter was observed to be larger under
a-chloralose than isoflurane: 5.1 � 1.2 mm vs. 4.8 � 1.1 mm, respectively. A
significant difference in the mean RBC speed measured in single capillaries was
observed: 0.4 � 0.4 mm/s under a-chloralose vs. 1.5 � 0.4 mm/s under isoflur-
ane. In agreement with these observations, arterio-venous transit-time and
laser-Doppler flowmetry consistently showed a significant reduction of the
RBC and plasma blood speed under a-chloralose relative to isoflurane. These
findings may indicate that local blood flow regulatory mechanisms exist at the
capillary level for the balance of oxygen supply and demand induced by
anesthesia in the brain tissue.

1 Introduction

A variety of brain tissue oxygen levels have been observed in animals under
general anesthesia [1]. The direct and indirect effects of anesthesia involve the
degree of anesthetic action on cerebral metabolic rate of oxygen (CMRO2) and
cerebral blood flow (CBF).

In a previous study, we found that rodents treated with inhalation anes-
thetics (e.g., isoflurane) or intravenous anesthetics (e.g., a-chloralose) that are
widely used for brain activation studies, showed quite different behaviors for
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the activation-induced cortical hemodynamics [2]. Since hemodynamic-based
brain imaging techniques rely on the microcirculatory responses to local neural
activity, the effects of anesthesia on the brain microcirculation are critically
important for interpretation of the imaging signals. However, the effects of
anesthesia on the brain microcirculation, such as vessel dimension and red
blood cell (RBC) flow remain unaddressed.

In the present study, we directly measured intracortical capillary dimension
and RBC flow in the cerebral cortex of rats anesthetized with either volatile
isoflurane or injectable a-chloralose. A biocompatible fluorescent dye was
intravenously injected for visualization of blood plasma and cortical micro-
vasculature was three-dimensionally visualized with in vivo multi-photon exci-
tation fluorescent microscopy up to a depth of 0.6 mm from the cortical surface.
Intraluminal vascular dimension and fluorescently labeled RBC speed were
then measured.

2 Materials and Methods

All animal protocols were approved by the NIRS Animal Experiment Commit-
tee. The animals (250–350 g Sprague-Dawley rats,N¼ 9) were initially anesthe-
tized with 4–5% isoflurane and maintained with 2% during surgical proce-
dures. The animal was mechanically ventilated and physiologic parameters
(e.g., end-tidal CO2, anesthetic gas concentration, respiratory rate, heart rate,
and mean arterial blood pressure) were monitored throughout all experiments.
Arterial blood gas was periodically measured, and respiratory rate and minute
ventilation volume were adjusted as needed. Rectal temperature was main-
tained at 37.0 � 0.28C.

A portion of the left skull (3 mm by 3 mm) over the somatosensory area was
removed. The opened area was filled with physiologic saline solution. For experi-
ments, the anesthesia level was first maintainedwith isoflurane (�1.4%) and then
switched to a-chloralose (45 mg/kg/h, i.v.), as previously reported [2]. For visua-
lization of the cortical vasculature, a bolus of Qdot1 605 (1 mM in buffered
solution, Invitrogen) was intravenously injected (0.2–0.4 ml). The cortical vascu-
lature was then visualized with multi-photon excitation fluorescent microscope
(TCS SP5, Leica Microsystems) with an excitation wavelength of 900 nm (Mai-
Tai, Ti:Sapphire laser, Spectra-Physics). The objective lens was a 20� water-
immersion lens (0.5 NA, Leica Microsystems). The 512 pixel by 512 pixel images
covered a cortical area of 456 mmby 456 mmwith a pixel resolution of 0.89 mm.To
obtain the three-dimensional structure, contiguous images were captured up to a
depth of 0.6 mm from the cortical surface with a step size of 0.01 mm in the
z-direction. The region of interest was selected with care to avoid areas having
vessels of a relatively large size at the cortical surface. A final image was taken to
cover an area of 912 mm by 912 mm in the x-y plane by scanning four adjacent
regions. For display purposes, a maximum-intensity projection was constructed
from contiguous images obtained in the z-direction.
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Based on their pulsation and branching geometry, arterial and venous net-
works were distinguished at the cortical surface, and then tracked into the
parenchyma tissue. To measure capillary diameter, a maximum intensity pro-
jection was created from every 0.1-mm thickness in the z-direction and then the
width in the image was calculated. A single capillary was defined as the single
vessel having cross-sectional thickness less than 8 mm and for which both edges
continued to two new vessels as a branching.

The RBC speed was measured by tracking a FITC-labeled RBC through a
single capillary. Time-lapse images were obtained at a rate of 14–167 frames per
second, depending on the number of lines to be scanned in each single frame.
The scanning area was set to cover the whole structure of the single-capillary
shape (i.e., 64–256 lines). Similarly, the speed of blood plasma was evaluated by
tracking 0.1-mm diameter fluorescent beads that were intravenously injected.
For the measurement of mean arterio-venous transit time, a bolus injection
(0.1 ml) of fluorescently labeled RBCs or fluorescent beads was performed via
the femoral vein. The time-lapse image was obtained with a 5� objective lens at
a rate of seven frames per second. Statistical significance was determined with a
t-test (P < 0.05).

3 Results

There was no detectable difference in the measured physiologic parameters
(arterial blood gas and blood pressure) between isoflurane and a-chloralose
conditions (Table 1). We observed that the diameter of the principal artery
at the cortical surface was �100 mm under isoflurane, but �75 mm under
a-chloralose. The results showed that the principal artery shrank significantly
after induction with a-chloralose. However, the intracortical capillary diameter
was slightly larger under a-chloralose (5.1� 1.2 mm, n¼ 1682 vessels) compared
to the isoflurane condition (4.8 � 1.1 mm, n¼ 1746 vessels). A statistically
significant difference was observed between two conditions. These results indi-
cate that the upstream and downstream vessels react differently depending on
the anesthetics.

The mean RBC speed in a single capillary was significantly lower under a-
chloralose relative to the isoflurane condition: 0.4� 0.4 mm/s under a-chloralose
vs. 1.5� 0.4 mm/s under isoflurane. Under a-chloralose, someRBCs were found

Table 1 Blood gas conditions, mean arterial blood pressure (BP), and mean capillary dia-
meter (Dc) observed under isoflurane (Iso) and a-chloralose (Acl) conditions (Mean � SD,
N¼ 9). *P < 0.05 (Iso vs. Acl)

pH pCO2 (mmHg) pO2 (mmHg) BP (mmHg) Dc (mm)

Iso 7.43 � 0.03 37 � 3 128 � 18 94 � 11 4.8 � 1.1

Acl 7.44 � 0.02 36 � 2 123 � 16 115 � 15 5.1 � 1.2*
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to be very slow (<0.01 mm/s), whereas most RBCs measured under isoflurane
had a relatively high speed (0.4–3.0 mm/s).

As expected, the arterio-venous transit-time of the labeled RBCs was signifi-
cantly longer under a-chloralose (2.8� 1.7 s at peak-to-peak) as compared to the
isoflurane condition (1.0 � 0.9 s). Similar results were observed for the transit
time of blood plasma: 1.8 � 1.3 s under a-chloralose and 1.2 � 0.7 s under
isoflurane. These results indicated that the both RBC and plasma blood speed
were significantly lower under a-chloralose relative to isoflurane conditions.

4 Discussion

It has been previously shown by other groups that the baseline CBF under
a-chloralose was 30–50% lower than under isoflurane in rat somatosensory
cortex, i.e. 70–90 mL/100 g/min under a-chloralose [3, 4] vs. 130–150 mL/100 g/
min under isoflurane [5, 6]. In a previous study, we found the baseline CBF
measured with laser-Doppler flowmetry was 31% lower under a-chloralose
compared with isoflurane [2]. Our measurements of the arterial dimension are
in good agreement with these literature data, indicating that the tone in the
upstream resistance vessels has a significant role in the regulatory mechanism of
the baseline CBF induced by anesthesia. However, we also found that the effect
of the anesthesia on the intracortical capillary diameter was opposite to the
arterial response. Namely, a larger capillary diameter was observed under
a-chloralose as compared to the isoflurane condition. This might indicate that
the upstream arteries and intracortical microvessels have separate or indepen-
dent mechanisms for the regulation of local CBF.

Our results for the mean RBC speed consistently showed that the speed was
significantly lower under a-chloralose relative to the isoflurane condition. The
results are consistent with previous CBF data. However, the measured RBC
speed under isoflurane was relatively high. Kleinfeld et al. (1998) reported that
the intra-cortical RBC speed was 0.77 mm/s in rats anesthetized with urethane
[7]. The ranges of RBC speed in capillaries were reported as 0.3–3.2 mm/s [8]. In
the present study, we showed that the variable speed of RBCs could be due to a
local regulatory mechanism rather than upstream arterial regulation. Since the
capillary volume and speed of RBCs critically affect oxygen transfer processes
from nearby blood vessels to the energy consuming tissue site, it is worthwhile
to compare the tissue oxygen level between both anesthesia conditions. Our
group has reported that the mean tissue oxygen level in rat somatosensory
cortex was 29 mmHg under a-chloralose and 33 mmHg under isoflurane
[9, 10]. Another study with electron paramagnetic resonance oximetry showed
that the mean tissue oxygen level at normoxic conditions was 13 mmHg under a
cocktail of a-chloralose and urethane and 38 mmHg under isoflurane [11]. The
data from those studies were in good agreement with the CBF data; higher CBF
produces higher tissue oxygen and vice versa. The anesthesia may also affect the
tissue oxygen metabolic rate in a different manner, and thus a possible scenario
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where the effect of anesthesia on the energy metabolism becomes a dominant
factor leading to the observed difference in tissue oxygen level cannot be ruled
out. However, it should be noted that endothelial cells have the ability to
control their dimension by sensing the nearby blood oxygenation level [12],
which may play a role in adjusting local oxygen demand and supply via regula-
tion of capillary volume andRBC speed. Further studies are needed to elucidate
the full regulatory mechanism for the local regulation of the microvascular
dimensions and RBC traffic.
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Macrophages That Survive Hyperoxia Exposure

Have Higher Superoxide Dismutase Activities

in Their Mitochondria

Kenichi Kokubo, Saki Soeda, Toshihiro Shinbo, Minoru Hirose, Noriyuki Fuku,

Yutaka Nishigaki, Masashi Tanaka, and Hirosuke Kobayashi

Abstract Prolonged exposure to hyperoxia, which is routinely used in patients
with severe respiratory failure, leads to the generation of excessive reactive
oxygen species, resulting in lung injury. In the present study, we focused on
macrophages and their survival, superoxide dismutase (SOD) activity in mito-
chondria (Mn-SOD activity), and mitochondrial DNA (mtDNA) mutation
after exposure to hyperoxia. Macrophages were cultured under two different
conditions: normoxia and intermittent hyperoxia. The number of cells exposed
to intermittent hyperoxia for 3 weeks significantly decreased, compared with
the number of cells exposed to normoxia. TheMn-SOD activity of the cells that
survived intermittent hyperoxia exposure was significantly higher than that of
the cells exposed to normoxia. Direct sequencing and a PCR-RFLP assay did
not provide any evidence of mutation in the cells that survived intermittent
hyperoxia exposure. In conclusion, an increase in the antioxidative activity of
mitochondria is important for the survival of macrophages exposed to hyper-
oxia, and the increased activity level possibly enhances protective effects against
mtDNA mutations in surviving cells.

1 Introduction

Prolonged exposure to hyperoxia, which is routinely used in patients with severe
respiratory failure, leads to the generation of excessive reactive oxygen species
(ROS) in the lungs, resulting in lung injury [1]. In the present study, we focused
on macrophages, since alveolar macrophages are exposed to hyperoxia and
their functions are important in host defense. We investigated their survival, the
superoxide dismutase (SOD) activity in mitochondria (Mn-SOD activity), and
mitochondrial DNA (mtDNA) mutation after exposure to hyperoxia.
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The major function of mitochondria is to produce energy to support cellular

activities through the oxidative phosphorylation pathway [2]. During this pro-

cess, ROS are generated. Since mtDNA is an easy target for oxidative DNA

damage by ROS, the mutation rate of mtDNA is considered to be at least ten

times higher than that of nuclear DNA [3, 4]. Therefore, the survival of macro-

phages exposed to hyperoxia might be related to their SOD activity and its

protective effects against mtDNA mutation.
The aim of this study was to determine whether the Mn-SOD activity of

surviving cells was altered and whether mtDNA mutations occurred after

exposure to hyperoxia. To this end, we measured the changes in the number

of cells and the Mn-SOD activities of cells exposed to hyperoxia and then

analyzed mtDNA mutations in these cells using direct sequencing and a PCR-

RFLP assay.

2 Materials and Methods

2.1 Macrophages Culture

We used macrophages that differentiated from a human monocyte cell line

(THP-1, ATCC) after the cell line was cultured with phorbol myristate acetate

for 2 days. The haplogroup of the mitochondria in the cells was classified as

F1b1a. The cells were cultured in RPMI 1640 medium (Sigma) supplemented

with 10% (v/v) fetal bovine serum (CELLectTM; MP Biomedicals), 100 units/

mL of penicillin, and 100 mg/mL of streptomycin (GIBCOTM; Invitrogen) at

378C in a humidified 5% CO2 atmosphere. The macrophages were cultured

under two different conditions: normoxia (21% O2 + 5% CO2, for 3 weeks)

and intermittent hyperoxia (three repeats of 90% O2 + 5% CO2 for 4 days

and 21% O2 + 5% CO2 for 3 days; i.e., 3 weeks in total). Intermittent

hyperoxia was applied in the present study because cells that were continu-

ously exposed to hyperoxia all died within 2 weeks. Intermittent hyperoxia

enabled a long-term experiment to be conducted, with the normoxia phases

allowing the mitochondria to recover, grow, and possibly accumulate mutated

mtDNA.

2.2 Cell Counting and SOD Activity Assay

We measured the changes in the number of cells and Mn-SOD activity, which

reflects the antioxidative activity in mitochondria. The number of cells was

determined using a counting chamber. Mn-SOD activity was measured using

the SOD assay kit (Dojindo Laboratories) and KCN (final concentration:

40 mM) as an inhibitor of Cu/Zn-SOD [5].
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2.3 Isolation and Amplification of DNA

Total DNA was extracted from the cells using the QIAamp Blood Mini Kit
(QIAGEN). The entire mitochondrial genome was amplified as six fragments
(3000–3400 bp) by the first PCR and 60 overlapping segments (600–1000 bp) by
the second PCR. The primer pairs and their nucleotide sequences were
described previously [6]. The primer pairs were designed to cover the entire
mtDNA including an overlapped region that enabled us to confirm the
sequences near the 30- and 50-ends of the PCR products using two fragments.
The conditions for the first and second PCRwere the same: 948C for 5 min; 15 s
at 948C, 15 s at 608C, 3 min at 728C; and a final extension for 10 min at 728C.
The amplified fragments were analyzed using electrophoresis on a 1% agarose
gel and visualized by staining with ethidium bromide. These second PCR
products were purified using MultiScreen-PCR Plates (Millipore). The quality
of the DNA templates was examined using electrophoresis on a 1.2% agarose
gel after staining with ethidium bromide using a Ready-To-Run Separation
Unit (Amersham Pharmacia Biotech).

2.4 Sequence Analysis of Mitochondrial DNA

We analyzed the mutations in the mtDNA of the cells using direct sequencing
after the cells had been exposed to intermittent hyperoxia or normoxia for 3
weeks. Sequence reactions were performed using a BigDye terminator cycle
sequencing FS ready reaction kit (Applied Biosystems). After excess dye termi-
nators had been removed with MultiScreen-HV plates (Millipore) packed with
Sephadex G50 superfine (Pharmacia), the purified DNA samples were precipi-
tated with ethanol, dried, and suspended in the template suppression reagent or
formamide (Applied Biosystems). The dissolved DNA samples were heated for
2 min at 958C for denaturation, then immediately cooled on ice. The sequences
were analyzed with automated DNA sequencers 377 and 310 using the Sequen-
cing Analysis Program version 4.1 (Applied Biosystems).

2.5 PCR-RFLP Assay

We analyzed three suspectedmutation sites in cells exposed to normoxia using a
PCR-RFLP assay. These sites showed different direct sequencing results for the
overlapping segment of the two different fragments in cells exposed to nor-
moxia (see the Results section). Firstly, PCR was performed using 5 ng of the
cDNA as a template and PCR buffer, dNTP mix, forward and reverse primers
(50-AAACCCT CGTTCCACAGAAG-30 (forward primer) and 50-TGATT-
GAGATGGGGGCTA GT-30 (reverse primer) for mt.4732, 50-GTTCTTTCA
TGGGGAAGCAG-30 (forward primer) and 50-GTGGCTTTGGAGTTG

Macrophages That Survive Hyperoxia Exposure 65



CAGTT-30 (reverse primer) for mt.16129, and 50-CTGTTCTTTC ATGGG-
GAAGC-30 (forward primer) and 50- TAGTTGAGGGTTGATTGCTG-30

(reverse primer) for mt. mt.16189), and rTaq DNA polymerase (Toyobo).
The reaction conditions were as follows: 948C for 5 min; 15 s at 948C, 15 s at
58–608C (59.98C formt.4732, 59.38C formt.16129, 588C formt.16189), 3min at
728C for 40 cycles; and a final extension for 10 min at 728C. The amplified
fragments were analyzed using electrophoresis on a 1% agarose gel and visua-
lized by staining with ethidium bromide. Then, restriction enzyme was added to
each fragment solution. We used Sca I [10 U/mL]

(Roche), BsrG I [10 U/mL] (Daiichi Pure Chemicals), or Mnl I [2 U/mL]
(Daiichi Pure Chemicals), incubated with the PCR products at 378C for 1 h to
cut the sequences of AGTACT, TGTACA, and CCTC, respectively. Electro-
phoresis on a 3% agarose gel was performed to detect the fragment size after
digestion with the restriction enzyme.

2.6 Statistical Analysis

All data are given as the mean � SD. Statistically significant differences were
determined using a Wilcoxon matched-pair signed-rank test (cell counting
assay) or a Student t-test (SOD assay). A probability value (p-value) of less
than 0.05 was considered statistically significant.

3 Results

The number of cells exposed to intermittent hyperoxia for more than a week
significantly decreased, compared with the number of cells exposed to nor-
moxia (Fig. 1a). TheMn-SOD activity per 100 cells increased with time and was
significantly higher in the cells exposed to intermittent hyperoxia than in the
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Fig. 1 (a) Changes in the number of cells exposed to normoxia or intermittent hyperoxia.
(b) Relative SOD activity per 100 macrophages. Relative SOD activity was defined based on a
value at which 100 cells eliminated all the available superoxide
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cells exposed to normoxia (Fig. 1b). TheMn-SOD activity of the surviving cells

was about half of the total SOD activity (data not shown).
Using direct sequencing, six sites (nucleotide position: mt.4732, mt.16129,

mt.16189, mt.16232, mt.16249, mt.16362) in the mtDNA were identified as

suspected sites of mutation located in one coding region and five non-coding

regions of theD-loop inmtDNA (Fig. 2). These six suspected sites were located in

the overlapped region of the alternative fragments in the second PCR amplifica-

tion. At these sites, a heteroplasmic sequence was observed in the cells exposed to

normoxia. For example, sequence chromatogram showed overlapped peaks of A

and G, suggestive of heteroplasmy, at nucleotide position 4732 in the fragment

16. Analysis of the neighboring second PCR product (fragment 17), however,

showed only a peak of C at the same site, suggestive of homoplasmy. To confirm

this result, Three of the six sites, including the one in a coding region (mt.4732),

were amplified by one-step direct amplification fromDNA isolated from the cells

and were further verified using a PCR-RFLP assay for these potentially hetero-

plasmic sites. The PCR products were almost completely digested by the restric-

tion enzyme or were completely undigested (Fig. 2), meaning that these three sites

were not heteroplasmic and were notmutation sites.We confirmed that complete

digestion was attained using another cDNA with the same recognition sites as a

positive control (data not shown).
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Fig. 2 Gel electrophoresis of PCR-RFLP products and gene sequences measured using direct
sequencing of cells exposed to normoxia. N: PCR products without treatment, T: PCR
products treated with restriction enzyme. The PCR products, including mt.4732 and
mt.16129, were almost completely digested by the restriction enzyme, while mt.16189 was
completely undigested (no bands observed at 177 and 33 bp), meaning that these three sites
were not heteroplasmic, although a heteroplasmic sequence was suggested by the alternative
fragments in the direct sequencing of the other DNA fragments amplified with another pair of
primers
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4 Discussion

In the present study, we found that hyperoxia induced the cell death of macro-
phages and that the macrophages that survived intermittent hyperoxia expo-
sure had higher Mn-SOD activities and no mutations in their mtDNA. The
survival of the macrophages exposed to intermittent hyperoxia was related to
their SOD activities and possibly to their protective effects against mtDNA
mutations induced by oxidative DNA damage. Cells that were exposed to
hyperoxia but could not increase their SOD activity sufficiently might have
been killed by the resulting oxidative DNA damage.

Because of the lack of protective histone proteins and a limited DNA repair
mechanism, mtDNA is more susceptible to oxidative DNA damage [3, 4] than
nuclear DNA. In the present study, the Cu/Zn-SOD activity of the surviving
cells, which reflects the SOD activity in the cytosol, increased as well as theMn-
SOD activity (data not shown), suggesting that the nuclear DNA was also
protected from the oxidative stress. Therefore, the possibility of oxidative
damage to the nuclear DNA in the surviving macrophages after hyperoxia
exposure was considered to be relatively low. Our results implied that antiox-
idative activities in the cytosol and mitochondria are important and can
enhance the survival of macrophages exposed to hyperoxia.

A PCR-RFLP assay was considered to be a more reliable assay to detect
mutations than direct sequencing, showing no heteroplasmic sequences, indi-
cating that the three sites were not mutation sites. Although not all of the
suspected mutation sites were verified using a PCR-RFLP assay because of
the limited availability of appropriate restriction enzymes, the three suspected
mutation sites that were not examined were located in non-coding regions,
which would have produced innocent mutations even if they had occurred.
Thus, no mutations in coding regions occurred in the surviving cells, and any
cells with fatal mutations likely died after the hyperoxic insult.

In conclusion, the increase in antioxidative activity in mitochondria is
important for the survival of macrophages exposed to hyperoxia, and this
increase possibly enhances protective effects against mtDNA mutation in sur-
viving cells.
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Diet-Induced Ketosis Improves Cognitive

Performance in Aged Rats

Kui Xu, Xiaoyan Sun, Bernadette O. Eroku, Constantinos P. Tsipis,

Michelle A. Puchowicz, and Joseph C. LaManna

Abstract Aging is associated with increased susceptibility to hypoxic/ischemic
insult and declines in behavioral function which may be due to attenuated adap-
tive/defense responses. We investigated if diet-induced ketosis would improve
behavioral performance in the aged rats. Fischer 344 rats (3- and 22-month-old)
were fed standard (STD) or ketogenic (KG) diet for 3 weeks and then exposed to
hypobaric hypoxia. Cognitive function wasmeasured using the T-maze and object
recognition tests. Motor function was measured using the inclined-screen test.
Results showed that KG diet significantly increased blood ketone levels in both
young and old rats. In the aged rats, the KG diet improved cognitive performance
under normoxic and hypoxic conditions; while motor performance remained
unchanged. Capillary density and HIF-1a levels were elevated in the aged ketotic
group independent of hypoxic challenge. These data suggest that diet-induced
ketosis may be beneficial in the treatment of neurodegenerative conditions.

1 Introduction

The brain, unlike other organs, is normally completely dependent on glucose,
but is capable of using ketones as an alternate energy source, as occurs with
prolonged starvation or chronic feeding of a high fat-low carbohydrate (keto-
genic, KG) diet. The aging population is subject to increased rates of morbidity
and mortality as a result of ischemic and hypoxic events related to stroke and
neurodegenerative disease. There are many physiological factors that play a
role in recovery and survival. These include those related to stabilization of
energy metabolism, the ability to defend against oxidative stress and maintain
vascular integrity and density [1]. We have previously shown that diet-induced
ketosis increased cortical capillary density [2] and reduced CMRglu in the
young rats [3], and was neuroprotective against focal ischemic insult [4]. One
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mechanism related to ketotic-induced neuroprotection may be through the
upregulation of hypoxic inducible factor-1alpha (HIF-1a) [4, 5]. Aging is asso-
ciated with increased susceptibility to ischemic/hypoxic insult [6] and cognitive
decline [7]. In this study, we investigated if diet-induced ketosis improves
behavioral performance in the aged rats. Capillary density and HIF-
1aresponses were determined in the young and aged rats fed a STD or KG
diet under normoxic and hypoxic conditions.

2 Methods and Materials

2.1 Animal Preparation and Hypoxic Exposure

Male Fischer 344 rats (young: 3-month-old, and aged: 22-month-old) were pur-
chased and allowed to acclimatize in the animal facility at Case Western Reserve
University for 1 week before being studied. Rats were fasted overnight before being
assigned to two groups fed with either STD or KG diets [2] for 3 weeks. Body
weights and ketotic markers such as plasma levels of BHB were measured twice a
week.Hypoxic rats were kept in hypobaric chambers for up to 3weeks at a constant
pressure of 0.5 ATM (380 mmHg, equivalent to 10% normobaric oxygen) except
for a maximum of 3 h daily when the pressure is returned to atmospheric for cage
cleaning, water, food and weighing and behavioral tests. The normoxic control rats
were housed in the same room to ensure identical ambient conditions [8].

2.2 Behavioral Tests

(1) Object recognition test: This test is based on the natural tendency of rodents
to investigate a novel object instead of a familiar one as well as their innate
tendency to re-start exploring when they were presented with a novel environ-
ment. The number of times and length of time inspecting the objects over the
different trials was calculated. (2) T-maze test: This test is used for general
cognitive function and it is based on the innate preference of animals to explore
an arm that has not been previously explored (spontaneous alternations). The
number of arms entered as well as the sequence of entries was recorded and the
alternation rate was calculated. (3) Inclined screen test (60 and 908): This is to
test balance, muscle strength and coordination. Latency to climb to the top of
the screen and/or latency to fall was recorded, and overall score was calculated.

2.3 Immunoreactivity of HIF-1a and GlUT-1

HIF-1a protein content was analyzed in cortical tissue lysates by Western blot
analysis [2]. Capillary density (number/mm2) in cortical regions was assessed by
immunohistochemical staining with GLUT-1 [2, 9].
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2.4 Statistical Analysis

Quantitative data are expressed as mean � SD. Statistical analyses were per-
formed using SPSS V13.0 for windows. The comparison between any two
groups was analyzed with a t-test. Significance was considered at the level of
p < 0.05.

3 Results

3.1 Physiological Variables

During the 3-week diet period, the body weight gain was 12–20% in the aged
and young, respectively. Hematocrits were similar between the two diet groups
(47 � 2, n¼ 6) in the young. However, hematocrit was elevated in the KG-diet
aged group (57 � 4, n¼ 12) prior to hypoxic exposure. After 3-week hypoxia,
hematocrit (%) reached about 70 in both diet groups young and old. Ketosis as
measured by blood ketone levels (mM) ranged 0.8–2.8 following 3 weeks of KG
diet in young and old and remained unchanged during hypoxic exposure.

3.2 Behavioral Performance

Cognitive function was assesses by a T-maze test and an object recognition test.
In the T-maze test, a high alternation rate and quick decision on choosing which
arm to enter are indicatives of sustained cognition as the animals must remem-
ber which armwas entered last to not re-enter it. In the young rats, the STD and
KG rats had similar alternation rate (�53%) and time on choosing arms
(� 30 s). Compared to the young rats, the STD-diet aged rats had lower
alternation rate and longer time to choose arms; however, the KG-diet aged
group had similar performance compared to the young. In the aged rat,
the KG-diet group had a significantly higher alternation rate (%, 63 � 21 vs.
37 � 21, n¼ 7 each) and significantly shorter time on choosing arms (seconds,
28 � 15 vs. 48 � 7, n¼ 7 each) than that of the STD-diet group. In the object
recognition test, the percent of new object exploration is higher with good
cognitive function. Under normoxic conditions, on either diet, the younger rats
had significantly higher new object exploration (Fig. 1) compared to the aged
rats. Yet, in the aged rats, the new object exploration was significantly increased
in the KG-diet group compared to the STD-diet group under normoxic condi-
tion (Fig. 1) and at 1 day hypoxia (%, 80 � 17 vs. 55 � 29, n¼ 7 each).

The motor function was assessed by an inclined screen test (60 and 908).
Latency to climb to the top and/or latency to fall was recorded, and overall
score was calculated using a scoring system as following: 2¼ climb to the top;
1¼ fail to climb to the top but stay on the screen; 0¼ fall. Under normoxic
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conditions, the aged rats had significantly lower scores (2.0� 1.4 and 2.6� 1.8,
STD and KG groups respectively, n¼ 11 each) for 60-degree incline compared
to the young rats with the same diet (4.5 � 1.3 and 5.0 � 1.0, STD and KG
groups, respectively, n¼ 4 each). Similar trends were found in the 90-degree
incline test, with lower scores in each group. There was no significant difference
between the KG-diet group and the STD diet group in any age group under
normoxic or hypoxic conditions.

3.3 Detection of HIF-1a Protein in Brain Cortex

Levels of HIF-1a in brain cortex were detected using Western blot analysis
(Fig. 2). The data show an upregulation of HIF-1with ketosis in the young and
old brain under normoxic conditions (STD vs. KG), similar to what we have
previously reported in the young adult [4].

3.4 Capillary Density: GLUT-1 Immunoreactivity

Increase in capillary counts as measured by GLUT-1 immunoreactivity in

coronal-cortical sections of aged rat brain after 3 weeks of feeding diets (STD

and KG diets. Following hypoxic exposure, capillary density increased 40% in

Fig. 1 Object recognition test. New object exploration (%)¼ (exploration time on new object/
total exploration time)� 100. Values aremean� SD, in the young, STD: n¼ 4, KG: n¼ 3; in the
aged, n¼ 7 each. * indicates significant difference compared to the young with same diet (t-test,
p< 0.05); ** indicates significant difference between STD and KG diet groups (t-test, p < 0.05)

Fig. 2 Western blot analysis
showing HIF-1a expression
in STD and KG rat brain
cortex in both young and
aged groups

74 K. Xu et al.



the aged and 60% in the young fed STD diet compared to normoxia. In the KG-
diet aged group the capillary density increased similar to what was observed
with hypoxic exposure. There was no additive effect of hypoxia with KG diet.

4 Discussion

The key findings derived from this study are that there are quantifiable declines
in cognitive and motor skills with aging in the Fisher 344 rat model, and that at
least the cognitive deficits can be overcome through dietary intervention. These
studies also show that a KG diet can be tolerated in both young and aged
Fischer rats, consistent with what we have previously reported [2]. Moderate
ketosis was observed following 3-wk feeding of the KG diet in both age groups.
Cognitive function was improved with ketosis in the aged rat under normoxic
conditions and when challenged by environmental hypoxia. The data also show
that brain capillary density was lower and its responsiveness to hypoxia was
attenuated compared to young rats. In the aged rats, ketosis induced angiogen-
esis and increased capillary density equivalent to that observed after hypoxic
exposure in young rats. We speculate that the KG diet revitalized the neuro-
vascular unit in the older rats helping to support cognitive function. Thus, diet-
induced ketosis may improve adaptation process to hypoxia through elevated
HIF-1a and increased capillary density.
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Fenofibrate, a Peroxisome Proliferator-Activated

Receptor a Agonist, Improves Hepatic

Microcirculatory Patency and Oxygen

Availability in a High-Fat-Diet-Induced Fatty

Liver in Mice

Kazunari Kondo, Tadao Sugioka, Kosuke Tsukada, Michiyoshi Aizawa,

Masayuki Takizawa, Kenji Shimizu, Masaya Morimoto, Makoto Suematsu,

and Nobuhito Goda

Abstract Nonalcoholic fatty liver disease (NAFLD) is a common disease of
chronic liver diseases. Peroxisome proliferator-activated receptor a (PPARa)
has been implicated to play important roles in the development of the disease.
Beyond its effects on lipidmetabolisms, PPARa activation in the vascular system
has emerged as an attractive therapeutic potential for NAFLD, although its
actions in the microcirculatory system are not fully understood. In this study,
we investigated the effects of fenofibrate, a PPARa synthetic agonist, on hepatic
microcirculation in a high-fat diet (HFD)-induced fatty liver in mice. In vivo
imaging analysis revealed the adverse effects of HFD on hepatic vasculature with
narrowing of hepatic sinusoids and hepatic microcirculatory perfusion. Oxygen
tension was significantly decreased in portal venules, while NADH autofluores-
cence in hepatocytes was greatly elevated. Fenofibrate treatment remarkably
improved microvascular patency, tissue oxygenation and redox states in the
affected liver. These results suggest beneficial roles of PPARa activated by
fenofibrate on the regulation of both lipid metabolisms and microvascular envir-
onments of oxygen metabolism in HFD-induced fatty liver.

1 Introduction

Nonalcoholic fatty liver disease (NAFLD) represents a large spectrum of
chronic liver disease ranging from simple hepatic steatosis to nonalcoholic
steatohepatitis and cirrhosis. NAFLD is strongly associated with obesity,
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type II diabetes and hypertriglyceridemia [5]. Insulin resistance appears to be a
primary factor for the development of NAFLD, as it is associated with
increased lipolysis and reduced utilization of fatty acids in adipose tissues,
leading to enhanced influx of fatty acids to the liver and accumulation of
fatty acids as triglyceride (TG) in hepatocytes. These metabolic alterations
evoke not only functional defects in the affected hepatocytes, but also distortion
of hepatic microcirculation with a marked reduction in sinusoidal spaces and a
decrease in the number of functional sinusoids. Such microvascular changes
would limit oxygen supply for hepatocytes to oxidize fatty acids, accelerating
progression to severer fatty liver diseases.

Peroxisome proliferator-activated receptor a (PPARa) is activated by bind-
ing with ligands including fibrate drugs [3]. A growing body of evidence sug-
gests that PPARa is implicated in the pathogenesis and treatment of NAFLD
[5]. A high-fat diet (HFD) feeding in mice has been reported to enhance deposit
of TG in the liver in conjunction with reduced activity of PPARa. Loss of
PPARa in mice has shown to cause severer hepatic steatosis in response to a
high-fat diet feeding [2]. Thus, PPARa plays critical roles in the prevention of
fat accumulation in the liver by stimulating fatty acid oxidation, for which
microvascular blood supply should be ensured to meet the oxygen demands of
hepatocytes. However, little is known about the roles of PPARa in the regula-
tion of hepatic microcirculation and tissue oxygenation. To determine the
effects of fenofibrate on hepatic microcirculation and tissue oxygenation in
NAFLD, we investigated changes in sizes of sinusoids, blood oxygen tension
and hepatic NADH autofluorescence in HFD-induced fatty liver in mice. Our
present study demonstrated that treatment with fenofibrate remarkably
improved microvascular patency, tissue oxygenation and redox states in the
liver of HFD-fed mice. These results suggest beneficial roles of PPARa acti-
vated by fenofibrate on the regulation of both lipid metabolisms and micro-
vascular environments of oxygen metabolism in the HFD-induced fatty liver.

2 Materials and Methods

Male C57BL/6 mice (5-week-old, Japan CLEA, Tokyo, Japan) were fed a
control chow (CE-2, Japan CLEA) or a high-fat diet (HFD, D12327; 20%
protein, 40% carbohydrate, and 40% fat, Research Diets Inc., New Brunswick,
NJ) for 8 weeks. One experimental group treated with HFD was administered
orally fenofibrate (Laboratoires Fournier S.A., Dijon, France) once a day at the
dose of 30 mg/kg body weight/day for the last 3 weeks. As controls, mice fed
control or HFD chow received 0.5% of carboxymethylcellulose (10 ml/kg body
weight/day, Wako Pure Chemical Industries, Japan). Plasma and hepatic TG
obtained from over-night fastedmice at the end of experiments were determined
by automatic analyzer (TBA-120FR, Toshiba Medical Systems, Inc., Tokyo).
For histochemical analysis, frozen sections with 10 mm-thickness from mice at
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the end of experiments were stained with hematoxylin and eosin (HE, Wako
Pure Chemical Industries). For intravital fluorescence microscopical analysis,
surface of left lateral liver lobe was observed with an inverted intravital micro-
scopy (Eclipse TE2000-U, Nikon Inc, Tokyo, Japan) assisted by a charge
coupled device camera (JK-TU52H, Toshiba Inc, Tokyo, Japan). After a
trans-illuminational image of the liver was captured, size of the sinusoids was
measured at 10 points per sinusoid of five randomly selected sinusoids which
were located at regular intervals between portal and central venule. After
eliminating intrinsic vitamin A autofluorescence in fat-storing Ito cells,
NADH autofluorescence was recorded in five randomly selected lobuli at 30 s
after re-exposing to epi-illumination and was densitometrically assessed by
computer-assisted gray level determination (Win ROOF Version 5.5, Tech
Jam, Inc, Osaka, Japan). Oxygen tension in portal and central venule was
measured by injecting Pd-meso-tetra-(4-carboxyphenyl)-porphyrin (Pd-TCPP,
Porphyrin Products Inc., Logan, UT, 30 mg/kg body weight) intravenously, as
described in detail previously [8]. All experiments were approved by the Animal
Care and Utilization Committee of Keio University School of Medicine. Sta-
tistical analyses were carried out by Student’s t-test for all experiments. P values
less than 0.05 were considered significant.

3 Results

HFD feeding displayed a significant elevation of TG in plasma compared to
control chow (67.7 � 13.2 vs. 34.9 � 2.6 mg/dl). In mice treated with both
HFD and fenofibrate, these values were reduced notably to the levels observed
in mice fed control chow (26.1 � 3.9 mg/dl). Histochemical analysis revealed
that HFD feeding elicited accumulation of various sizes of fat droplets pre-
dominantly around portal venules, whereas treatment with fenofibrate greatly
prevented these fat infiltrations (Fig. 1). Consistent with these findings, the
amounts of hepatic TG were significantly higher in HFD-fed mice than those
in the control chow-fed group (338.7 � 37.1 vs. 266.0 � 43.0 mg/mg protein),

a b c

Fig. 1 Fenofibrate treatment reduces fat deposition in mice fed HFD. Shown are representa-
tive HE stained sections collected from mice fed control chow (a), HFD (b) or HFD plus
fenofibrate (c). Bar, 300 mm
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whereas this induction was completely abolished by fenofibrate treatment

(178.0 � 22.7 mg/mg protein).
To determine the impacts of HFD feeding on hepatic microcirculation, in

vivo microscopic analysis was performed. In response to a HFD feeding,

hepatic sinusoidal perfusion was notably reduced with blood flow being slug-

gish in some sinusoids, presumably by hepatocytes swollen with accumulated

lipids, which narrow the lumen of sinusoids and damage sinusoidal linings. The

mean sizes of hepatic sinusoids significantly decreased by 33% inHFD-fedmice

compared to control chow-fed mice (Fig. 2a). These morphological alterations

were completely abolished by treatment with fenofibrate. Oxygen tension in

portal venule was notably lower in HFD-fed mice than that in control mice,

whereas fenofibrate treatment partially but significantly restored microvascular

oxygen levels (Fig. 2b). To further determine whether fenofibrate improves

tissue oxygenation in the affected liver, we measured NADH autofluorescence

intensity upon UV epi-illumination. A substantial increase in NADH fluores-

cence intensity in hepatocytes around both portal and central venules was

observed upon HFD exposure (Fig. 2c). Fenofibrate completely abolished

these alterations and further decreased the fluorescence intensity below the

values of control chow-fed mice.

4 Discussion

In the present study, we have shown that fenofibrate, a synthetic PPARa
agonist, reduces HFD-induced deposition of TG in the liver and corrects
systemic lipid abnormalities. Beyond the effects on lipid metabolism, fenofi-
brate not only increased the size of sinusoidal vessels, but also restored tissue
oxygenation and redox state in the affected liver.

Fig. 2 Fenofibrate treatment improves hepatic microcirculation and oxygenation in mice fed
HFD. Changes in size of sinusoids (a), oxygen tension (b) and NADH fluorescence (c) were
investigated by using intravital microscopy. Data are expressed as mean � S.E. of 5 mice per
treatment group. *P < 0.05 HFD vs. control. #P < 0.05 HFD + fenofibrate vs. HFD
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PPARa has been reported to control lipid metabolism in metabolically active
organs such as liver by regulating expression of genes involved in mitochondrial
and peroxisomal fatty acid oxidation [3, 6]. PPARa activation also increases
lipoprotein lipase activity and uptake of fatty acids by peripheral tissues. Con-
sidering these biological functions of PPARa, our results showing improvement
of hepatic and systemic lipid abnormalities by fenofibrate are most likely
explained by the direct effects of PPARa activation in the body. These metabolic
alterations lead tomorphological changes in hepatocytes with a reduction of both
sizes and numbers of fat droplets in cytoplasm. Consequently, physical oppres-
sion of sinusoids by fat-swollen hepatocytes is released, and sinusoidal vasodila-
tion occurs [7]. In fact, these microvascular changes were observed in HFD-fed
mice treated with fenofibrate, and were associated with an increase in blood flow
in hepatic sinusoids. Although the recovery of hepatic sinusoidal perfusion most
likely results from morphological changes in hepatic microvasculature by lipid-
lowering effects of fenofibrate, direct effects of the drug on hepatic microcircula-
tion can be considered to be involved. Fenofibrate has been reported to show
vasoprotective effects by either stimulating production of nitric oxide (NO) [4] or
inhibiting endothelin-1 (ET-1) production [1]. Since these vasoactive molecules
can regulate vascular tone at the sinusoidal levels, improvement of hepatic
microcirculation by the treatment of fenofibrate can be accounted for, at least
in part, by eNOS activation and/or ET-1 inhibition. Further investigations are
needed to determine the extent to which fenofibrate improves hepatic microcir-
culation through acting directly on vascular beds in the diet-induced fatty liver.

HFD feeding evoked a decrease and an increase in oxygen tension in portal
venule and NADH autofluorescence of hepatocytes in the liver, respectively. In
addition, we observed that the difference in oxygen tension between portal and
central venule was greatly attenuated in HFD-treated liver, suggesting oxygen
extraction (utilization) by the liver was impaired by the diet. On the other hand,
treatment of HFD-fed mice with fenofibrate greatly reversed levels of both
oxygen tension and NADH. Although hepatic sinusoids seem to be crucial sites
responsible for fenofibrate treatment, our present results showing a great
reduction of oxygen tension in portal venule may indicate that proximal portal
veins or venules rather than sinusoids also are target points of fenofibrate to
regulate oxygen supply and availability in liver microcirculation. Considering
that both oxygen and NADH serve as important regulators to determine the
balance between fatty acid oxidation and TG synthesis in the liver, the adequate
tissue oxygenation with increased PPARa-target gene expressions are a pre-
requisite for hepatocytes to oxidize fatty acids effectively, leading to prevention
and treatment of hepatic steatosis.

In conclusion, fenofibrate regulates both lipid metabolism and vascular
functions in liver in a coordinated manner, and shows a promising therapeutic
potential for NAFLD.
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Renal Vasoconstriction in Rats Causes a Decrease

in Capillary Density and an Increase in Alkaline

Phosphatase Expression in Cardiac Capillary Nets

Tomiyasu Koyama and Akira Taka

Abstract In the rat, experimental renal vasoconstriction induced by the use of a
Goldblatt clamp caused arterial hypertension, cardiomyocyte hypertrophy and
an increased capillary to cardiomyocyte ratio, the latter indicating the forma-
tion of new cardiac capillaries. Total capillary density decreased, but capillary
portions expressing alkaline phosphatase increased. This suggested a greater
arterialization of capillaries which would increase the flow of arterial blood to
the myocardial capillary nets. However, the observed increase in the area of the
capillary domains means the extra arterialization was not sufficient to compen-
sate for the lengthening of the oxygen diffusion pathway caused by the hyper-
trophy. Since the effects of renal vasoconstriction were not seen in rats treated
with an inhibitor of angiotensin converting enzyme (ACE) it is suggested they
are induced by angiotensin II via activation of the renin-angiotensin system
(RAS).

1 Introduction

Hyper-reninemic and/or hyperaldosteronemic cardiac hypertrophies are often
considered in the treatment of hypertensive patients [1, 2]. However, few
experimental studies have been made on the effects of the hypertrophy on
myocardial microvessels. Batra et al. [3, 4] induced hypertrophy by aortic
constriction in rats on the postnatal 5th day when they are growing rapidly
and functional compensation may readily occur. Six weeks later a significant
increase in the capillary domain area was observed in the arteriolar capillary
portion but there were no significant changes in the capillary domain area of the
venular capillary portion. Since renal hypertension in humans occurs more
often in adults than in the young, we tried to study the effects in rats which
were subjected to renal vasoconstriction in early adulthood. We have hitherto
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made several studies in the stroke-prone spontaneously hypertensive rats
(SHRSP) [5]. However, since SHRSP are reported to have genetic deficits not
directly related to kidney [6–9], in the present experiment we studied normo-
tensive Wistar rats made hypertensive by renal vasoconstriction. The direct
activation of renin angiotensin system by the reduction in renal blood flow may
be more effective in causing changes in myocardial microvessels than the mere
mechanical overload on the heart. Moreover, in aortic constriction a redistri-
bution of blood flow to the coronary artery may occur from organs other than
the kidney; this may partially reduce the remodelling effects on the microvessel
network.

2 Methods

Vasoconstriction was produced with a silver clip applied to the left renal artery
[10]. The clips, 3.0 mm long with a gap of 0.22 mm, were made from silver
ribbon 0.2 mm thick and 1.5 mmwide. Ten six-week old male Wistar rats (body
weight 182 � 12 g) were anesthetized with sodium pentobarbitone (50 mg/kg;
i.p.). The left renal artery was exposed through an abdominal incision and
constricted with a clip; the abdominal wall was then closed. Arterial blood
pressure was measured from the tail with a balloon-cuff manometer (Natsume
tail manometer Model KN-0090, Tokyo). Four weeks after surgery arterial
blood pressure was above 160 mmHg in eight of the rats. These hypertensive
rats were divided randomly into two groups of four. One group (RVC-water)
was supplied ad libitum with water alone; the other group (RVC-delap) was
supplied ad libitum with water containing the angiotensin converting enzyme
(ACE) inhibitor, delapril [11], at a dose of 500 mg/l. As sham-operated controls
(sham-op) five rats of the same age were exposed to a similar surgical procedure
except that the clip was simply placed round the renal artery but not closed.

Eleven weeks after the groups had been set up (and 15 weeks after surgery),
body weight (BW) and systolic arterial blood pressure (BP) were measured. The
rats were then instantaneously guillotined. The heart was removed, the right
ventricle dissected, the left ventricle (LVW) weighed and then quickly frozen in
liquid nitrogen. Kidneys were also removed and the weights of the right (RKW)
and left (LKW) kidneys recorded. Four frozen transverse sections of the left
ventricle were cut at the level of the maximal heart diameter, stained for alkaline
phosphatase (ALP), the enzymemarker for the arteriolar capillary portion, and
for dipeptidylpeptidaseIV (DPPIV), the enzyme marker for the venular capil-
lary portion as previously described [12, 4, 13]. Capillaries and cardiomyocytes
were counted in transverse subendocardial sections as previously described [4,
13]. The capillary domain area was determined as described byHoofd et al. [14].
Capillary to myocyte ratio (C:M) was calculated as an index of the vascularity
[15]. Data are given as mean � S.D. Significance was checked by Student’s
unpaired t-test or Mann-Whitney test and considered significant at P < 0.05.
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The study conformed with the Hokkaido University institutional guide for the

care and use of laboratory animals.

3 Results

Table 1 shows some physical parameters of the rats after 15 weeks of renal

vasoconstriction, with drug treatment during the final 11 weeks. Compared

with the sham-op and RVC-delap groups, the RVC-water group had a

lower BW, a higher LVW and a higher systolic blood pressure. BW, LVW

and BP in the RVC-delap group showed no significant differences from the

sham-op group except for a significant decrease in the weight of the left

kidney.
The capillary domain area, CDA [14], represents the cross-sectional area of

the tissue cylinder supplied by an individual capillary portion. CDAs for

arteriolar, intermediate and venular capillary portions are listed in Table 2.

CDAs of all capillary portions in the RVC-water group were significantly larger

than those in sham-op and RVC-delap groups.
Table 3 shows that the cross-sectional area of cardiomyocytes in the RVC-

water group was significantly larger than that in the sham-op and RVC-delap

groups.

Table 1 Physical parameters after 15 weeks of renal artery vasoconstriction

Rat group BW (g) LVW (mg) RKW (mg) LKW (mg) BP (mmHg)

Sham-op 613 � 23 1191 � 130 2738 � 63 2693 � 118 122 � 3

RVC-water 474 � 84y 1707 � 185* 2728 � 218 1623 � 246* 220 � 45*

RVC-delap 553 � 54 1090 � 48 2613 � 489 1148 � 235* 132 � 15

y p < 0.05, *p < 0.02 vs. Sham-op group (Student’s unpaired t-test)

Table 2 Capillary domain areas, CDA (mm2), obtained for arteriolar, intermediate and
venular capillary portions in the three groups

Rat group Arteriolar Intermediate Venular

Sham-op 678 � 206 589 � 161 559 � 147

RVC-water 757 � 233** 684 � 184** 638 � 153**

RVC-delap 622 � 202 572 � 182 562 � 183

** p < 0.01 vs. Sham-op (Student’s unpaired t-test)

Table 3 Cardiomyocyte area (mm2) in three groups

Sham-op RVC-water RVC-delap

453 � 196 1108 � 491*** 438 � 201

*** p < 0.001 vs. Sham-op and RVC-delap (Mann-Whitney test)
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The capillary density, i.e. the total number of capillaries per mm2 of trans-
verse cross-sectional area of the subendocardial layer was significantly smaller
in the RVC-water group than in sham-op and RVC-delap groups (Table 4).
Compared with the sham-op rats, the RVC-water group showed an insignif-
icant increase in the density of arteriolar and intermediate capillary portions but
a significant increase in their percentages. The increase in the totals for arter-
iolar and intermediate capillary portions in the RVC-water group, compared
with those in the sham-op group, was significant (p < 0.05). Both the density
and percentage of the venular capillary portions, were, however, lower in the
RVC-water group than in the sham-op and RVC-delap groups.

The ratio of the number of capillaries to cardiomyocytes (C:M) was signifi-
cantly higher in the RVC-water group than in the other two groups.

4 Discussion

The significant increase in the cross-sectional area of the cardiomyocytes shows
that the hypertension caused by renal constriction led to cardiac hypertrophy.
The high value for C:M ratio was similar to that found in the stroke-prone
spontaneously hypertensive rats [5]. Since, in the current experiments, the
degree of hypertrophy was more marked than was the capillary proliferation,
the CDA increased for all three capillary portions. Thus renal vasoconstriction
increased the diffusion path distance for oxygen supply for all the capillary
portions.

The present finding that the CDA was larger in the ALP-sensitive capillary
portions in the RCV-water group than in other groups was consistent with the
result reported in the aorta constriction study by Batra et al. [4]. However, in
contrast to the present results, they found no significant changes in CDA nor in
the DPPIV-sensitive capillary portions or the total. The total capillary density
showed no changes. The present renal vasoconstriction caused profound effects
on the micro vessel networks in cardiac tissues, since CDA increased also in the
intermediate and DPPIV-sensitive capillary portions or the total capillary
density.

Table 4 Capillary density expressed as number/mm2 (upper values) and the number of
arteriolar, intermediate and venular portions as a percentage of total capillaries (lower values)
in the three groups

Rat group Arteriolar Intermediate Venular Total

Sham-op 219 � 107

12.0 � 6.4%

369 � 135

19.8 � 7.5%

1279 � 264

68.2 � 11.7%

1867 � 150

RVC-water 328 � 91

21.2 � 4.8%**

519 � 220

33.1 � 9.0%**

701 � 168*

45.0 � 10.6%**

1548 � 212**

RVC-delap 357 � 116
16.8 � 6.2%

553 � 134
26.3 � 7.0%

1221 � 357
56.1 � 10.2%

2175 � 351

*p < 0.02; ** p < 0.01 vs. Sham-op (Student’s unpaired t-test)
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A striking effect of renal vasoconstriction in the present study was the
increase in the arteriolar (ALP-sensitive) capillary portions accompanied by a
decrease in the venular (DPPIV-sensitive) portions. The differential changes in
the capillary portions seem to be a response of the network to stress induced by
hypertrophy. Circulatory stress promotes arterialization of capillaries [16] and
could be a factor in the decreased percentage of venular portions. The increase
in the arteriolar inflow to the capillary networks would partially improve the
oxygen supply to cardiac cells. Such a compensatory control system seemed to
be activated in rat hearts subjected to the changes by renal vasoconstriction.
None of these effects were found in the group treated with the angiotensin
converting enzyme inhibitor, suggesting the involvement of angiotensin II in the
hypertrophic changes induced by renal vascular constriction.

The increase in ALP-sensitive and the decrease in DPPIV-sensitive capillary
portions may seem to contradict the previous finding that in ischemia/reperfu-
sion stress [17, 18] the proliferating cell nuclear antigen appeared mainly on the
DPPIV-sensitive capillaries. The reason for this apparently discrepant result
may be that the hypertensive stress to which the new capillaries are subjected in
this experiment favours the development of ALP-containing arteriolar rather
than DPPIV-containing venular portions. Shear stress is said to induce ALP
expression [19]. In an in vitro experiment where endothelial cells were cocul-
tured with pericytes, which are typical of arterioles and arteriolar capillary
portions there was increased ALP expression [20]. The phenotype of the capil-
lary endothelial cells may have changed and so expresses ALP. Confirmation of
this speculation however, remains for a future study.

The difference in the effects seen in this study compared with those reported
by Batra et al. [4], following aortic constriction may be attributable to two
factors. First, vasoconstriction at 6 weeks of age may have a more serious effect
on oxygen transport to cardiac tissues than vasoconstriction at 5 days after the
birth. Second, with renal vasoconstriction there is no compensatory redistribu-
tion of blood flow from other organs to the left renal artery. In contrast, aortic
vasoconstriction allows a redistribution resulting in increased inflow to the
kidney and coronary artery from other organs. Thus, it is not surprising that
renal vasoconstriction may cause more profound effects on the kidney than
does aortic constriction. It remains to be established unequivocally if it is RAS,
not hypertension itself, that causes the changes in the cardiac vasculature.
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The Effects of Cilostazol on Tissue Oxygenation

upon an Ischemic-reperfusion Injury in the Mouse

Cerebrum

Takayuki Morikawa, Katsuji Hattori, Mayumi Kajimura,

and Makoto Suematsu

Abstract Although cilostazol, an inhibitor of cyclic nucleotide phosphodiester-
ase 3 (PDE3), is known to exert a potent antiplatelet function by raising intra-
cellular cAMP concentration, its effect on cerebral microcirculation upon an
ischemic insult is not clearly understood. To examine effects of cilostazol on the
global ischemic injury in the brain, we first measured the plasma leakage using
modified Miles assay after mice had been subjected to 60 min of a bilateral
common carotid artery (BCCA) occlusion followed by reperfusion for 4 h. Oral
treatment with cilostazol (30 mg/kg) significantly increased plasma leakage. This
result led us to examine if the treatment with cilostazol recruits more capillaries
leading to an increase in surface area for exchange and oxygen transport to
tissues. To do so, we simultaneously measured degrees of tissue hypoxia and
vessel perfusion. Pimonidazol was injected intraperitoneally 1 h before sacrifice
and capillary patency was assessed by fluorescein isothiocyanate-labeled Lyco-
persicon esculentum lectin bound to the endothelial surface. Treatment with
cilostazol markedly increased the capillary patency which was accompanied by
a reduction in the hypoxic area. Although the treatment with cilostazol caused an
increase in the flux of plasma proteins across endothelial barrier that may imply
an adverse role after a BCCA occlusion, this increase in protein leakage was
attributable to the increased surface area for exchange which in turn brought
about a reduction in tissue hypoxia. Taken together cilostazol appears to produce
a protective effect against the ischemic-reperfusion injury.

1 Introduction

Cilostazol exerts a potent antiplatelet function by inhibiting cyclic nucleotide phos-
phodiesterase 3 (PDE3), resulting in raising intracellular cAMP concentration.
Besides inhibiting platelet aggregation, this PDE3 inhibitor is known to possess
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multiple pharmacological effects including a vasodilatory action on resis-

tance vessels [1] and anti-inflammatory effect on the endothelium [2]. It has

been approved by the Japanese health authorities as an antiplatelet agent

for the treatment of chronic cerebral infarction since 2001. In recent clinical

trials using a double-blind method, a long-term administration of cilostazol

has shown effectiveness in preventing the recurrence of lacunar infarction

[3, 4]. Since lacunar infarction is a small infarction involving occlusion of

small penetrating arterioles, it is necessary to test its effect on the micro-

vasculature. We, therefore, conducted a study to understand the mechanism

whereby cilostazol elicits a protective effect on the cerebral microcircula-

tion. To do so, we examined if administration of cilostazol changes plasma

leakage and oxygen transport across exchange vessels upon ischemic insult.

2 Materials and Methods

2.1 Animal Preparation

Experiments were performed in adult male C57BL/6 mice weighing 19–23 g

(aged 8–10 weeks). The animals were anesthetized with an intraperitoneal

injection of a-chloralose (60 mg/kg) and urethane (600 mg/kg) and a femoral

vein was cannulated with a polyethylene catheter. Forebrain ischemia was

induced by ligation of bilateral common carotid arteries (BCCA) with 5-0 silk

sutures for 60 min. Exposure of the BCCA without occlusion was used to

produce sham control animals. Animals were killed at variable time points

according to the experimental protocols. Cilostazol (30 mg/kg, Otsuka Phar-

maceutical) was suspended in 0.5% carboxymethylcellulose solution at a

volume of 10 ml/kg. The control groups received the same volume of the

corresponding vehicle solution. The drugs were administered orally at 4h

prior to the reperfusion.

2.2 Measurement of Plasma Leakage

Plasma leakage was measured by modified Miles assay as described previously

[5]. Briefly, Evans blue (30 mg/kg in 100 ml of PBS) was injected intravenously

after removing the ligature on BCCA. At this concentration 98% of the dye

should be bound to the plasma protein; thus it can serve as a plasma marker.

Four hours after reperfusion, the vasculature was perfused transcardially with

50mmol/L citrate buffer (pH3.5) for 2min. The brain was removed, the dye was

extracted from tissues with 1 ml of formamide overnight at 558C, and its

amount was determined by spectrophotometry.
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2.3 Evaluation of Capillary Patency

To evaluate capillary patency, we labeled plasma with dichlorotriazinylamino
fluorescein (DTAF; Sigma-Aldrich) as described previously [6]. DTAF conju-
gated with bovine serum albumin was injected into a saphenous vein. Thirty
seconds after completion of the injection, each mouse was decapitated and the
brain was fixed in 80% ethanol for 24 h. Coronal brain slices, 50 mm in thickness,
were prepared with a vibratome and examined under a fluorescence microscope.
Photographs were taken at the level of bregma and at 3 mm caudal from bregma.
Each photograph was analyzed to calculate an index for capillary patency that is
defined as % of the perfused area divided by the total cross-sectional area.

2.4 Evaluation of Hypoxia and Vessel Perfusion

To assess hypoxic region, Hypoxyprobe-1 (60 mg/kg, Chemicon) was injected
intraperitoneally 1 h before sacrifice. To mark vessel perfusion, mice were
injected via a femoral vein with FITC labeled Lycopersicon esculentum lectin
(4mg/kg, Vector Laboratories) and lectin was circulated for 1min. Brain tissues
were processed for histochemical analysis [7]. Tissues were stained for anti-
Hypoxyprobe-1 and for lectin bound to the endothelial cell surface. Further-
more, endothelial cells were visualized by anti-CD31 antibody.

2.5 Image Analysis

The collected images were processed by the digital imaging software
(MetaMorph 6.1, Universal Imaging Corporation). Subsequently, the
pixel-based data were converted into gray levels. To determine cross-sec-
tional area of the perfused vessels, a certain grayscale value was applied as
a cutoff point and grayscale values above the cutoff were treated as the
area being perfused.

3 Results

First, we examined whether cilostazol modulates permeability properties of
blood brain barrier (BBB) upon ischemic insult. To do so, we compared the
flux of plasma protein across BBB using modified Miles assay. Ischemic insult
induced by BCCA occlusion elevated leakage of plasma from the vasculature
(Fig. 1a, black bar).We initially predicted that treatment of this PDE3 inhibitor
could reduce plasma leakage by tightening the BBB through raising intracel-
lular cAMP concentration in the endothelium. On the contrary, the plasma
leakage in the cilostazol-treated group (Fig. 1a, gray bar) was greater than that
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in the non-treated group. This finding led us to examine the possibility that

cilostazol recruits more capillaries being perfused leading to an increase in the

surface area for exchange of hydrophilic solutes during ischemic reperfusion.

No difference in capillary patency was found in the sections at bregma. By

contrast, in the cortical area at 3-mm caudal from bregma, cilostazol caused a

significant increase in capillary patency (Fig. 1b).
To investigate whether this increase in capillary patency brings about opti-

mizing tissue oxygenation, hypoxic areas were compared. As shown in Fig. 2a, a

a b

Fig. 1 Effects of the cilostazol treatment on plasma leakage and on capillary patency upon
ischemic insult. a. Spectrophotometric measurement of amount of extravasated Evans blue in
the brain 4 h after ischemic reperfusion (IR). Baseline leakage (white bar) was elevated after IR
(black bar). Treatment with cilostazol (gray bar) caused a further elevation. b. Quantification
of capillary patency in the three different sections of the brain. *Significantly greater leakage
in treated group than in corresponding untreated group, P < 0.05

a

b

c

Fig. 2 Effects of the cilostazol treatment on oxygenation of the tissue upon ischemic insult. a.
Hypoxia was found in the region of non-perfused area. This coronal section was stained for
CD31 (left), L. esculentum lectin (middle) and hypoxyprobe (right) to mark vasculature,
perfused vessels, and tissue hypoxia, respectively. Scale bar = 100 mm. b. Comparison of
hypoxic area with and without the treatment of cilostazol. These sections were cut at 3-mm
caudal from bregma. Scale bar = 2 mm. c. Quantification of hypoxic area. The treatment of
cilostazol upon IR reduced hypoxic area. *, P < 0.05
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non-perfused region appeared to show extensive hypoxia as indicated by a

mirror image of lectin-negative and hypoxyprobe stainings. Histologic assess-

ment showed significantly less extensive hypoxia in cilostazol-treated group

than that in control (Fig. 2b, c), indicating more functional capillaries were

being perfused when treated with cilostazol during ischemic insult. There was a

correlation between the degree of capillary patency and the extent of tissue

being hypoxic.

4 Discussion

In this study, we investigated the mechanisms of actions of cilostazol in an

acute model of cerebral infarction. Main findings are: (i) that treatment

with cilostazol increases protein flux across microvessels in the brain upon

ischemia; and (ii) that it enhances oxygen transport to the brain parench-

yma which is linked with an increase in the functional capillary density

during ischemia.
From the point of view of transcapillary solute exchange, increased flux of

plasma protein seen in the cilostazol treated animal can be accounted for by

multiple factors. They are: (i) the surface area of exchange vessels; (ii) the

endothelial permeability; (iii) the difference in the solute concentration across

the exchange surface; (iv) the convective transport; and (v) the rate of delivery of

the solute dissolved in the blood [8]. Although we are unable to demonstrate a

causal relation between the increased plasma leakage and each factor listed

above, the data showing an increase in capillary patency enables us to conclude

that cilostazol causes protein flux to increase by recruiting more surface area for

the exchange upon ischemic injury in the brain.
Previous studies indicate that cilostazol can elicit protective effects on the

cerebral injury in ischemic stroke [3, 4]. Based on our result that cilostazol

causes a reduction in hypoxic area after ischemia, it can be speculated that the

treatment of this kind increases the oxygen delivery to the tissue. Considering

the fact that reactive oxygen species are generated from oxygen, outcomes after

increasing oxygen delivery might be two-fold and caution must be taken when

we interpret current results.
In summary, cilostazol has a broad spectrum of pharmacological

effects that may work together to improve tissue perfusion upon ischemic

insult. Further studies are required to elucidate the mechanisms of this

phenomenon.
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Effect of Transient Forebrain Ischemia

on Flavoprotein Autofluorescence

and the Somatosensory Evoked Potential

in the Rat

Takahiro Igarashi, Kaoru Sakatani, Tatsuya Hoshino, Norio Fujiwara,

Yoshihiro Murata, Tsuneo Kano, Jun Kojima, Takamitsu Yamamoto,

and Yoichi Katayama

Abstract In order to evaluate the effect of cerebral ischemia on the flavoprotein
fluorescence (FPF), we compared the changes in the FPF and somatosensory
evoked potential (SEP) during transient cerebral ischemia in the rat. We mea-
sured the FPF and SEP simultaneously via a cranial window made over the
right sensorimotor cortex during the left median nerve stimulation in F344 rats.
We compared change in FPF and SEP during cerebral ischemia for 60 min. The
rCBF were rapidly recovered after reperfusion. However, the recovery rates of
the FPF were significantly faster than those of the SEP after reperfusion. These
findings indicate that activity-dependent changes of the FPF do not necessarily
correlate with the electrical activity after transient cerebral ischemia.

1 Introduction

Recently, it has been demonstrated that the autofluorescence of flavoproteins is
applicable for brain functional imaging in rats [7]. Flavoproteins are involved in
the electron transfer system of mitochondria. Neuronal activity increases the
intracellular Ca2+, which converts the flavoprotein from the reduced form to
the oxidized form. The oxidized flavoprotein emits green autofluorescence
upon excitation with blue light. Studies on flavoprotein fluorescence (FPF)
imaging have demonstrated that changes in the FPF in response to sensory
stimulation are much faster and more localized compared to those in the
cerebral vascular responses [7]. Furthermore, measurement of the FPF is
more stable than that of the NADH fluorescence response [6]. FPF has been
applied to functional imaging in the sensorimotor cortex [7], cerebellar cortex
[6], auditory cortex [9], and visual cortex [10, 4] in rodents and cats.
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However, it is not yet clear how cerebral ischemia affects the fluorescence;

previous functional studies using the FPF have been conducted under normal

circulatory conditions [7, 6, 9]. This issue is important for application of the

FPF to research on functional reorganization after neuronal injury such as

ischemic stroke. In the present study, we evaluated the effect of transient

cerebral ischemia on the activity-dependent changes of FPF in the rat. We

compared the changes of the FPF and somatosensory evoked potential (SEP)

induced by transient cerebral ischemia.

2 Methods

2.1 Experimental Protocol

We employed adult male Fischer 344 rats (250 and 300 g, n= 10) anesthetized

with 1.5% halothane. The right femoral artery was cannulated for recording of

the arterial blood pressure and sampling of blood gases. The bilateral common

carotid arteries were exposed, and closed with a tourniquet for transient fore-

brain ischemia. The rats then were fixed in a stereotaxic frame, and the right

parieto-temporal bone was thinned (5 � 5 mm) over the sensorimotor cortex.

Transient forebrain ischemia was induced by occlusion of the bilateral common

carotid arteries for 60 min. The rectal temperature was maintained at about

378C with an automatic heating pad. The arterial blood pressure (110 �
8 mmHg, mean � SD) remained stable throughout the experiments. The pre-

sent animal experiments were performed carefully in accordance with the guid-

ing principles for the care and use of laboratory animals approved by Nihon

University School of Medicine.

2.2 Measurements of Flavoprotein Fluorescence

We recorded images of the green autofluorescence (barrier filter bandwidth,

500–550 nm) excited with blue light (excitation filter bandwidth, 450–490 nm)

employing a cooled CCD camera system (AQUACOSMOS, Hamamatsu

Photonics, Hamamatsu, Japan). The method of Britton Chance was referred

to for measurement of the ratio of autofluorescence [3]. The left median nerve

was stimulated with bipolar needle electrodes. The autofluorescence images

(Fig. 1a) were analyzed by a pixel-by-pixel division to detect intrinsic signals,

and the time course of the autofluorescence intensity was estimated (Fig. 1b).

The autofluorescence responses reached a peak at 0.8–1.0 s after the stimulus

onset, while the hemodynamic responses reached a peak at 2.0–2.5 s after the

stimulus onset.
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2.3 Measurements of SEP

We recorded the SEP with a Ag/AgCl ball electrode positioned at the forelimb

area in the right sensorimotor cortex during left median nerve stimulation. A

reference electrode was attached to the surrounding muscles and the ground

lead was inserted in the right hind limb. The electrical stimulation was provided

by a stimulator (SYNAX 2100, NEC), and 50 responses were averaged with a

bandpass filter (10–1000 Hz). The amplitudes were measured peak-to-peak

using the primary cortical response (Fig. 1c).

2.4 Data Analysis

Changes in SEP amplitude and FPF intensity were expressed as percentages of

the responses under non-ischemic conditions (i.e.% SEP amplitude and%FPF

intensity). Changes in regional cerebral blood flow (rCBF) caused by transient

cerebral ischemia were measured with a laser-Doppler flowmeter (OMEGA-

FLO FLO-N1, Omegawave). Changes in rCBF were expressed as a percentage

of the non-ischemic baseline (i.e. % rCBF). Statistical analysis was performed

Fig. 1 a: Anatomical image of the recording area (left) and pseudo-color image of FPF
changes during activation (right). b: Time course of the FPF intensity (pink circle in a) during
activation. The ordinate indicates % change of FPF intensity. The thick horizontal bar
indicates the period of electrical stimulation (1 s). c: Typical example of the SEP. The peak-
to-peak amplitude was measured (dotted lines).
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by means of an unpaired Student’s t-test for comparisons involving the two

ischemia models.

3 Results

Initially, we evaluated the frequency responses and intensity responses of the

FPF and SEP under non-ischemic conditions (n=5). Maximal SEP amplitude

was observed at 0.5 Hz, and decreased with increase of the stimulus frequency.

In contrast, the intensity of the FPF increased in association with increase

of the stimulus frequency, and attained maximal intensity at 50 Hz (Fig. 2a).

The FPF intensities and SEP amplitudes reached plateau levels at a stimulus

intensity of over 4 mA (Fig. 2b). Based on these findings, we carried out

ischemia-reperfusion experiments using supramaximal stimulation.
Occlusion of the bilateral common carotid arteries decreased the rCBF to

15.8� 3.8% of the controls. After reperfusion, the rCBF gradually recovered to

85.2 � 15.1% of the controls at 90 min after reperfusion.
Figure 3a compares the changes in SEP and FPF during transient forebrain

ischemia. The SEP and FPF disappeared rapidly after occlusion of the bilateral

common carotid arteries. After reperfusion, the SEP and FPF gradually

recovered; however, the recovery rates of the FPF were significantly faster

than those of the SEP at 15 min (p < 0.05) and 30 min (p < 0.01) after

reperfusion (Fig. 3b).

Fig. 2 a: Frequency responses of the FPF intensity and SEP amplitude. The ordinates indicate
% changes of the maximal responses of the FPF intensity (left) and SEP amplitude (right),
while the abscissa indicates the stimulus frequency (Hz). Open circles (*, n=5) indicate the
mean value of the % SEP amplitude; open triangles (M , n=5) indicate the mean value of the
%FPF intensity. b: Stimulus intensity responses of the FPF intensity and SEP amplitude. The
ordinates indicate % changes of the maximal responses of the FPF intensity (left) and SEP
amplitude (right), while the abscissa indicates the stimulus intensity (mA)
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4 Discussion

The present study demonstrated that the recovery rate of the SEP amplitude

was significantly slower than that of the FPF after transient forebrain ischemia

for 60 min. These findings indicate that transient cerebral ischemia affects the

relation between activity-dependent changes of the FPF and the electrical

activity.
Although the physiological mechanism of the dissociation in recovery rates

between the FPF and SEP is not yet clear, FPF signal from astrocytes may play

a role in the higher recovery rate of the FPF after reperfusion. Several reports

have proposed that astrocytes play an important role in the active control of

neuronal activity and synaptic neurotransmission [1, 5]. Astrocytes respond to

neuronal activity with an increase of their internal Ca2+, which triggers the

release of chemical transmitters from the astrocytes themselves and, in turn,

causes feedback regulation of the neuronal activity and synaptic strength. Such

activity of astrocytes during neuronal activity could induce oxidation of flavo-

protein in the electron transfer system, leading to emission of autofluorescence

similar to that of neurons. Indeed, it has been demonstrated that the autofluor-

escence intensity was significantly decreased by the blocking of glial activity [2].

It should be noted that astrocytes are relatively resistant to ischemia as

Fig. 3 a: Changes of SEP amplitude and FPF intensity during cerebral ischemia and after
reperfusion in the 60-min ischemia model. b: There were significant differences in recovery
rate between the SEP amplitude and FPF intensity at 15 and 30 min after reperfusion (*p <
0.05, **p < 0.01)
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compared to neurons [8]. These observations suggest that the FPF signal from
astrocytes might be involved in the greater recovery of the FPF response after
reperfusion in the 60-min ischemia model.

Conclusion: The present findings indicate that activity-dependent changes of
the FPF do not necessarily correlate with the electrical activity after transient
cerebral ischemia. The following mechanisms are suggested for the dissociation
in recovery rates of the FPF and SEP after reperfusion. First, the FPF signal
from astrocytes may contribute to the higher recovery rate of the FPF. Second,
there are differences in ischemic tolerance between the cortical layers which
generate FPF and SEP signals; the second and third layers which generate
the FPF are more resistant to ischemia than the fourth layer which generates
the SEP.
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Assessing a Shift of Glucose Biotransformation

by LC-MS/MS-based Metabolome Analysis

in Carbon Monoxide-Exposed Cells

Naoharu Takano, Takehiro Yamamoto, Takeshi Adachi,

and Makoto Suematsu

Abstract Carbon monoxide (CO) is the stress-inducible gas generated by heme

oxygenase (HO). Although the HO/CO system appears to contribute to cell

protection and tissue repair under stress conditions, its mode of actions remains

largely unknown. We hypothesized that CO might alter the cellular energetic

conditions and thereby modulate oxygen metabolism. To examine this hypoth-

esis, we attempted to establish a method to follow the global flux of 13C-glucose

in the cells using metabolomic approaches with liquid chromatography-mass

spectrometry (LC-MS/MS). The human monoblastic leukemia cell line U937

was exposed to the CO-releasing molecule (CORM). The CO exposure attenu-

ated the conversion of the mass-labeled glucose to its downstream metabolites,

while significantly stimulating its conversion to those for pentose phosphate

pathway, suggesting roles of stress-inducible CO in a shift of glucose

biotransformation.

1 Introduction

Within the cells, glucose is mainly catalyzed through glycolysis and pentose

phosphate pathway. Such a utilization of glucose is necessary for cellular

adaptation against stressors. For examples, hypoxia induces a transcriptional

factor, hypoxia inducible factor-1 (HIF-1), which induces GLUT-1, GAPDH,

PDK-1, and LDH [1], and promotes anaerobic glycolysis to adapt hypoxia.

Since hypoxia causes an induction of heme oxygenase [2, 3], the CO-producing

enzyme, it is not unreasonable to hypothesize that the gas might also change the

biotransformation of glucose. To measure the global picture of glucose utiliza-

tion, we have herein established the flux analysis with 13C-labeled glucose using
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LC-MS/MS.Using this methodology, we aimed to examine the effects of CO on
glucose utilization through the fluxome analysis.

2 Materials and Methods

2.1 Materials and Extraction of Metabolites

DHAP, 2-deoxy-G6P, Gal1P, GA3P, 3PG, and 6PG were purchased from
Sigma. Fru1, 6P2, Ribo5P, and Xylu5P were purchased from Fluka. Fru6P,
Glu1P, Glu6P, Pyr, PEP, were purchased fromWako. Lac was purchased from
Tokyo Kasei Kogyo. Sed7P was purchased from GLYCOTEAM GmbH.
CORM (Tricarbonyldichlororuthenium(II) dimer) and ruthenium (III) chlor-
ide (Ru) were purchased from Aldrich. U937 cells were cultured with RPMI-
1640 medium supplemented with 10% FBS, penicillin and streptomycin, and
grown in a CO2 incubator. U937 cells were plated at 5� 106 cells/10 cm dish and
cultured around 14 h. Then the cells were treated with 100 mMCORM or Ru as
a control for 30min. After the CORMorRu treatment, mediumwas exchanged
to glucose-free RPMI-1640 supplemented with 10% FBS, penicillin and strep-
tomycin, and added 13C6-glucose at 2000 mg/L. After the addition of 13C6-
glucose containing medium, cells were left for 5 min in the CO2 incubator and
immediately centrifuged to collect them at 1,500 rpm for 2 min. Then cells were
washed with PBS(–) once. Collected cells were immediately frozen in liquid N2

and stored at –808C until extraction. 400 ml methanol containing internal
standard (IS) (2-deoxy-glucose-6P: 0.3 mM) were added to harvested cells and
voltexed. Then, 200 mL water was added and mixed for 30 min. After the
addition of 400 mL chloroform and voltexed, centrifuged at 14,000�g for
30 min. Supernatant were filtrated with 5 kDa cut-off filter and dried with
Speed-Vac. Dried samples were stored at –808C till LC-MS/MS analysis.

2.2 LC-MS/MS

LC-MS/MS analysis was performed as previously reported with some modifica-
tions [4, 5]. Chromatographic separations were carried out on Synergi Hydro-RP
(C18) column (150� 2.0 mm, 4 mm, 80 Å, phenomenex). The chromato-graphic
system was an Agilent 1100 series binary HPLC system (Agilent Technologies).
Separations were performed under gradient conditions as described in Table 1.
Column temperature was set to 408C. Mobile phases consisted of 15 mM acetic
acid/10 mM tributylamine/H2O (A) and 100%Methanol (B).

Mass spectrometry analysis was carried out on Applied Biosystems/API
3000 equipped with a TurboIon spray source. The MS was operated in the
negative ion and multiple reactions monitoring (MRM) mode. Single analyte
standard dissolved in a 10mMacetic acid was infused at a flow rate of 5 mL/min
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for tuning compound dependent MS parameters. These parameters were as
follows: ionspray voltage �4000 V, nebulizer gas (NEB) 14, curtain gas (GUS)
14, auxiliary gas temperature (TEM) 400, and collision gas (CAD) 4. MS
parameters for each metabolite are given in Table 2. Extracted metabolites
were diluted with 50 mL of H2O and the injected volume was 10 mL. Standard
samples (1 mM) and extracted metabolites from cultured cells were measured by
LC-MS/MS and detected peaks were compared. Areas of each metabolite were
calculated and divided by IS peak area.

3 Results

3.1 Measurement of 13C-Labeled Metabolites by LC-MS/MS

To assess the effect of carbon monoxide on glucose metabolism, we tried to
establish a method for measuring the global flux of 13C6-labeled glucose by
modifying the method previously reported by Luo et al. [4, 5]. First, we
measured standard samples and confirmed the detection of each metabolite.
Detected peaks of each standard are shown in Fig. 1. Sed7P, Ribo5P, Ribu5P,
Xylu5P, Glu6P, Fru6P, Glu1P, Gal1P, GA3P, DHAP, Pyr, Lac and 2-deoxy-
G6P were detected in period 1 and 6PG, Fru1, 6P2, 3PG, and PEP were
detected in period 2. MS scan for Glu1P/Gal1P and Glu6P/Fru6P detected all
other metabolites but in lower sensitivity (Fig. 1d). Next, we confirmed the
detection of 13C-labeled metabolites. We measured the cells cultured without
13C6-glucose as a negative control and confirmed that they did not give peaks of
13C-labeled metabolites (data not shown). Then, we measured the cells cultured
with 13C6-glucose and checked the overlap of signals derived from 13C-labeled
metabolites and non-labeled metabolites (Fig. 1). With these results, we con-
firmed that metabolites derived from 13C6-glucose were measured correctly.

Table 1 Gradient profile

Period Step Total time (min) Flow rate (mL/min) A(%) B(%)

1 0 10.0 200 99 1

1 1 10.0 200 99 1

1 2 25.0 200 80 20

2 3 30.0 200 80 20

2 4 30.1 200 65 35

2 5 35.0 200 65 35

2 6 40.0 200 40 60

2 7 45.0 200 40 60

2 8 45.1 200 10 90

2 9 55.0 200 10 90

Column was equilibrated in step 0 for 10 min and MRM scan was separated in 2 periods at
step 3
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3.2 Effect of CO on Glucose Metabolism

To assess the effect of CO on glucose metabolism, we measured and compared
the global flux of 13C6-glucose between CORM treated and Ru treated U937
cells (Fig. 2). This result shows that the amount of 6PG, Xylu5P was signifi-
cantly increased and Sed7P and Ribu5P were modestly increased by CORM
treatment, they were located on PPP. On the other hand, GA3P and 3PG were
significantly decreased and PEP was modestly decreased by CORM treatment,
they were located on the glycolytic pathway. These results indicate that CO
suppressed flux to the glycolytic pathway, and increased flux to PPP.

4 Discussion

CO is produced by HO in response to a variety of stress, and is known to
contribute to cell protection [2, 3]. In this report, we showed that CO worked as
a putative metabolic regulator for glucose biotransformation, although the
mechanisms remain unknown. Because activation of PPP produces NADPH
by G6PD [6], CO might regulate redox conditions within cells, functioning

Fig. 1 Chromatograms of standard samples (a–k) and metabolites in extracted samples (l–w).
Each chromatogram shows the result of LS-MS/MS analysis of 1 mMstandard samples (a–k).
Retention times are shown at the bottom of each chromatogram. Arrows (a–k) indicate peaks
of detected standard samples. (d) Solid line indicatesMS scan ofGal1P/Glu1P and dashed line
indicates MS scan of Glu6P/Fru6P. Solid lines indicate [12C] metabolites and dashed lines
indicate [13C] metabolites (l–u). Solid line indicates MS scan of Gal1P/Glu1P and dashed line
indicatesMS scan ofGlu6P/Fru6P (v, w). [12C]metabolites and [13C]metabolites are shown in
(v) and (w), respectively. Arrows indicate detected [13C] labeled in each metabolite (l–w)
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against stresses. On the other hand, CO appears to suppress glycolysis. Since the

cells were viable under the current experimental conditions, alternativemechan-

isms for cellular energetic to maintain ATP in the CO-exposed cells should be

further examined. Collectively, the current study provided a useful method to

follow the fate of glucose in different types of cells including not only those of

mammals but of microorganisms which are exposed to varied stress conditions.

Acknowledgments This study is supported in part by Grant-in-Aid for Creative Scientific
Research from MEXT, Grant-in-Aid for Young Scientists (B) from MEXT, Health and
Labor Science Research Grant on Advanced Medical Technology from MHLW, and Scien-
tific Frontier Research Grant from MEXT.

References

1. Airley RE, and Mobasheri A. Hypoxic regulation of glucose transport, anaerobic meta-
bolism and angiogenesis in cancer: novel pathways and targets for anticancer therapeutics.
Chemotherapy. 53(4), 233–256 (2007).

2. Suematsu M, and Ishimura Y. The heme oxygenase-carbon monoxide system: a regulator
of hepatobiliary function. Hepatology. 31(1), 3–6 (2000).

3. Kyokane T, Norimizu S, Taniai H, Yamaguchi T, Takeoka S, Tsuchida E, Naito M,
Nimura Y, Ishimura Y, and Suematsu M. Carbon monoxide from heme catabolism
protects against hepatobiliary dysfunction in endotoxin-treated rat liver. Gastroenterol-
ogy.120(5), 1227–1240 (2001).

4. Luo B, Groenke K, Takors R,Wandrey C, and OldigesM. Simultaneous determination of
multiple intracellular metabolites in glycolysis, pentose phosphate pathway and

Fig. 2 Measurement of each [13C] metabolite in Ru (black bars) or CORM (gray bars) treated
U937 cells. Each value was calculated as relative value when the amount of each metabolite in
Ru-treated cells was defined as 100. Bars indicate means � S.E , *P < 0.05, #P < 0.07, n= 7

106 N. Takano et al.



tricarboxylic acid cycle by liquid chromatography-mass spectrometry. J. Chromato. A.
1147, 153–164 (2007).

5. Tian J, Bryk R, Itoh M, Suematsu M, and Nathan C. Variant tricarboxylic acid cycle in
My-cobacterium tuberculosis: identification of alpha-ketoglutarate decarboxylase. Proc
Natl Acad Sci USA. 102(30), 10670–10675 (2005).

6. Ho HY, Cheng ML, and Chiu DT. Glucose-6-phosphate dehydrogenase – from oxidative
stress to cellular functions and degenerative diseases. Redox Rep. 12(3), 109–118 (2007).

Glucose Biotransformation by LC-MS/MS-based Metabolome Analysis 107



T-state Stabilization of Hemoglobin by Nitric

Oxide to Form a-Nitrosyl Heme Causes

Constitutive Release of ATP from Human

Erythrocytes

Tomotaka Akatsu, Kosuke Tsukada, Takako Hishiki, Kazuhiro Suga-numa,

Minoru Tanabe, Motohide Shimazu, Yuko Kitagawa, Ayako Yachie-Kinoshita,

and Makoto Suematsu

Abstract Upon hypoxia, erythrocytes utilize hemoglobin (Hb) to trigger acti-
vation of glycolysis through its interaction with band 3. This process contri-
butes to maintenance of ATP, a portion of which is released extracellularly to
trigger endothelium-dependent vasorelaxation. However, whether the ATP
release results either from metabolic activation of the cells secondarily or
from direct regulation of the gating through Hb allostery remains unknown.
This study aimed to examine if stabilization of T-state Hb could induce steady-
state and hypoxia-induced alterations in glycolysis and the ATP release from
erythrocytes. Treatment of deoxygenated erythrocytes with a nitric oxide (NO)
donor generated a-NO Hb that is stabilized T-state allostery. Under these
circumstances, the release of ATP was significantly elevated even under nor-
moxia and not further enhanced upon hypoxia. These events did not coincide
with activation of glycolysis of the cells, so far as judged by the fact that
intracellular ATP was significantly decreased by the NO treatment. Collec-
tively, the present study suggests that hypoxia-induced ATP release is triggered
through mechanisms involving R-T transition of Hb, and the gating process
might occur irrespective of hypoxia-responsive regulation of glycolysis.

1 Introduction

Erythrocytes (RBCs) can sense alterations in local concentrations of gases using
Hb. A decrease of partial oxygen tension (PO2) and an increase in partial
carbon dioxide tension (PCO2) are known to stabilize Hb in the T state,
facilitating the release of O2 fromHb in the peripheral tissue. There is a growing
body of evidence that RBCs respond to hypoxia to release a portion of intra-
cellular ATP to the extracellular space, activating vascular relaxation to sup-
port oxygen supply to ischemic regions [1, 2]. Extracellular ATP activates the
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purinergic receptor on the vascular endothelial cells to trigger calcium ion (Ca2+)
influx and release of vasorelaxing signals such as NO and prostaglandin I2 to the
vascular smooth muscle cells, thereby eliciting vasorelaxation [3]. Several lines of
experimental evidence have been provided to support the hypothesis that altera-
tions in Hb allostery serve as a mechanism by which ATP is released to the
extracellular space [4, 5]. Band 3, the anion exchanger type 1, accounts for
approximately 25% of the total erythrocyte membrane protein, and its cytoplas-
mic domain has a greater affinity for the T-state Hb rather than for the R-state
one [4, 6, 7]. CO exposure to the cells that stabilizes R-state Hb or treatment with
DIDS that blocks function of band 3 attenuated the hypoxia-induced ATP
release, suggesting that the interaction between Hb and band 3 plays a crucial
role [4–6]. On the other hand, recent studies have revealed that hypoxia induces
translocation of glycolytic enzymes from band 3 on the cell membrane and
accelerates glucose oxidation to maintain ATP [4, 7]. These results led us to
inquire whether the ATP release results either from metabolic activation of the
cells secondarily or from direct regulation of the gating through Hb allostery. To
this end, we attempted to examine effects of T-state stabilization of Hb on energy
metabolism and the ATP release under normoxia and hypoxia.

2 Materials and Methods

RBCs were isolated from heparinized peripheral blood samples collected from
healthymale volunteers. The samples were centrifuged at 600�g for 5min at 48C,
and the plasma and buffy coat were removed by aspiration. The packed cells were
resuspended and washed three times at 48C in Tris-buffered solution (in mM;
140.5 NaCl, 4.7 KCl, 2.0 CaCl2, 1.2 MgSO4, 21 Tris, 5.5 glucose, with 10 g/L
human albumin, final pH adjusted to 7.4). In some experiments, Hb was stabi-
lized in the R state by CO. In brief, after Hb was fully deoxygenated by gentle
purge with purified argon gas for 30 min at 48C, the suspension was purged with
CO for 30 min at 48C. A portion of the sample was hemolyzed to determine the
percentage of CO saturation by measuring light absorption spectra for CO-Hb,
deoxygenated Hb, and oxygenated Hb. The actual percentage of CO saturation
was 93� 3% (mean� SE, n=4). In other experiments, Hb was stabilized in the
T state by pretreating the cells with an NO donor, FK 409 at a half molar
concentration to that of Hb, as described elsewhere [8]. A portion of the sample
was characterized by electron spin resonance spectrometry.

RBC suspension (Hct, 2.6%) was incubated at 378C for 1 min in normoxic
and hypoxic solutions. The reactions were completed by immersion in ice-cold
water, and they were centrifuged at 600�g for 5 min at 48C to collect the
supernatant. The final PO2 was determined in the supernatants using a fiber-
optic oxygen sensor (OxyMicro, WPI Inc., FL, USA). The concentrations of
ATP in the supernatants were measured by a luciferin-luciferase assay using a
commercially available kit (Molecular Probes, Inc., OR, USA). The amount of
free Hb in the supernatants was determined to examine the presence of
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hemolysis caused by the cell preparation processes by measuring light absor-
bances at specific peaks of Hb derivatives between 400 and 450 nm (415 nm for
oxyHb and 419 nm for CO-Hb) in a portion of the supernatants for ATP
measurement. The rate of hemolysis was less than 0.025% in all experiments,
suggesting that the current procedures for the cell preparation did not induce
notable hemolysis. The actual amount of ATP release was defined by the
following formula: (extracellular ATP) – (ATP derived from hemolysis). The
mean intracellular ATP concentration under normoxia was 1.6 mM, and the
amount of Hb derived from RBCs at 2.6%Hct was 1.6 mg/106 RBCs. Based on
these data, the amount of ATP released by the hemolysis was calculated by the
following formula: 1.6 mM � [free Hb (mg/1010 RBCs)]/[1.6 mg/106 RBCs)].

RBC suspension (Hct, 2.0%) was incubated at 378C for 1 min in normoxic
and hypoxic solutions. The reactions were completed by immersion in ice-cold
water, and they were centrifuged at 600�g for 5 min at 48C to collect the cells.
Intracellular ATP and glycolytic products were measured by metabolome
analyses with capillary electrophoresis mass spectrometry (CE-MS) according
to the previously described methods [7].

3 Results

3.1 Hb Allostery Serves as a Trigger for ATP Release
from Erythrocytes

As seen in Fig. 1a, the amounts of ATP released from the cells were increased 3
fold at 1 min after exposure to hypoxia. On the other hand, CO treatment

Fig. 1 a ATP release. b Intracellular ATP. The data are normalized to basal concentration in
control group under normoxia. Means � SE are shown. *P < 0.05; yP < 0.05 (compared to
data of control group upon normoxia); #P < 0.05 (compared to data of control group upon
hypoxia). The PO2 values for hypoxic groups: 16 � 1 mmHg (mean � SE) in RBC, 15 �
2 mmHg in CO-RBC, and 16 � 1 mmHg in a-NO-RBC, respectively
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attenuated the hypoxia-induced ATP release almost completely. In contrast,

T-state stabilization of Hb by pretreatment with NO resulted in the activation

of ATP release even in the absence of hypoxia. These results suggest that the

R-T transition of Hb plays a crucial role in triggering hypoxia-induced release

of ATP from the cells.

3.2 T-state Stabilization of Hb byNO did not Increase Intracellular
ATP in Erythrocytes

The amounts of ATP in control RBCs were increased by 29% at 1 min after

exposure to hypoxia (Fig. 1b). We inquired if the a-NO treatment of Hb could

activate glycolysis to increase the release of ATP. As seen in Fig. 1b, treatment

with CO increased the basal level of ATP, while that with NO inversely

suppressed it. In both groups, exposure of the cells to hypoxia did not cause

any significant elevation of intracellular ATP levels. These results suggest that

activation of the ATP release from a-NO-RBC (Fig. 1a) is unlikely to result

from the glycolytic acceleration. Such a notion was well supported by results

from metabolome analysis (Table 1). Under hypoxia, the control RBC

increased intracellular lactate contents, while neither CO nor NO induced it,

suggesting that the NO treatment did not accelerate glycolysis. To note is the

difference in 2,3-bisphosphoglycerate (2,3-BPG) contents among groups.

Treatment with CO but not with a-NO significantly increased both basal and

hypoxia-stimulated contents of 2,3-BPG; This event appeared to result from

R-state stabilization of Hb by the gas through inhibition of the metabolite

binding to its allosteric site [7].

Table 1 Intracellular glycolytic metabolites. The data (%) are normalized to methionine
sulfone, which is an internal standard that was added at 100 mM to protein-free samples for
metabolome analysis collected from RBC lysates. Data indicate mean � SE of 4 separate
experiments. G6P: glucose 6-phosphate; F-1,6BP: fructose 1,6-bisphophate; 2,3-BPG: 2,3-
bisphosphoglycerate; 3PG: 3-phosphoglycerate. *P < 0.05; yP < 0.05 (compared to data of
control group upon normoxia); #P < 0.05 (compared to data of control group upon
hypoxia)

Control CO-RBC a-NO-RBC

Normoxia Hypoxia Normoxia Hypoxia Normoxia Hypoxia

G6P 16.5 � 1.6 11.5 � 0.3* 18.8 � 0.3 20.5 � 0.5# 2.9 � 0.6y 2.7 � 0.5#

F-1,6BP 4.8 � 0.3 4.3 � 0.4 9.7 � 0.9y 12.7 � 0.4*# 7.7 � 0.5y 7.8 � 0.5#

2,3-BPG 84.5 � 5.3 100.3 � 4.1* 166.8 � 2.6y 224.7 � 6.1*# 85.4 � 6.2 91.4 � 2.6

3PG 5.0 � 0.4 3.8 � 0.1* 7.8 � 1.0y 7.4 � 0.5# 5.9 � 0.6 5.8 � 0.6#

Lactate 22.6 � 1.3 39.5 � 0.8* 20.9 � 1.5 22.4 � 1.0# 20.5 � 0.8 22.7 � 0.7#
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4 Discussion

Treatment of deoxygenated RBCs with the NO donor generated a-NO Hb

that is stabilized in the T-state allostery. Under these circumstances, ATP

release was activated even under normoxia but not further enhanced upon

hypoxia. These events did not coincide with glycolytic activation of the cells,

so far as judged by the results from metabolome analysis. Collectively, the

current study suggests that hypoxia-responsive ATP release is triggered

through mechanisms involving R-T transition of Hb, and the gating process

might occur independently of hypoxia-responsive regulation of glycolysis.

Previous study indicated that shear stress enhances endothelial ATP produc-

tion and thereby activates NO-dependent vasodilatory mechanism [3]. RBCs

in the ischemic regions could serve as an alternative resource of extracellular

ATP to guarantee microvascular patency through its vasorelaxing action.

Collectively with recent observation suggesting roles of cytochrome c oxidase

in tissue-associated apparatus for hypoxic vasodilation [9], further investiga-

tion is necessary to unveil whole pictures of adaptive mechanisms against

hypoxic insults.
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Age-Related Changes in the Trachea in Healthy

Adults

Hiroaki Sakai, Yasutaka Nakano, Shigeo Muro, Toyohiro Hirai,

Yasutaka Takubo, Yoshitaka Oku, Hiroshi Hamakawa, Ayuko Takahashi,

Toshihiko Sato, Fengshi Chen, Hisashi Sahara, Takuji Fujinaga, Kiyoshi Sato,

Makoto Sonobe, Tsuyoshi Shoji, Ryo Miyahara, Kenichi Okubo, Toru Bando,

Toshiki Hirata, Hiroshi Date, and Michiaki Mishima

Abstract To investigate age-related changes in the shape of trachea, normal
male volunteers (n¼ 83, mean � SD: 47.7 � 20.2 years old) underwent inspira-
tory CT scans at full inspiration and lung function tests. Subjects who showedVC
< 80%predicted or FEV1< 80%predicted on lung function tests were excluded.
The CT data, which is located at 2.0 cm above the aortic arch, were transferred to
a personal computer. The tracheal area (St) and two parameters, Tracheal index
(Ti) and Circularity (Ci) indicating the shape of the trachea, were automatically
calculated. Ti was defined the ratio of the coronal to the sagittal diameter of the
trachea, and the Ci (Ci¼ 4pS/L2, S: tracheal area, L: tracheal perimeter) was
used to indicate the roundness of the trachea. A Ci value of less than 1 indicated
the distortion of the roundness. Both St and St/BSA (body surface area) showed
a significant correlation with age (r¼ 0.37, r¼ 0.52; p¼ 0.0006, p < 0.0001). Ti
was not correlated with age (r¼�0.20; p¼ 0.0697), whereas Ci was significantly
correlated with age (r¼�0.32; p¼ 0.00364). There were measurable age related
changes of the trachea both in the area and the shape. Aging results in the
increased tracheal area and a distortion of the roundness.

1 Introduction

The automated method for the analysis of the digital computed tomography
(CT) images has been developed recently [1–5]. Using CT images, we can
evaluate the airway size and configuration on its transection plane in vivo [6],
and can examine in detail compared to plain chest roentgenogram. For exam-
ple, we have reported that the trachea was distorted in COPD patients [7].
Hoffmann et al. showed the change in the tracheal cross-sectional area in
children from 0 to 20 years old by CT image [8]. However, to our knowledge,
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there was no report about the age-related changes of the tracheal configuration
evaluated by CT in healthy adults. In this study, we used an automated method
for the analysis of the tracheal lumen on its size and configuration, and inves-
tigated age-related changes of those parameters.

2 Methods

This study included eighty-three healthy normal subjects ranging from 21 to
83 years old who were specially recruited for this study. They had no history of
asthma or serious previous chest disease. Approval for the study was obtained
from the Ethics Committee of Kyoto University, and written informed consent
was obtained from each subject prior to the study. Pulmonary function was
tested with a Chestac-65V (Chest MI, Tokyo, Japan) on the same day that CT
scans were performed. Vital capacity (VC), forced expiratory flow in one second
(FEV1), residual volume (RV) by helium dilution method, and carbon mon-
oxide diffusing capacity (DLCO) by the single breath method were measured.
Subjects who showed VC < 80% predicted or FEV1 < 80% predicted on lung
function tests were excluded. CT scans were performed with the subject in the
supine position using the high-resolution scanner, X-Vigor (Toshiba, Tokyo,
Japan), with the following settings: 2mm slice thickness, scanning time 1.0 s,
electrical voltage 120 kV, electrical current 200mA, and a field of view (FOV)
32 cm [9, 3, 4]. Standard reconstruction algorithm for the lung field (FC85) was
adopted. During the scan, subjects were requested to hold his breath after deep
inspiration. Contrast medium was not used. Each CT image was composed of
512 � 512 matrix data of Hounsfield Unit (HU). The CT data were transferred
to a personal computer, and were analyzed using custom software. The soft-
ware automatically detected lung fields [1, 5], and trachea [7]. Tracheal size was
analyzed on the CT image at 2 cm above the upper margin of the aortic arch.
When the tracheal lumen was detected, the area, the sagittal length (Lsag) and
the coronal length (Lcor) of the tracheal lumen were automatically measured.
The short radius (SR) was defined as the minimal distance from the centroid of
the tracheal lumen to the internal surface of the tracheal wall, and the long
radius (LR) was defined as the maximum distance. The tracheal index (Ti) was
defined as the ratio of Lcor/Lsag for the index of tracheal deformity [10, 11].We
also calculated another index to evaluate the roundness of the trachea; circu-
larity (Ci) as 4pStr/a square of internal perimeter [7]. In general, if the figure is
the circle, circularity is one. When the figure is distorted from circle, the
circularity decreases. Therefore, circularity is the parameter for the roundness.
All data were expressed mean � SD. Linear regression analysis was used to
determine the correlation between age and the results of the parameter for
tracheal configuration, Fischer’s Z transform test was used for to evaluate a
significant correlation with age. A p value p < 0.05 was considered to be
statistically significant.
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3 Results

Table 1 shows the results of the size and parameters for configuration of the
trachea. Table 2 shows the correlation coefficients between age and the para-
meters of the trachea. Both area of trachea (Str) and Str/BSA (body surface
area) showed a significant correlation with age (r¼ 0.34, p¼ 0.0069; r¼ 0.50,
p < 0.0001). However, Ti was not correlated with age, whereas both Ci and
Lsag were significantly correlated with age (r¼�0.27, p¼ 0.0037; r¼ 0.42,
p < 0.0001).

4 Discussion

The results of this study showed that there were measurable age-related changes

in the trachea both in the area and the shape. Significant information concern-

ing tracheal cross-section has been observed from the diameter on frontal or

lateral chest radiographs [12]. However, variations in the shape of the trachea

and locations not tangential to the x-ray beam can complicate such analysis.
Tsao and Shich [6] reported that Lsag of the trachea had a significant positive

linear correlation with lateral chest diameter, and Trigaux et al. [13] showed

that the Ti was significantly correlated with the functional residual capacity and

Table 1 The parameters for the tracheal size and configuration in normal subjects

Mean value SD Minimum Maximum

Ci 0.87 0.03 0.75 0.91

Ti 0.91 0.11 0.59 1.34

Lsag (mm) 20.2 2.5 16.4 28.5

Lcor (mm) 18.2 2.01 14.6 26.3

Str (mm2) 287.4 56 188.7 520.8

Str/BSA 166.9 35.5 110.1 302.9

Ci: Circularity, Ti: Tracheal Index (Lcor/Lsag), Lsag: sagittal length, Lcor:
coronal length, Str: area of trachea, BSA: Body Surface Area

Table 2 Correlation coefficients of parameters for tracheal configuration versus age in
normal subjects

Correlation coefficient p value

Ci �0.32 0.00364*

Ti �0.2 0.0697

Lsag 0.41 <.0001*

Lcor 0.21 0.0629

Str 0.37 0.0006*

Str/BSA 0.52 <.0001*

Ci: Circularity, Ti: Tracheal Index (Lcor/Lsag), Lsag: sagittal length,
Lcor: coronal length, Str: area of trachea, BSA: body surface area *:
p < 0.05 ( Fisher’s Z transform )
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with the sternum-spine distance. In this study, we used CT to more accurately

evaluate the size and the shape of the trachea. Although Ti measured by CT

failed to show significant relationship with RV/TLC, Ci, Str/BSA and Lsag

correlated significantly with RV/TLC. More importantly, Ci, Lsag, Str, Str/

BSA correlated with age.
Rains et al. showed that there was a progressive increase in the tensile

stiffness of tracheal cartilage with age. James et al. [14] .and Moreno et al. [15,

16] have shown that the degree of shortening of maximally contracted airway

smooth muscle is influenced by the integrity of airway cartilage. The increased

cartilage stiffness with increasing age could increase resting smooth muscle

tension and decrease the potential for smooth muscle shortening by causing

an increased after load. And since the shape of the trachea might be influenced

by both sides of the lung, it is reasonable to get the result that the sagittal length

of the trachea is increasing.
We also found that the measurements of the trachea correlated with FEV1.

Airway cartilage is mechanically important in resisting airway collapse during

maximal expiratory flow maneuvers and cough. The wave-speed theory of

maximal expiratory flow limitation predicts that maximal expiratory flow

from the lung is determined not only by the driving pressure and the resistance

of airways upstream from the flow-limiting segment but also by the cross-

sectional area and compliance of the airway at the flow-limiting site [17]. Studies

both in humans [18, 19] and in experimental animals [20] show that the flow-

limiting sites within the tracheobronchial tree are located predominantly in

central cartilaginous airways during most of the forced expiratory vital capa-

city. Because cartilage makes up such an important structural component of the

airway wall in central airways, it is reasonable to assume that its mechanical

properties are important in determining their pressure-area behavior. Caldwell

and Fry [21] and McCormack et al. [22] have shown that softening of tracheal

cartilage by the intravenous injection of papain in the rabbit results in a

significant reduction in maximal expiratory flow from the lung. In the present

study we have found a significant negative correlation between age and PFR

(r¼ 0.637, P¼ 0.00037). The Ti was originally defined as the ratio of Lcor,

measured on the lateral view of a plain roentgenogram, to Lsag, measured on

the posteroanterior view [10]. On plain roentgenograms, however, the length on

the image is not the same as the real value because the image is enlarged in

accordance with the distance between the subject and the film. Therefore, we

used the CT image to make a precise evaluation of the trachea. On CT images,

the axis of the trachea, however, is not always parallel to the sagittal plane nor

to the horizontal plane. The plane of the CT image may not be vertical to the

long axis of the trachea, and we may overestimate the deformity of the trachea

on CT images. Therefore, we calculated the centroid of the trachea, using two

CT images (2 and 4 cm above the top of the aortic arch) and determined the long

axis of the trachea. Then, we calculated the angle of deviation between the long

axis of the trachea to the vertical axis of the CT plane as previously reported [7].
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The importance of this study is that the shape of the trachea is gradually
distorted and increased in size by aging. When we consider the aging the
residual volume is increasing with age, and this effect is more sensitive to the
airway size. From the physiological view point increase in the size of the trachea
with age is an acceptable result for the decrease in the flow-limitation with age.
We concluded that there were measurable age-related changes in the trachea
both in the area and the shape. Aging may result in the increased tracheal area
and a distortion of the roundness.
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Polycythemia and Changes in Erythropoietin

Concentration in Rats Exposed to Intermittent

Hypoxia

Makoto Ishii, Tokuzen Iwamoto, Asuka Nagai, Gen Sasao, Masayuki Iwasaki,

and Ichiro Kuwahira

Abstract It is not clear whether blood hemoglobin concentration ([Hb])
increases with an increase in the exposure period of intermittent hypoxia
(IHx) and reaches a constant level. Furthermore, it is not known whether
plasma erythropoietin concentration ([EPO]) also increases with an increase
in the exposure period. Using a rat model, first, we evaluated changes in [EPO]
every hour after single exposure of 10% O2 for 120 min in order to determine a
peak level of [EPO]. Second, we evaluated the effect of IHx of 10%O2, 120 min/
day for 0 (control), 1, 2, 3, 4, 6 and 8weeks on [Hb], arterial blood pressure (BP),
heart rate (HR), arterial blood gases (ABGs) and [EPO]. [EPO] increased after
cessation of the single hypoxic exposure, reached a peak at 1 h, and decreased
gradually to the control levels within 18 h. IHx of 10% O2, 120 min/day,
produced a time-dependent increase in [Hb], and [Hb] reached a constant
level after the exposure for 6 weeks. BP increased after the exposure for 4
weeks and remained elevated. There was no significant difference in HR and
ABGs. [EPO] increased significantly and remained elevated at the same level for
1–3 weeks, however, the peak level of [EPO] declined markedly after [Hb]
reached a constant level.

1 Introduction

Conditions such as obstructive sleep apnea syndrome (OSAS) are characterized
by intermittent hypoxia (IHx). Arterial O2 pressure (Pao2) is reduced, but its
reduction and duration varies considerably depending on the severity of the
disease. Accordingly, not all patients develop polycythemia. Using a rat model,
we have previously shown that there is a threshold to elicit polycythemia and
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that repetitive exposure to 10% O2 for 120 min/day produces polycythemia [1].
However, it is not clear whether blood hemoglobin concentration ([Hb])
increases with an increase in the hypoxic exposure period and reaches a con-
stant level during IHx. Furthermore, it is not known whether plasma erythro-
poietin concentration ([EPO]) also increases with an increase in the exposure
period of IHx. In the present study, we evaluated effects of IHx of 10% O2,
120 min/day on [Hb] and [EPO] in the rat.

2 Methods

2.1 Production of Intermittent Hypoxia

Male Sprague-Dawley rats were housed in an environmental Plexiglas chamber
(30 � 30 � 30 cm), two rats in each, at a temperature of 23 � 1(SE)8C, at a
12:12-h light-dark photoperiod. With the use of a timed solenoid valve, the gas
flushing the chamber was automatically switched from compressed air to a
mixture of 10%O2 in N2 and back to compressed air at a rate of 30 L/min. The
O2 concentration in the chamber was monitored by an O2 analyzer (Beckman
MO-11). The rats assigned to the IHx groups were exposed to 10% O2 for
120 min/day for the desired exposure period in the chamber (see below). The
experimental protocol had been reviewed by the Ethics Committee for Animal
Experiments of our university.

2.2 Experimental Protocol and Statistics

First, we evaluated changes in [EPO] every hour after single exposure of 10%O2

for 120 min in order to determine a peak level of [EPO]. Nine groups of male
Sprague-Dawley (S-D) rats, 5 rats in each (weight 335 � 4 g), were studied for
the 0, 1, 2, 3, 4, 5, 6, 8 and 18 h after cessation of the hypoxic exposure. A PE-50
catheter was inserted 10–20 mm into the middle caudal artery under halothane
anesthesia for withdrawal of blood samples. [EPO] was determined by radio-
immunoassay (RIA).

Second, additional male S-D rats were divided into the following 7 experi-
mental groups depending on the length (weeks) of hypoxic exposure – a 0-week
(0-W, normoxic controls), a 1-week (1-W), a 2-week (2-W), a 3-week (3-W), a
4-week (4-W), a 6-week (6-W), and a 8-week (8-W) IHx groups, 6 rats in each
(weight 347 � 3 g). In each IHx group, the rats were exposed to 10% O2,
120 min/day (1:00–3:00 P.M.) in the IHx chamber described above.

At the end of the desired exposure length to IHx, a PE-50 catheter was
inserted 10–20 mm into the middle caudal artery under halothane anesthesia
for monitoring blood pressure (BP) and heart rate (HR) and for withdrawal of
blood samples. After completion of surgery, the rat was transferred to an
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accommodation box described before [2] and allowed to recover fully from
anesthesia and surgery for 3 h. BP and HR were monitored continuously, using
a pressure transducer (Statham P23Gb) and a chart recorder. When stable BP
and HR were attained, arterial blood samples were obtained under normoxia.
Arterial blood gases (ABGs) were analyzed by means of a pH/blood-gas
analyzer (Instrumentation Laboratory Model 1304). [Hb] was measured with
a Radiometer OSM3 hemoximeter. [EPO] was determined by RIA. At the end
of the experiment, the rat was anesthetized with halothane and killed by an
overdose of pentobarbital sodium.

All results are means � SE. Comparisons of the data among the different
length (weeks) of hypoxic exposure were carried out by the following procedure.
First, the Kruskal-Wallis rank test was used to determine whether a difference
among the data was detected. If a difference was detected, the Mann-Whitney
U-test was used to compare the data. A P value less than 0.05 was considered to
indicate statistically significant differences.

3 Results

Figure 1 shows changes in [Hb] in the IHx group. IHx of 10%O2, 120 min/day,
induced polycythemia in 1 week and produced a time-dependent increase in
[Hb] from 13.7 � 0.1 (0 week) to 17.4 � 0.4 g/dl (6 weeks). There was no
significant difference in [Hb] between 6 and 8 weeks, indicating that [Hb]
reached a constant level after the exposure for 6 weeks. Fig. 2 shows changes
in [EPO] after single exposure of 10% O2 for 120 min. [EPO] increased mark-
edly after cessation of the single hypoxic exposure, reached a peak at 1 h, and
decreased gradually to the control levels within 18 h. Figure 3 shows changes in
[EPO] in the IHx group. [EPO] increased significantly and remained elevated at
almost the same level for 1–3 weeks (107.3 � 10.0 � 109.5 � 9.4 mU/ml), but
declined to 63.2 � 3.5 (6 weeks) and 44.9 � 5.4 mU/ml (8 weeks) even though
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the IHx exposure was continued. As shown in Fig. 4, BP increased significantly
after the exposure for 4 weeks and remained elevated. There was no significant
difference in HR and ABGs among all experimental groups.

4 Discussion

The results of the present study indicate that [Hb] increases with an increase in
the hypoxic exposure period and reaches a constant level depending on the
severity of hypoxia. It has been reported that repetitive exposure to 10%O2 for
60min/day for up to 5 weeks does not produce polycythemia [3, 4]. These results
suggest that the intermittent hypoxia threshold for polycythemia might exist
between 60 and 120 min/day in this level of hypoxia. Clinical conditions
associated with IHx such as OSAS, often present permanent polycythemia. In
these cases, the number of daily hypoxic episodes, and the total duration of
hypoxia might reach the threshold to elicit permanent polycythemia. The
magnitude of the increase in [Hb] may depend on the severity of the disease.

The IHx exposure is associated with a significant increase in [EPO]. [EPO]
reaches a peak at 1 h after the daily hypoxic exposure, and decreases gradually
to the control levels within 18 h. Cahan et al. examined the relationship between
the duration of hypoxic exposure and EPO production in the rat [5]. They
demonstrated that 1 h of hypobaric hypoxic exposure (0.5 atm, equivalent to
10% O2) resulted in increased EPO levels 1 h after termination of hypoxia.
Eckardt et al. found that [EPO] was significantly elevated 84 min after termina-
tion of hypoxic exposure in 4400 m for 5.5 h in humans [6]. Recently, it has been
reported that EPO release in humans is increased as a result of 120 min of acute
normobaric hypoxia, equivalent to 3100 m [7]. The results of the present study
are in good agreement with these observations, although the duration and
severity of hypoxia are variable between experiments. It has been also reported
that mRNA for EPO is increased in rat kidneys after 1 h of acute hypoxia [8].

The peak level of [EPO] is markedly reduced after [Hb] reaches a constant
level even though the IHx exposure is continued. The results suggest a marked
reduction in EPO production in kidneys despite continued IHx. Although there
might be a negative feedback control in EPO formation, mechanisms mediating
the decline of [EPO] could not be determined from the present study.

An increase in [Hb] results in hypertension. The cause of hypertension is
probably a combination of an increased sympathetic activity during IHx as well
as increased blood viscosity derived from polycythemia. It has been reported
that repetitive episodic hypoxia causes elevations of systemic blood pressure in
rats [9]. It has been also demonstrated that the increased blood viscosity due to
polycythemia is only partially responsible for the systemic hypertension [10]. In
the present study, hypertension occurred after 4 weeks of IHx, although a
significant increase in [Hb] was induced at 1 week of IHx. An increased sympa-
thetic activity during IHx may play an important role on the systemic
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hypertension. In summary, the results of the present study indicate that [Hb]
increases with an increase in IHx and reaches a constant level. IHx is associated
with an increase in [EPO]. However, the peak level of [EPO] is markedly
reduced after [Hb] reaches a constant level despite continued IHx.
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A Case of HAPE on K2 and Literature Review

Gen Sasao, Asuka Nagai, Tokuzen Iwamoto, Toshio Ichiwata,

and Ichiro Kuwahira

Abstract HAPE (High Altitude Pulmonary Edema) is a serious and fatal

disease in mountains. Early diagnosis and immediate descent are important

for successful treatment. One of the authors (GS), who was healthy and a

well trained climber, participated in the expedition to K2 (8611 m) in 2006

and developed HAPE. Under the severe environmental condition, it was

difficult to evaluate his condition in its early stage. The earliest symptoms

were nonspecific for HAPE as reported in many papers. Neither had

he suffered from HAPE on the previous expeditions. These facts probably

delayed the diagnosis in spite of its typical onset. This is a rare case

report by a medical doctor who suffered from HAPE. The present case

may remind the climbers of the difficulties in diagnosing HAPE on a

mountain.

1 Introduction

HAPE (High Altitude Pulmonary Edema) is a serious disease for all climbers in

high altitude. Because of lack of specific symptoms in its early stage, it is

sometimes difficult to notice its onset and climbers may lose their chance to

descend safely. The Tokai University K2 Expedition succeeded in reaching the

summit of K2 (8611 m) in Pakistan on Aug 1, 2006. One of the authors (GS)

participated in the expedition as a deputy leader and developedHAPE although

he had never suffered from HAPE before, even over 7000 m. This report

describes his experience. This is a rare case report by a medical doctor who

suffered from and survived HAPE.
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2 Case

The patient, a 34 y/o medical doctor, was healthy and a well trained climber. He

participated in the Tokai University K2 Expedition as a deputy leader from

June 7 to August 25, 2006. In his daily life, he took alcoholic beverages

occasionally and smoked 10 cigarettes per day for 10 years, but he quit smoking

6 months before the present expedition. Previously he had once reached the east

summit of Kula Kangri (7381m) in Tibet in 2001 without adverse health effects.

In order to increase exercise performance, he had run 10–20 km, 3 times a week

for 6 months prior to the present expedition. The profile of his climbing and

changes in SpO2 and AMS score (Lake Louise score, AMS self assessment)

during the expedition are summarized in Fig. 1. Those were determined every-

day in the morning during the expedition. SpO2 was measured by the pulseoxi-

meter, PULSOXC (Minolta Co. Ltd., Japan).

After a 7 day trek from Askole (3000 m), which leads to the Baltoro Glacier,

he reached the BC (Base Camp, 5150 m) on June 21. At BC, together with other

members of the expedition, he participated in daily climbs. On June 26, his SpO2

was 80% and AMS score was 0 at BC. On July 3, at the temporary camp

(5700 m), his SpO2 was 80% andAMS score was 0. He was in good condition at

BC and the temporary camp. When he spent the first night at C1 (6400 m) on

July 7, he did not sleep well. On July 8 in the morning at C1, he had a slight

Fig. 1 Profile of climbing and changes in SpO2 and AMS score during the expedition
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headache and felt dizzy. His SpO2 was 76% and AMS score was 4. But he
pushed himself because many climbers sometimes have such symptoms in high
altitude. As he climbed up, he gradually improved and could move the same as
his companion up to the altitude of 6900 m. He came down to C1 safely during
that day and ascribed his headache and dizziness to lack of sleep. On July 9, in
the morning at C1, his SpO2 was 65% (AMS score was not recorded) and he
descended to BC without any serious problems.

After a few days rest, on July 16, he again ascended to C1 to open their route.
On July 17, he again felt dizzy in the morning at C1. His AMS score was 4 (SpO2

was not recorded). He left for C2 (7100 m) because he recognized that his
condition was not severe AMS and self-limiting. But this time, during his
climbing, he gradually noticed a marked decrease in exercise performance,
dyspnea on exhaustion and a persistent dry cough. He reached C2 in the after-
noon but soon he started to return. His symptoms continued to be worse. He
complained of severe malaise, appetite loss, somnolence and headache when he
returned to C1 in the evening. A companion noted his facial edema. He realized
that descent was indispensable for his recovery. On July 18, he and his compa-
nion started the journey to BC. As he descended, his exercise performance and
shortness of breath became worse, although they were relieved quickly by short
resting. Taking a short rest every 10 m, he arrived at BC around 5 P.M. Their
journey lasted twice as long as usual. He did not eat dinner and rested in his tent
at 8 P.M. A few hours later, he awoke with abrupt onset of severe dyspnea,
productive cough with serous and frothy sputum, chest oppression and orthop-
nea. Self-auscultation with a stethoscope revealed coarse crackles over the
whole lung. Having diagnosed HAPE, he started to take furosemide (Lasix1

40 mg/day) and acetazolamide (Diamox1 500 mg/day), and rested in the sitting
position. He did not use supplemental oxygen. The symptoms remained una-
bated through the night. On July 19, his AMS score was 8 and SpO2 was 57% in
the morning at BC. However, there was a slight relief in his symptoms. On July
20, his condition had improved markedly. On July 22, his symptoms had
essentially disappeared. His SpO2 was 90% and AMS score was 0. He discon-
tinued the medication. Since then, he has been in very good health without signs
of HAPE.

3 Discussion

HAPE is the most common cause of death from high altitude illness [1].
Younger persons and women seem more susceptible than men [2, 3]. Individual
susceptibility, previous history of HAPE, rate of ascent, altitude reached, cold,
physical exertion, and use of sleeping medications are all factors implicated in
its occurrence [1, 4]. Symptoms of AMS often noted before the onset of HAPE
include headache, loss of appetite, malaise, decreased exercise performance,
slow recovery from exercise, fatigue, weakness and dyspnea on exertion. Signs
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of impending pulmonary dysfunction in HAPE are persistent dry cough,

orthopnea, dyspnea at rest, cyanosis and substernal pain. In HAPE, a produc-

tive cough often has traces of blood in the edema fluid. Cerebral signs and

symptoms are common [5, 6]. The condition typically worsens at night. The

clinical transition from AMS to HACE or to HAPE is often difficult to

ascertain. For the successful treatment, early diagnosing is important. Hackett

et al. reported that decreased exercise performance and persistent dry cough

should raise suspicion of HAPE [5]. The best treatment is immediate descent.

Delaying may be fatal unless oxygen is available [3].
In the present case, he acclimatized well at BC and the temporary camp. On

July 17, just before leaving C1 for C2, his AMS score was 4 (headache 1, fatigue/

weak 1 and sleeping difficulty 2), as shown in Fig. 2. But he pushed himself to

further ascent and his symptoms became worse during his climbing. On the next

day, at night he abruptly developed HAPE after he climbed down to BC.

Considering the clinical course, it is possible that he was not acclimatized enough

for the altitude of C1. His further exhaustion might trigger the onset of HAPE at

BC. This may be a typical case. Hackett et al. reported that reports of victims

dying during descent are probably related to the additional exertion offsetting the

benefit of lower altitude [5]. He should have noticed and stopped climbing earlier.

But there are some reasons why he delayed diagnosing HAPE. One is his

climbing carrier over 7000 m. It is true that people who have had one episode of

HAPE are likely to have another. Bartsch et al. reported that persons with prior

Fig. 2 Changes of SpO2 and AMS score during the patient’s HAPE
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episode of HAPE may have a risk of recurrence as high as 60% if they abruptly
ascend to an altitude of 4559 m [7]. But in this case, he was too dependent on his
carrier. And some of the early symptoms, which are needed to understand the
health condition, were difficult to be evaluated in the severe environmental
condition like high camp. For instance, sleeping difficulty is important in
scoring AMS. But, on the other hand, it is also common at altitude in people
who do not have AMS [8]. Moreover, the prevailing conditions in high camp,
such as marked incline of the terrain, rugged and hard floor, and cold, also
could disturb his sleeping in this case. Cyanosis is difficult to detect in climbers’
lips and face which are severely sunburned. The nail bed is pale because of cold.
Audible crackles in the chest should be an important and sometimes the earliest
sign of HAPE [9]. But it was hard to do auscultation precisely. The noise of a
jacket rubbing or outside strong wind can easily disturb it. Dry cough and
decreased performance should raise suspicion of HAPE [5]. But, cough is also
common at high altitude and not particularly associated with AMS [1]. Recent
work suggests that altitude hypoxia actually lowers the cough threshold, as
measured with an inhaled citric acid stimulus [10]. Therefore, the clinical
transition from AMS to HAPE is often difficult to ascertain.

Descent and oxygen supply are essential for treatment of HAPE [3]. But he
did not use the supplemental oxygen in order to save it for other members.
Although he improved gradually, he should have been treated with oxygen in
addition to medication. Diuretics are not recommended presently [3], although
it was once used [11].

4 Conclusion

In conclusion, to our best knowledge, this is not the first [12], but a rare case
report in which amedical doctor developed and survived fromHAPE. Climbers
sometimes seem to push themselves hard and try to overcome the hardships in
mountains even though they are not in good condition. The present case
reminds us of the difficulties in evaluating our health condition on a mountain.
Climbers should recognize that they may suffer from HAPE even without
previous experience, and they also should be careful for the subsequent onset
of HAPE when they have AMS.
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Synchronization Between Cardiac and Respiratory

Rhythms in Healthy Subjects and Patients

Masaki Shimane, Yutaka Tomita, Toshihiro Shinbo, Kenichi Kokubo,

Minoru Hirose, Ryuji Hataishi, Hisashi Mitsufuji, Masaru Kubota,

Noriyuki Masuda, and Hirosuke Kobayashi

Abstract Synchronization between cardiac and respiratory rhythms may be
important for oxygen transport to tissues. The aim of this study was to inves-
tigate the synchronization between cardiac and respiratory rhythms. We eval-
uated the rhythms in 12 healthy males and 24 patients. The incidence rates of
heart beats were obtained in each time interval relative to the initiation time
point of inspiration. A simple index of timing variability of heart beats was
defined. When the variability is large, the link between cardiac and respiratory
rhythms was considered to be strong. The variability value of patients with
disorder in the autonomic nervous system was larger than that of healthy
subjects (p < 0.05). The variability of patients on controlled ventilation was
lower than that of healthy subjects (p < 0.01), whereas the value on cardiac
pacemaker did not differ from healthy subjects. In conclusion, the synchroniza-
tion between cardiac and respiratory rhythms was confirmed, and it is sug-
gested that the synchronization is enhanced when feed-back signals from
respiratory movement to respiratory center were decreased.

1 Introduction

Rhythmic phenomena in biological systems often show coordinate regulation
that may lead to synchronization among rhythms. In some instances rhythms
may be entrained by other strong rhythms, and respiration is an important
factor in the rhythm modulation of the cardiovascular system, which is known
as respiratory sinus arrhythmia [1]. On the other hand, the cardiovascular
system also affects the rhythm control of respiration, via right ventricular strain
[2], via pulmonary J receptor [3], and via aortic and carotid bodies [4]. Evidence
of these mutual coordinate regulations between the respiratory and
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cardiovascular systems has been accumulating during the past two decades
(reviewed by Daly [5]). Although the synchronization between cardiac and
respiratory rhythms has been reported [6–11], the synchronization has not yet
been investigated in detail, particularly in patients. The aim of this study was to
investigate the synchronization between cardiac and respiratory rhythms in
healthy subjects and patients with several kinds of disease.

2 Methods

Twelve healthy male subjects, ranging from 21 to 71 years old, and 24 patients,
15 males and 9 females, ranging from 37 to 83 years old, were studied. The lung
function of healthy subjects was %VC at 96 � 21% (mean � SD) and FEV1%
at 77 � 11%. The patients consisted of 8 patients with chronic obstructive
pulmonary disease (COPD) with %VC at 94� 29% and FEV1% at 41� 13%,
5 with fibrosing lung disease (FLD) with %VC at 43 � 12% and FEV1% at 93
� 8%, 5 with disorders of the autonomic nervous system (ANS) (1 with Shy-
Drager syndrome, 1 with multiple sclerosis, 2 with olivo-ponto-cerebellar atro-
phy, 1 with severe orthostatic hypotension), 3 on ventilator therapy (1 with
heart failure, 1 with COPD, 1 with FLD) and 3 with sick sinus syndrome on
cardiac pacemaker.

The subjects breathed through a face mask (Survivor Blue, Hans Rudolph,
Kansas city, M.O.) installed with a hot-wire flowmeter (ATD280, Minato
Medical Science, Osaka, Japan). Electrocardiogram (ECG) was monitored
using surface electrodes on the chest. The subjects breathed for 40 min in a
quiet room. The continuous signals of mouth-flow and ECG were fed to a
computer via a 12-bit AD converter with 100 Hz (10 ms) sampling rate. The
signal from the pneumotachograph indicated that there were no superimposed
cardiogenic oscillatory waves. Initial unsteady data were discarded. In 5 healthy
subjects, we employed an elastic load of 1.8 kgw/cm2 by restricting the chest
wall movement using a chest band, and abdominal wall was restricted with a
corset, or employed an inspiratory resistance of 10 cmH2O/l/min by adding a
flow resistance tube (TV241T, Nihon Koden, Tokyo, Japan) to the inspiratory
port of a two-way non-rebreathing valve (1500 series, Hans-Rudolf, Kansas
City, M.O.). The dead space was 25 ml. This investigation was performed in
accordance with Declaration of Helsinki.

The starting points of inspiration (tr1, tr2, etc.; Fig. 1a) and Rwaves (th1, th2,
etc.; Fig. 1b) were identified. Using these time series data, we obtained plots for
the incidence rate of cardiac beats relative to the start of inspiration as follows.
The incidence of the Rwaves within a given time window (�D s) at a given delay
time (t s) after or before the start of inspiration (marked as ‘‘hit’’ in Fig. 1c) was
identified, and then the incidence rate of R waves was calculated by the number
of ‘‘hits’’ divided by the number of breaths. The delay time from the start of
inspiration (t) was varied, ranging from – half the mean respiration interval to+
half the mean respiration interval (Fig. 1d). We deleted the range over �2SD
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of mean respiration interval on both sides to avoid the effects of breathing
fluctuation. The timewindow of each subject,�D, was set asmeanR-R interval
multiplied by 0.1. This constant multiplier was chosen, since the plots of the

incidence rate with 0.02 or 0.3 did not substantially differ, but was more stable
with 0.1.

A simple index of timing variability of heart beats was defined as the difference

between the maximum and the minimum values of the heart-beat incidence rate,
and was normalized as (maximal – minimal incidence rate)/(maximal+minimal
incidence rate), thereby ranging from 0 to 1 (Fig. 1d). If the timing of heart beat

was completely independent of breathing and was observed for a long time, the
incidence rate profile becomes even throughout breathing, the normalized timing

variability becoming zero (no synchronization). If the timing of heart beat was
completely synchronized with breathing, the maximal incidence rate becomes
one, the minimal being zero between the peaks, thereby the normalized timing

variability being one (full synchronization). In a preliminary study the normal-
ized timing variability value became stable as the number of respirations exceeded
200, and was evaluated by 500 breaths.

Probability histograms of heart-beat and breathing intervals were also

obtained to investigate the relationship between heart beat and breathing
intervals.

Fig. 1 Data analysis. The start of inspiration (tr1, tr2, etc.; a) and R waves (th1, th2, etc.; b)
were identified. The incidence of R waves within a given time window (� D s) at a delay time
(t s) from the start of inspiration was identified (marked as ‘‘hit’’ in c), and then the incidence
rate of R waves relative to the start of inspiration was calculated (d). Then the normalized
timing variability was obtained
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The normalized timing variability values were expressed as means � SEM
and other values were expressed as means � SD. An unpaired Wilcoxon
analysis was employed to compare the normalized timing variability of each
patient group with that of healthy subjects, and analysis of variance was
employed to test the difference in the normalized timing variability values of
healthy subjects between loaded and unloaded conditions. P < 0.05 was con-
sidered as significant.

3 Results

In 12 healthy subjects the normalized timing variability was 0.28 � 0.03 (mean
� SEM: larger than 0, p < 0.001), and was independent of age which ranged
from 21 to 71 years old (r = 0.03, n.s.). The normalized timing variability of 8
COPD patients at 0.26� 0.03 and of 5 patients with FLD at 0.33� 0.07 did not
differ from healthy subjects. In 5 patients with ANS disorders, it was 0.55 �
0.10, and was larger than that of healthy subjects (p < 0.05). In 3 patients on
controlled ventilation it was 0.12 � 0.01, and was lower than healthy subjects
(p < 0.01), but that of 3 patients on cardiac pacemaker at 0.27 � 0.05 did not
differ from healthy subjects. In 5 healthy subjects, the normalized timing
variability was 0.29 � 0.04 at rest without load, and increased to 0.56 � 0.12
with elastic load (p< 0.05), while the value with resistive load at 0.31� 0.03 did
not differ from that without load (Fig. 2).

In all subjects, probability histograms of time intervals of heart beats had a
single peak (Fig. 3a–c), while the probability histograms of breathing intervals
in subjects with larger normalized timing variability had one-to-several peaks at
integer multiples of the mean interval of heart beats (Fig. 3a, b). Patients on

Fig. 2 Normalized timing variability in healthy subjects and patients. no load: without load;
ela.: elastic load, res.: resistive load; COPD: chronic obstructive pulmonary em-physema;
FLD: fibrosing lung disease;ANS:autonomic nerv-ous system disorder; vent.: on ventilator;
pacer: on pace-maker. *: P < 0.05; **: P < 0.01 compared to healthy subjects with no load
(n = 5 vs. ela. or res., n = 12 vs. patient groups)
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Fig. 3 Probability histogram of heart beats and breathing. The probability histogram of
heart-beat intervals had a single peak in all subjects, while the probability histogram of
breathing intervals had one (a: a patient with ANS disorder) to several (b: a patient with
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controlled ventilation (Fig. 3c) had a single peak for breathing intervals, which
did not locate at integer multiples of the mean interval of heart beats.

4 Discussion

Hinderling [12] and Hinderling and Bucher [13] investigated the mutual syn-
chronization of cardiac and respiratory rhythms, by artificially inducing
cardiac rhythm by a pacemaker or by employing voluntary hyper- or hypo-
ventilation in humans, and found that pacemaker regulation synchronized
respiration rate, while voluntary ventilation failed to synchronize heart rate.
We have also confirmed that in patients on controlled ventilation the average
normalized timing variability was significantly lower than that of healthy sub-
jects, while the average normalized timing variability of patients on cardiac
pacemaker regulation did not differ from that of healthy subjects. In contrast to
the single-peaked probability histogram of heart beat intervals, the histogram
of breathing intervals had one-to-several peaks at integer multiples of the mean
interval of heart beats, particularly in the patients with larger normalized timing
variability, a finding that also indicated that respiratory rhythm was entrained
by the heart rhythm in these cases.

It is likely that cardiac rhythm is influenced by respiratory movement,
whereas the respiratory rhythm is influenced and entrained by cardiac rhythm,
but is also influenced by a feed-back control of respiration, such as the Hering-
Breuer reflex. During quiet breathing with restricted thoracic movement, when
the reflex is not activated, respiratory rhythm is considered to be mainly
synchronized by cardiac rhythm. However, under conditions that enhance the
feed-back signals of respiratory movement, the synchronization of respiratory
rhythm to cardiac rhythm would be disturbed. Patients with disorders of the
ANS are likely to have defective feed-back control by respiratory movement,
while the afferent signals originated from cardiac beats will be transmitted to
the central nervous system via several afferent routes, thereby increasing the
normalized timing variability.

The physiological significance of the synchronization between respiratory
and cardiac rhythm is not obvious. However, since respiratory movement
influences the circulation with the change in venous return and blood pressure
due to pleural pressure oscillation, it could be speculated that the rhythm
synchronization would improve the energy cost for the circulation. It has

Fig. 3 (continued) ANS disorder) peaks at integer multiples of the mean interval of heart beats
in the subjects with high normalized timing variability values. A patient on controlled
ventilation (c) had a single peak in the probability histogram of breathing intervals, which
did not locate at integer multiples of mean interval of heart beats.*: normalized timing
variability
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been shown that respiratory sinus arrhythmia benefits the pulmonary gas
exchange and may improve the energy efficiency of pulmonary circulation by
‘‘saving heartbeats’’ [14, 15].

Another possible physiological significance could be that the possible
entrainment of respiratory rhythm to cardiac rhythm might assure the safety
of generation of respiratory rhythm. Cardiac rhythm ismainly generated locally
in the sinus node. If the sinus node fails, another slower pacemaker in the AV
node and/or ventricular branches will assure control of heart rhythm. In con-
trast, if the rhythm generating system in brain stem is disturbed or damaged,
there are no secondary regulatory centers that may assure the control of breath-
ing. The cardiac rhythm is generated in the sinus node even during the apnea for
a while, and the respiratory center may incorporate the afferent signal(s) of
cardiac rhythm to generate and restart a new respiratory rhythm. This hypoth-
esis should be further investigated.

In conclusion, the synchronization between cardiac and respiratory rhythms
was confirmed, and it is likely that the synchronization is enhanced in the
situation that feed-back signals from respiratory movement to respiratory
center were decreased.
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Part II

In Vivo Measurement of O2



Time-Resolved Near-Infrared Spectroscopy

and Imaging of the Adult Human Brain

Heidrun Wabnitz, Michael Moeller, Adam Liebert, Hellmuth Obrig,

Jens Steinbrink, and Rainer Macdonald

Abstract Near-infrared spectroscopy (NIRS) of the human brain is aiming at
the non-invasive determination of concentration changes of oxy- and deoxy-
hemoglobin in the cortex. However, it usually relies on the assumption of
spatially homogeneous absorption changes. To overcome this limitation we
performed instrumental and methodological developments of time-resolved
NIRS with the aim to achieve depth resolution. We present our recently devel-
oped time-domain near-infrared brain imager based on picosecond diode lasers
and time-correlated single photon counting (TCSPC) which can be used at the
bedside. To achieve depth localization of absorption changes we analysed
statistical moments (integral, mean time of flight and variance) of measured
time-of-flight distributions of diffusely reflected photons. In particular, var-
iance has a selective sensitivity to deep absorptions changes and provides a
suitable representation of cerebral signals. The separation of cerebral and
extracerebral changes of hemoglobin concentrations is demonstrated for a
motor stimulation experiment.

1 Introduction

Near-infrared spectroscopy (NIRS) based on continuous (cw) light has become
a widely used tool to study hemodynamic processes in brain and muscle. It
measures changes of light intensity at several wavelengths to determine absorp-
tion changes from which, in particular, changes of concentrations of oxy- and
deoxyhemoglobin (HbO2, Hb) are derived. Data analysis relies on the modified
Beer-Lambert law (MBLL) [1] assuming spatially homogeneous absorption
changes. However, in functional activation studies of the human brain, the
cerebral activation is often accompanied by systemic effects leading to absorp-
tion changes in extracerebral tissues as well. The cwNIRSmethod is sensitive to
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both deep and superficial changes but cannot distinguish between them. This
fact also impairs bolus tracking measurements based on intravenous injection
of an optical contrast agent aiming at the assessment of cerebral perfusion [2, 3].
The intensity changes due to the passage of the dye bolus in the brain are always
superimposed by those from the time-dependent dye concentration in super-
ficial tissues.

These limitations of the cw NIRS method can be overcome by recording the
time of flight of each individual photon between source and detector. Photons
arriving after short times of flight (‘‘early photons’’) on average penetrate less
deeply into the tissue than photons with long times of flight (‘‘late photons’’).
Thus the analysis of the shape of measured time-of-flight distributions of
diffusely reflected photons can provide depth localization of absorption
changes. To this end various methods have been developed, i.e. evaluation of
changes (i) in the full temporal profile by using the concept of time-dependent
mean partial pathlengths [4], or by fitting time-resolved reflectance and apply-
ing the microscopic Lambert-Beer law [5], (ii) in the intensity of various time
windows [6, 7], or (iii) in the moments of the distribution of times of flight of
photons [2, 8].

Multi-channel instruments for time-domain brain imaging that combine
time resolution with topographic mapping or with optical tomography have
been developed by several groups [5, 6, 9–12]. They are being applied in various
functional stimulation experiments as well as in the assessment of cerebral
perfusion by indocyanine green bolus tracking [2].

2 Time-Domain Optical Brain Imager

A multi-channel instrument was developed for mapping of time-resolved dif-
fuse reflectance of the head. A picosecond diode laser system Sepia (PicoQuant,
Germany) is operated with three laser heads emitting at the wavelengths 687,
803, and 826 nm. The output of each laser head may be attenuated or blocked
and is coupled into an optical fiber. The three laser pulse trains are interlaced
within the repetition period (about 23 ns) by suitable delays which allows for
parallel, quasi-simultaneous recording at all three wavelengths.

Four parallel detection channels are based on a multi-board TCSPC system
(SPC-134, Becker&Hickl,Germany) and detectionmodules containing fast photo-
multipliers R7400U-02 (Hamamatsu Photonics, Japan), high voltage power sup-
plies, preamplifiers as well as dedicated relay optics and mechanical shutters.

Mapping of a larger area of the head is achieved by addressing up to 9 source
positions by a 1 � 9 multimode fiber switch (piezosystem jena, Germany). The
nine source fibers are arranged on an optode holder pad together with four
detection fiber bundles of 4mm diameter (Loptek Glasfasertechnik, Germany).
The 16 nearest-neighbor source-detector pairs (separation d=3 cm) form a 4�
4 grid of ‘‘pixels’’.
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Time-of-flight (TOF) distributions are recorded in the four detection chan-
nels in parallel, with a collection time of, e.g., 100ms in a continuous sequence.
To achieve high signal-to-noise ratios the TCSPC count rate is adjusted to
values between 2 and 3MHz, if possible. In this way, the TOF distribution for
each wavelength contains �105 photon counts per 100ms. A complete map is
acquired within �1 s. The trigger pulses for data acquisition as well as for fiber
switching are obtained from a programmable counter/timer board (PCI-6601,
National Instruments, USA). All laser and detector modules are controlled by
individual microcontrollers. A LabVIEW user interface provides automated
control of data acquisition as well as of all module functions together with real-
time display.

The modular design of the instrument allows for an easy change between
different configurations and applications. The device is compact and portable
and can be operated at the bedside in a clinical setting. The technical approval
regarding safety requirements for use in clinical studies has been obtained. For a
more detailed description of the instrument see [11].

3 Data Analysis

For quantitative reconstruction of depth-resolved absorption changes we pre-
viously developed two approaches. We started (i) from changes in the full TOF
profile [4] and (ii) from changes in moments of the TOF distribution at several
source -detector separations [8]. In both cases the observed signal changes were
linearly related to the underlying changes in the depth-dependent absorption
coefficient via sensitivity functions. These were obtained from forward Monte-
Carlo simulations with a layered tissue model and assumed background optical
properties (scattering and absorption coefficients). A prerequisite to achieve a
reliable quantification of the depth-resolved absorption changes is the knowl-
edge of these background optical properties of the various tissue types. How-
ever, these properties are not exactly known in vivo and probably exhibit
substantial interindividual variability.

An alternative to such reconstruction approaches is the attempt to find
quantities that exhibit a selective sensitivity to deep (cerebral) absorption
changes. This approach allows one to distinguish between cerebral and extra-
cerebral changes and to analyze their time course without the need of quanti-
tative reconstruction. In particular, the analysis of statistical moments of mea-
sured TOF distributions N(t), i.e. integral Ntot (equivalent to a cw NIRS
measurement), mean time of flight <t> (first moment) and variance V (second
centralized moment), turned out to be advantageous. Figure 1 shows the spatial
sensitivity profiles of Ntot and V. They were obtained from a perturbation
approach based on the diffusion approximation for the propagation of photon
density [13]. For this simulation the reduced scattering coefficient, absorption
coefficient and the refractive index were taken as ms’=10 cm�1, ma=0.1 cm�1
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and n=1.33, respectively. Figure 1a shows the two-dimensional (x, z) sensitiv-
ities of Ntot and V to a point-like absorber after integration over y, Fig. 1b the
resulting z-dependent sensitivities after additional integration over x. The inte-
gral Ntot is sensitive to both deep and superficial changes with a higher sensi-
tivity to the latter, whereas V is almost exclusively sensitive to deep changes
since late photons contribute with large weight according to (t–<t>)2. There-
fore variance is expected to suitably represent cerebral signals.

4 Application to Functional Stimulation of the Brain

The effect of depth selectivity is exemplarily shown for a motor stimulation
experiment on a healthy volunteer. The optode holder pad was centered over
the left motor cortex. The subject performed 23 blocks of 20 s right (contral-
ateral) hand movement (compression of a soft ball) interrupted by 20 s of rest.
The 4� 4-panel maps (not shown) of the wavelength-dependent averaged
responses of DNtot and DV to the stimulation were clearly different. In the
central region both quantities showed a rather similar behavior, whereas in
several locations outside this region the behavior differed significantly. In Fig. 2
the results for three selected source-detector pairs (A in the central region, B and
C outside) are displayed in terms of normalized changes of oxy- and deoxyhe-
moglobin. For this plot we assumed DNtot and DV to be proportional to Dma
with sensitivity factors SNtot and SV, respectively, each being independent of
position as well as of wavelength. For the wavelength pair used (687, 826 nm)
the latter assumption is not unrealistic. For a homogeneous medium, SNtot is
related to the differential pathlength factor (DPF) [1] which can be derived from
the time-resolved measurement via DPF= v<t>/d where v is the velocity of
light in tissue (n = 1.4). As average over all 16 ‘‘pixels’’ of the map, DPF was
found to be 7.0 at 687 nm and 6.6 at 826 nm. Taking the actual wavelength-
dependent DPF values for each source-detector pair into account, the time
courses do not change remarkably in comparison to those displayed in Fig. 2a.

Fig. 1 Normalized two-dimensional (a) and depth-dependent (b) sensitivities to small absorp-
tion changes for integral Ntot and variance V of time-of-flight distributions for a semi-infinite
medium. Source at (x, y, z) = (0, 0, –0.1 cm), detector at (x, y, z) = (3 cm, 0, 0). In (a) the 50%
levels are highlighted by a white contour
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In case A the time courses of DNtot and DV are largely similar. This fact

indicates a dominant cerebral activation, since changes in integral DNtot are
influenced by both systemic (superficial) and cerebral (deep) responses whereas

changes in varianceDV are governed by cerebral absorption changes. In the other
two cases the cerebral activation as derived fromDV is much weaker. Substantial

and heterogeneous superficial effects are present. The DNtot signals at both
locations B and C show a distinct low-frequency oscillation of about 0.125Hz
in the oxyhemoglobin traces which is not visible in the variance signal. Such

systemic oscillation is most likely connected to ‘‘Mayer waves’’, for a recent
discussion see [14].Moreover, in theDNtot signal at locationC another superficial

effect becomes obvious. The signal is comparably large, but exhibits a different
behavior compared to case A. In particular, bothHbO2 andHb show an increase
during stimulation. The ‘‘triangular’’ superficial component is possibly due to a

stimulus-related change in heart rate or blood pressure, or a coupling artifact. On
the contrary, the relatively small (cerebral) signal in DV shows the expected

stimulus-related increase in HbO2 and decrease in Hb concentrations.

5 Conclusions

Depth localization of absorption changes in the adult head has been achieved
by time-resolved NIRS together with appropriate methods of data analysis.
This approach is suitable to separate cortical signal contributions from those of

superficial tissues. It may lead to a deeper understanding of cw NIRS signals
and in some cases to their reevaluation. The development of methods for

obtaining realistic estimates of the actual background optical properties of
the various tissue types of the head remains an important task.

Fig. 2 Responses to motor stimulation (from 20 to 40 s) for several positions on the head for
oxy- (black) and deoxyhemoglobin (grey) as derived from integral (a) and variance (b) of
measured time-of-flight distributions. All traces in (a) and in (b), respectively, were normal-
ized to the maximum value for oxyhemoglobin and smoothed with a 5 s sliding average
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Clinical Electron Paramagnetic Resonance (EPR)

Oximetry Using India Ink
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Marc S. Ernstoff, and Harold M. Swartz

Abstract Electron paramagnetic resonance (EPR) oximetry can be used to

provide direct absolute measurements of pO2 in living tissue using India ink as

an O2 reporter. In vivomeasurements are made using low frequency (1.2 GHz)

EPR spectroscopy and surface loop resonators, which enable measurements

to be made at superficial sites through a non-invasive (after placing the ink in

the tissues) and repeatable measurement procedure. Ongoing EPR oximetry

studies in human subjects include measurement of subcutaneous pO2 in the

feet of healthy volunteers to develop procedures that could be used in the

treatment of peripheral vascular disease and oximetry in tumors during

courses of radiation and chemotherapy, to follow pO2 so oxygen-dependent

therapies can be optimized. In each case, we aim to provide quantitative

measurements of tissue pO2 which will aid physicians in the characterization

of disease status and the effects of therapeutic measures, so that treatments

can be applied with optimal effectiveness by taking into account the oxygen-

dependent aspects of the therapy. The overall goal is to enhance clinical

outcomes. Oximetry measurements of subcutaneous tissue on dorsal and

plantar foot surfaces have been made in 9 volunteers, with measurements

ongoing for each and the longest set of measurements carried out successfully

over the last 5 years. Tumor oximetry measurements have been performed in

tumor tissues of 10 patients during courses of radiation and chemotherapy.

Tumor types include melanoma, basal cell, soft tissue sarcoma, and lym-

phoma, and measurement sites have ranged from the feet to the scalp. These

studies demonstrate the feasibility of EPR oximetry in a clinical setting and

the potential for more widespread use in the treatment of these and other

oxygen-dependent diseases.
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1 Introduction

In vivo electron paramagnetic resonance (EPR) is a magnetic resonance tech-

nique that can be used for functional spectroscopy or imaging of living systems,

reporting such parameters as partial pressure of oxygen, free radical concentra-

tion, microviscosity, and redox status [1]. EPR measures the absorption of

energy, at radio- or microwave frequencies, by unpaired electrons present

within the sample and the recorded absorption spectrum contains information

about the magnetic environment. As most free radicals present in biological

systems are short-lived and present in low concentrations, for most in vivo EPR

measurements an exogenous molecular probe is either injected or implanted

and acts as a reporter of the physiologic parameter of interest. Many such

probes exist, including water soluble molecules [2] and particulate materials

[3], with specific sensitivities to particular biologic parameters.
The ability of in vivo EPR techniques to provide repeated non-invasive

measurements of tissue oxygenation is of particular interest due to the critical

importance of O2 in normal physiology and disease and the lack of other

clinically applicable means to perform such measurements. While the EPR

methods do require the intravascular injection of a water soluble probe or

prior local implantation of a particulate probe in the tissue of interest, there is

no locally invasive procedure needed at the time of measurement. The particu-

late probes typically are introduced into tissues using a small gauge needle

(21–25 gauge), often several days prior to measurement, in order to minimize

trauma and allow for healing and incorporation of the material into the tissue

prior to pO2 measurement. An advantage of the particulate approach is that

once the probes have been introduced, they may be used to make repeated

measurements at the same location without the need to introduce additional

material or wait for introduced material to be cleared. This characteristic is

particularly useful for the monitoring of tissue oxygenation during the devel-

opment of disease or in response to therapy, as needed for the optimal treatment

of solid tumor cancers and peripheral vascular disease.
We carry out EPR oximetry in human subjects using India ink as the EPR-

sensitive oxygen reporter [4, 5]. India ink has a long history of clinical use as

an anatomic marker for surgery and radiotherapy and, fortuitously, the

suspended carbon black contains stable radical species at sufficient concen-

trations with EPR spectra that are highly sensitive to the presence of oxygen.

The presence of molecular oxygen leads to a decrease in the EPR relaxation

time of these radicals, and an associated oxygen dependent broadening of

the observed absorption spectrum. This broadening can be directly and

quantitatively related to the tissue pO2 and described by use of an estab-

lished monotonic calibration curve. India ink and other EPR oximetry

particulate probes are highly sensitive to changes occurring at low levels of

oxygen, making them very well suited to the study of ischemic diseases and

tissue hypoxia.
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2 Materials and Methods

The ongoing clinical EPR oximetrymeasurements are performed using an India
ink formulated as a suspension of Printex-U carbon black (200 mG/mL) in a
0.9% saline solution with carboxy methyl cellulose as a suspending agent [6].
For these studies 20–50 mL of ink was injected directly into the tissue of interest
using a 21 gauge needle. Occasionally, this injection was preceded by the appli-
cation of local lidocaine anesthesia. For measurements in normal subcutaneous
tissue, the ink was injected approximately 2mm below the surface of the skin;
for measurements in tumors, the depth varied depending on the specific anat-
omy with a range of 2–10mm below the surface of the skin. At least one day was
allowed for healing and incorporation of the ink into the tissue prior to oxygen
measurement.

All of the measurements were made using a low frequency (1.2GHz) clinical
EPR spectrometer specifically designed for human applications [7, 8]. The
spectrometer is equipped with a number of ancillary patient positioning
devices, including an insertable bed which facilitates measurements of subjects
in a lying position and an adjustable chair which is used for footmeasurements.
Throughout all measurements, the surface temperature of the subject is mon-
itored using a thermocouple and a warm air supply is adjusted to maintain a
temperature of 378C.

The parameters used for EPR data acquisition varied in accordance with the
properties of the observed signal. In general, parameters were chosen to avoid
instrumental distortion of the EPR spectral shape. Spectra were individually
recorded, averaged, analyzed using non-linear least squares spectral fitting, and
the fitted linewidth was converted to pO2 using the previously determined
oxygen calibration.

3 Results

The response of tumors to cytotoxic therapies, especially ionizing radiation, is
critically dependent on pO2 [9]. In vitro studies indicate that cells in hypoxic
environments are approximately 3-times less sensitive to radiation than cells
that are well oxygenated. Accordingly, tumor hypoxia is a major limiting factor
in the application of radiation therapy and its efficacy. It is also important to
recognize that tumor pO2 is not static, especially during the course of treatment
when changes in O2 consumption, interstitial pressure, and perfusion are
expected. If available, direct knowledge of tumor pO2 could be used to optimize
treatment on an individual basis through the application of drugs or procedures
that increase tumor oxygenation and/or the optimizations of both temporal and
spatial patterns of irradiation to maximize the therapeutic ratio.

Building off of instrumental andmethodological developments and previous
successes in animal model systems, we are now pursuing the development of
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EPR oximetry in a clinical setting to meet this need and demonstrate the
feasibility of these measurements within the clinical setting. We have performed
measurements on tumors in 10 subjects, including 7 with melanoma lesions and
metastases, and others with basal cell, soft-tissue sarcoma, and lymphoma
tumors. For several subjects, measurements in more than one tumor, or more
than one site, have been possible. The distribution of measurement sites is
shown in Fig. 1a, which illustrates the capability of making measurements
with the current in vivo EPR spectrometer at a wide variety of locations, from
head to toe.

We have previously described the ability of the EPR measurements to
measure baseline levels of tumor pO2 and the response to the inspiration of
100% O2 [10, 11]. In both of these instances, including melanoma and lym-
phoma tumors, baseline pO2 values were observed to be quite low (13 and
4mmHg, respectively) and the application of inhaled oxygen led to dramatic
increases in tumor pO2. Similar measurements have been made with additional
subjects, and serial measurements during the course of radiation treatment have
been performed. One such set of serial measurement was performed at 2 sites
within separate metastatic melanoma tumors during a course of radiation
treatment where a total of 36Gy was applied using 6Gy � 6 doses (Fig. 1b).
The tumors were located in the upper right scalp and on the right side of the
neck just below the ear. Similar pO2 levels were observed at each site immedi-
ately before and after each fraction, but differences were observed between the
sites and during the course of treatment. In the tumor located in the neck,
consistently low, nearly anoxic, values were recorded with a small upward trend
as the therapy progressed. In the scalp, considerably higher values of pO2 were
observed, ranging from approximately 3–10mmHg.

It is especially important to note that in vivo EPR oximetry has been used
successfully in the clinical setting to make repeated non-invasive direct mea-
surements of tumor pO2. We have observed that the tumor pO2 values have
varied among the patients studied and over the courses of treatment and that
different responses of tumor pO2 to increased fractions of inhaled oxygen are
observed. Based on the measurements to date, we believe that it is feasible that
in vivo EPR oximetry could be used to monitor tumor pO2 in the clinical setting
and guide the optimal application of strategies to enhance tumor oxygenation
at the time of treatment.

Peripheral Vascular Disease (PVD) is a major cause of morbidity and
mortality in diabetics, where a local low tissue pO2 due to poor perfusion can
lead to the development of chronic wounds, which often necessitates amputa-
tion. The direct measurement of tissue pO2 would facilitate the rational devel-
opment of treatments for PVD and could be applied on individual bases to
monitor the development of the disease and guide the application of interven-
tions. The development of in vivo EPR oximetry of subcutaneous tissue aimed
at assessment of PVD has begun with measurements in healthy subjects to
develop the necessary procedures and to observe the short- and long-term
oxygen dynamics present in a controlled population. We have made
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measurements at 14 sites in 9 healthy volunteers, dating back to Oct. 2002. The
earliest studies have been described previously [4, 8, 10, 11]. In the current
studies, measurements of pO2 are being performed on a monthly basis at both
the dorsal and plantar surfaces of the foot under baseline conditions, as well as
with inhalation of increased oxygen and temporary interruption of perfusion of
the tissue. Consistent with prior measurements, we have observed that there
appears to be a period of decreased pO2 in the weeks following injection, with a
gradual increase back to values near 20–30mmHg. The nature of this apparent
decrease is a matter of ongoing investigation. In all studies, we have consistently
observed narrowing of the EPR signal following interruption of perfusion,
consistent with consumption driving tissue pO2 to near anoxic values. Similarly,
we see general, but less consistent, increases in tissue pO2 following the admin-
istration of inhaled O2. Following each of these interventions, we generally
observe tissue pO2 returning to the baseline levels. These patterns of oxygena-
tion are demonstrated in the data included in Fig. 2, which describes measure-
ments in the dorsal surfaces of the feet of 4 of the most recent research subjects.

4 Conclusions

We have demonstrated that in vivo EPR oximetry can provide repeated, direct
measurements of absolute pO2 of tumors and other tissues in human subjects
and that the measurement procedure is compatible with clinical practice. In
tumors, where pO2 is a key factor in the efficacy of radiation therapy, pre-
liminary measurements showed that increased pO2 following inspiration of O2

varies among patients and tumor pO2 changes during the course of radiation
therapy. Measurements in subcutaneous foot tissue were performed to develop
procedures that could be used to assess pO2 in the treatment of PVD and
chronic wound care. These measurements have demonstrated the response of
tissue pO2 to the delivery of O2 and ability to performmeasurements at the same
site over long durations for disease monitoring.
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Measurement of Oxygen in the Microcirculation

Using Phosphorescence Quenching Microscopy

Roland N. Pittman, Aleksander S. Golub, and Helena Carvalho

Abstract According to the classical concept of Krogh, O2 is delivered to the
tissues solely by capillaries and intra-capillary resistance to O2 diffusion is
negligible. Over the past three decades longitudinal PO2 and SO2 gradients in
arterioles have been observed with a transmural PO2 gradient in small arterioles
of only 1–2 mmHg. Application of phosphorescence quenching microscopy to
measurements of PO2 in arterioles of the rat mesentery by Tsai et al. (1998)
found a large transmural PO2 in these arterioles. That led to the provocative
conclusion that the arteriolar wall is the major sink for O2 in the microcircula-
tion. Our studies indicate that many of these results can be explained by photo-
activated O2 consumption following phosphor excitation, combined with a
large excitation area and high frequency of flash excitation. We have developed
the basic principles for phosphorescence quenching microscopy including the
need to use a small excitation area, a low excitation frequency and a scanning
excitation for stationary samples.

1 Introduction

The transport of O2 to tissue is the most important function of the microcircu-
lation. The pioneering work of August Krogh included anatomical, biophysical
and physiological studies that resulted in a mathematical model of O2 transport
that bears his name. He concluded that only a small O2 tension (PO2) gradient
was needed to supply an adequate amount of O2 from the capillary blood to the
tissue.

Over 50 years passed before the first systematic measurements of PO2 in
microvascular networks was carried out [1]. These studies resulted in the
discovery of longitudinal gradients of PO2 in arterioles. Following the
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development of a photometric method to measure hemoglobin O2 saturation
(SO2), simultaneous measurement of PO2 and SO2 confirmed a longitudinal
gradient and showed that the paired values of PO2 and SO2 were consistent with
the O2 dissociation curve. These measurements have been confirmed in a variety
of tissues and species over the past thirty years [2].

The estimation of O2 diffusion from arteriolar segments using mass balance
of convective O2 flow led to the conclusion that about two-thirds of the O2 loss
in tissues with low blood flow and metabolic rate occurs in the arterioles.
Comparison of the experimental results with a computational model revealed
that there was an order of magnitude discrepancy between predicted and
observed O2 loss from arterioles [2]. The answer to the question ‘‘What is the
destination for the ‘lost’ O2?’’ has several choices: (1) consumption by adjacent
cells, (2) diffusion to and uptake by nearby microvessels, and (3) consumption
by the microvessel wall [3].

2 Phosphorescence Quenching Microscopy

A new tool for measuring PO2, based on the ability of O2 to quench the
phosphorescence of excited phosphor molecules, was developed by Wilson
and colleagues [4]. To apply this technique in the microcirculation, an adequate
signal-to-noise ratio (S/N) is needed to obtain accurate PO2 values from fitting
the phosphorescence decay curve and it is necessary to use a higher phosphor
concentration and excitation light intensity than is required for macro-scale
applications [5].

Application of phosphorescence quenching microscopy (PQM) to measure-
ments of PO2 in arterioles of the rat mesentery led to a provocative conclusion
regarding the fate of O2 that diffused from these microvessels. A larger than
expected transmural PO2 was found in these arterioles [3], contrary to the
previous report of a transmural gradient of only 1–2 mmHg [1]. This finding
implied that the arteriolar wall consumes O2 at a rate of more than 100 times
higher than expected. One can estimate the maximum O2 consumption of the
wall, Mmt, based on its mitochondrial content. A compilation of O2 consump-
tion data for vascular tissue [6] revealed that all published values were smaller
than Mmt. However, the calculated value of wall O2 consumption by [3] was 10
times larger than Mmt, making it inconsistent with previous reports.

A potential source of error to account for the apparent high O2 consumption
of the arteriolar wall lies with the implementation of PQM.When the phosphor
is excited, it can decay back to the ground state by emitting light (phosphores-
cence) or by transferring energy to O2 (collisional quenching), thereby creating
singlet O2. Singlet O2 can react with nearby organic molecules, thereby con-
suming O2. One can minimize this artifact by reducing the excitation flash
energy density and phosphor concentration. For typical values of these two
variables, each pulse results in a reduction of PO2 at the measurement site of
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about 0.3 mmHg per flash [5]. This value is higher than that reported by [3];

however, it was later pointed out that their value was initially underestimated

by a factor of about 15 [5].
Another important factor that determines the effect of the flash excitation on

the decrement in PO2 is the size of the excitation region. Following an excitation

pulse, there is a small decrease in PO2 (about 0.3 mmHg) and it returns to the pre-

excitation level after a sufficient time has passed for O2 to diffuse into the region. If

enough O2 can diffuse into the excitation region before the next flash occurs, then

the PO2 can be restored to its initial value. If the next flash occurs before theO2 has

been replenished at the site, then PO2 will fall. It is important to recognize that

there is a physical constraint between excitation spot size (L) and flash frequency

(F), such that the time between successive flashes (Tflash = 1/F) should be longer

than the characteristic time it takes for diffusion to replenish the consumed O2

(Tdiff� L2/2D, where L is one-half the side of the square excitation region andD is

the diffusion coefficient of O2, 1.04� 10–5 cm2/s). A critical value is the ratio Tdiff/

Tflash; if this ratio is >>1, then there will be insufficient time to replenish O2

between flashes and PO2 at the measurement site will fall. An example of our

use of PQM applied to capillary measurements had L = 0.45 mm and flash

frequency = 100 Hz, yielding Tdiff = 105 ms and Tflash = 10 ms, for a ratio of

0.011 [7]. The corresponding parameters used by [3] were L = 70 mm and flash

frequency=30Hz, yieldingTdiff=2.5 s andTflash=33ms, for a ratio of 77. Thus,

one would expect a considerable fall in PO2 using the parameters reported by [3].
It is important to avoid multiple excitations of the same volume containing

the phosphor probe. This led us to analyze the performance of two prototypical

instruments used for measurements of PO2 in PQM [5]. We have labeled these

two configurations as Large Excitation Area (LEA) and Small Excitation Area

(SEA) instruments (see Fig. 1). The LEA instrument, similar to that used by [3],

Fig. 1 Estimation of the critical velocity, Vcr , for LEA and SEA instruments. In a LEA
instrument, atVcr the sampled volume covers the distance (L+l) from flash to flash. In a SEA
instrument that volume must move out of the excitation area a distance 2 l during this time.
For any flash rate, Vcr for a SEA instrument is much lower than that for a LEA instrument
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has a large excitation area (L2) and a small detection area (l2), whereas the SEA
instrument, similar to that used by [5], has a small excitation area (l2) and a large
detection area (L2). While it is obvious that a potential artifact of O2 consump-
tion by PQM exists for a stationary medium, this problem also exists in a
moving fluid and leads to the concept of critical velocity. In order to avoid
multiple excitations, and hence depression of PO2 in a moving medium (e.g.,
flowing blood or lymph), it is necessary for the fluid to move faster than a
critical velocity, Vcr. The value of the Vcr for the two different configurations is
given byVcr(LEA)= (L+l)F andVcr(SEA)=2lF, since in the SEA instrument
only the size of the excitation area determines Vcr. If the velocity of the medium
is less than Vcr, then multiple excitations of the sampled volume will occur and
lead to artifactual results [5].

The criteria for reliable microcirculatory PO2 measurements using PQM are a
low excitation light intensity, low phosphor concentration, low flash frequency,
small excitation region and large detection region [5]. The data acquisition and
data analysis features incorporated into the instrument in Fig. 2 have been
described previously and include use of a short light pulse xenon lamp or short
laser pulses for excitation, gating of the excitation pulse to exclude any early non-
phosphorescent signal from analysis, recording individual decay curves before
averaging, exponential analysis of heterogeneous decays, automatic analysis of
multiple decays, small excitation spot and low flash rate in flowing blood and a
scanning approach for PO2 measurements in stationary media (see Fig. 2).

Fig. 2 Principle of scanning phosphorescence PO2 measurements in a stationary tissue (left).
One scan cycle produces 11 discrete phosphorescent decays along the scan strip (5 � 57 mm),
oriented parallel to the vessel. Measurements are made at different distances from the inner
vessel wall, leaving at least 60 mm of a vascular tissue beyond the last site (right)
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3 Applications of PQM

Two major findings using PQM are described here as examples of studies that
can be performed with the SEA instrumentation: (1) the first measurements of
Erythrocyte Associated Transients (EATs) of PO2 in capillaries and (2) the
observation of only a small (1–2 mmHg) transmural PO2 gradient in arterioles
and only a small PO2 gradient in the interstitial fluid.

For almost 60 years following the publication of the Krogh Cylinder Model
in 1919 the intra-luminal component of resistance to O2 transport was
neglected. Hellums [8] calculated the fraction of intravascular resistance to O2

transport in capillaries and concluded that it was far from negligible, account-
ing for about 50% of the total resistance. This resistance is contributed primar-
ily by the low solubility of O2 in the plasma, and it increases when the width of
the plasma gap increases. Hellums predicted that this intra-luminal resistance to
O2 transport in capillaries should manifest itself as EATs of PO2 in capillaries,
that is, fluctuations in PO2 as RBCs and plasma gaps alternately pass an
observation point along a capillary. Although EATs were first predicted in
1977, they were only observed recently when PQM was refined to provide
sufficient spatial (1 mm) and temporal (10ms) resolution to measure the fluctua-
tions in PO2 [7]. EATs reflect the particulate nature of blood and the low
solubility of O2 in the plasma gaps, indicating a significant resistance to O2

transport in the blood. EATs can limit the O2 supply to tissue and provide two
roles for capillary hematocrit in determining O2 transport: (1) a decrease of
convective O2 delivery into capillaries; and (2) an increase in the EAT-related
diffusion resistance for O2 transport.

We have made recent measurements to map PO2 profiles in and near arter-
ioles in the rat mesentery [9, 10]. The results of the PO2 profiles are shown in
Fig. 3 Our results are in contrast to the large transmural and tissue PO2

gradients reported by [3] in numerous publications since 1998. It appears that
these results can be explained by photo-activated O2 consumption following

Fig. 3 PO2 in 78 arterioles
and peri-arteriolar tissue (84
profiles) in rat mesentery
(mean� SE). The blood PO2

was close to the parabolic
PO2 profile in connective
tissue extrapolated to the
blood/wall interface,
indicating a small O2

consumption by the vessel
wall
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phosphor excitation, as explained above, combined with an excitation area and
frequency of flash excitation that are too large. We have reported similar
measurements in arterioles of the hamster cheek pouch [11], where the trans-
mural PO2 gradient was found to be small (about 1 mmHg) and the intralum-
inal PO2 gradient was found to be larger (about 5 mmHg), consistent with a net
diffusive flux of O2 from the arterioles. These are but a few key examples of how
PQM has proven to be a robust and reliable method for measuring O2 levels in
the microcirculation.
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Optimization of the Coherence Measurement

Computed by Means of the Welch Averaged

Periodogram Method for Assessment of Impaired

Cerebral Autoregulation

D. De Smet, J. Vanderhaegen, G. Naulaers, and S. Van Huffel

Abstract The coherence method (COH) has been widely used to study the
concordance between continuously measured signals intervening in the assess-
ment of cerebral autoregulation in neonates. Several research groups have
applied this method to mean arterial blood pressure (MABP) combined with
cerebral signals such as the intravascular oxygenation (HbD), cerebral tissue
oxygenation (TOI), and regional oxygen saturation (rSO2) measured by near-
infrared spectroscopy (NIRS). All groups contributed in a particular way to the
fine-tuning of the application of COH with the Welch averaged periodogram
(WAP) method. We have made a comparative study of all published results
coupled with an optimization of the use of the WAP method within COH. We
have also proposed a pre-processing algorithm to remove signal artefacts, and
defined a new critical score value (CSV) for COH to distinguish infants with
impaired autoregulation from those without.

1 Introduction

Tsuji et al. [1] were the first to use continuously measured NIRS signals to study
impaired cerebral autoregulation in neonates over non-successive 30 min
epochs. They looked at the concordance between HbD and MABP – reflecting
impaired autoregulation – by means of the COHmethod. If COH was>0.5 the
infant was considered to have poor autoregulation. Morren et al. [2] introduced
the use of an overlapping sliding window approach dividing the long duration
signal into smaller 30 min epochs prior to analysis. They also attempted to
maximize the SNR of theWAPmethod. Finally Soul et al. [3] introduced the use
of the CSV as defined by Taylor et al. [4] applied to the case of impaired
autoregulation.
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In this study, we looked at the influences on COH of the signal sample
frequency, the parameters intervening in the WAP method, and the fre-
quency band of interest. Furthermore, we developed a new method to fix
the CSV, based on the calibration of the mean COH score on the mean
absolute-valued correlation coefficient (COR) score, which allows us to use
the value 0.5 as the threshold above which a patient is said to have
impaired autoregulation. Finally we developed a pre-processing algorithm
to remove signal artefacts.

2 Datasets

All mathematics were developed for and applied on preterm infants from the
University Hospital Zurich (Switzerland), the University Medical Centre
Utrecht (The Netherlands), and the University Hospital Leuven (Belgium).
SaO2 was measured continuously by pulse oximetry, and MABP by an
indwelling arterial catheter. Transcranial NIRS signals HbD (measured by
the Critikon Cerebral OxygenationMonitor 2001), rSO2 (INVOS4100, Soma-
netics), and TOI (NIRO300, Hamamatsu) were measured for non-invasive
monitoring of cerebral oxygenation. All signals were measured simulta-
neously in the first days of life, and recorded at the frequency of 0.333 Hz
(periodicity = 3 s).

3 Methods

The first constraints concern the signal sample frequency (fs) and the frequency
band of interest. Urlesberger et al. [5] and later von Siebenthal et al. [6] showed
that the measured NIRS signals could have a cyclic duration of as little as 10 s.
Because of the use of the fast Fourier transform (FFT), the Nyquist theorem of
digital sampling means the sampling frequency must be at least twice the
smallest signal intrinsic frequency, i.e. at least 0.2 Hz (fs � 0.2 Hz). von
Siebenthal et al. [6] also showed that MABP fluctuates with a periodicity of
60–150 s (cut-off frequency fcut� 0.0067 Hz). MABP being the most influential
signal of all those considered, we studied impaired autoregulation in the peri-
odicity band 25–300 s [3].

The continuously recorded signals were divided into epochs of a shorter
duration beforehand, allowing us to have a continuous assessment of impaired
autoregulation [2]. For this reason we called them calculation epochs
(C-epochs), of duration TC (min). The WAP method computes an averaged
frequency spectrum of the signal on each of these C-epochs. The average is
performed on the basis of N smaller overlapping epochs into which each
C-epoch is divided. We called these smaller epochs H-epochs as they apply a
highpass (time-domain) filtering on the signals. The duration of a H-epoch
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(TH, min) should be at least one cycle of the signal periodicity (TH � 2.5 min).

To ensure the last H-epoch contained in a C-epoch is not cropped (which would

mean that the signal is again highpass filtered), we could demonstrate:

N ¼ TC� THOver

TH� THOver
(1)

where THOver (min) is the overlap width between two successive H-epochs.

As it was not certain we included an integer number of signal cycles in
each H-window, we applied a Hanning window to each H-epoch to avoid

the leakage phenomenon when using the FFT. Notice that no Hanning

windowing was applied to the C-epochs, as it generated an artefact in the
low frequencies of the COH spectrum. Carter et al. [7] showed the H-

epochs should be half-overlapped in the case of the application of Hanning

windowing (THOver = TH/2). On the other hand, we found that the higher

the value of N (the higher the SNR), the lower the amplitude of COH.
Thus, by choosing a different N, we obtained different COH values. Eq. 1

became:

TC ¼ THðNþ 1Þ
2

(2)

The duration of the C-epochs in which the full-length signals are originally

divided may – ideally seen – not be chosen.We also found that the ratio TH/TC

should be in the range of 0.5 or smaller (TH � TC/2) otherwise there is no
sense in applying the WAP method as the H-epoch duration tends to the

C-epoch one.
In 1998, Taylor et al. [4] found that the amplitude of COHwas influenced by

the parameters intervening in theWAPmethod. To distinguish patients demon-

strating a concordance between the two signals investigated from those with no

concordance, they set up a new CSV definition computed from TC, TH, and a

F-hypothesis test. However this definition did not take into account the influ-
ence of THOver intervening in Eq. 1. Therefore we have proposed a new

methodology: adapt N until the mean COH – on all infants from the same

medical centre – equals the mean absolute-valued (for comparability with
COH) COR, the CSV of COR being per definition 0.5. Making N variable

changes only the SNR of the frequency spectrum and does not affect the signals.

The sole free parameter in Eq. 2 is TH, in that it fulfils some conditions. We
chose TH to be equal to 5 min in accordance with the work of Soul et al. Table 1

presents the summary of the parameter values used by all working groups, to

which we added those of Wong et al. [8].
Finally, we have also developed a pre-processing stage to remove measure-

ment artefacts induced by medical interferences and by the conversion between

analogue and digital data. Each artefact point in a signal was simultaneously
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deleted in all other signals, as done by Soul et al. for artefacts lasting more than
1.5 s. The steps of the algorithm we developed are:

1. Remove artefact-like repetitive points included in the recordings.
2. Keep the signals in normal physiological ranges, particularly SaO2 in the

range 80–100%.
3. Divide the signals in non overlapping 10-min epochs, from each of which we

kept only the portions belonging to interval [median – IQR,median+ IQR].
4. As this is not enough to detect some extra peak artefacts of longer duration

contained in MABP and SaO2 (the two most influential signals), centre and
absolute-valueMABP (and afterwards SaO2) (result 1), and on the other side
differentiate, square, and reduce it (result 2) with the aim of emphasizing the
signal extremes. Result 1 gives an average peak amplitude, and result 2 acts
as a ponderation coefficient with value close to 1 at peak abscises. Finally,
multiply together the obtained signals, which indicates which signal points
may be deleted.

4 Results

There are about 55% repetitive points for the INVOS, 45% for the Critikon,
and 15% for the NIRO spectrometers. They were all removed prior to
application of pre-processing steps 2 to 4 which themselves delete about
60% of the data. Steps 2 to 4 are very effective: values of COH and COR
are significantly higher than without pre-processing. Fig. 1 illustrates an
example of pre-processed data. The optimized values of TC (N) for the
Zurich, Leuven, and Utrecht data are 10 min (3), 12.5 min (4), and 15 min
(5). The CSV computation of Taylor et al. [4] generates high values (around
0.7) in the case of measured NIRS signals, only affordable with a low N, i.e. a
low SNR.

Table 1 The following is a summary of all parameters intervening in the Welch averaged
periodogrammethod applied by Tsuji et al. (2000),Morren et al. (2001), Soul et al. (2007), and
Wong et al. (2008)

Tsuji et al. Morren et al. Soul et al. Wong et al.

fs 2 Hz (0.2 Hz) 6 Hz (0.2 Hz) 2 Hz (0.4 Hz) 1 Hz

fcut 0.01 Hz 0.01 Hz 0.04 Hz 0.02 Hz

TH – 12 min 5 min 10 min

THOver – 11 min 55 s 2.5 min 7.5 min

N – 217 3 5

TC 30 30 10 20

TH/TC – 0.4 0.5 0.5

TCOver – 10 0 0

CSV 0.5 0.5 0.77 0.5
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5 Discussion

The repetitive points in the data prior to analysis may be due to the conversion

from analogue to digital data, to the spectrometer resolution and some simply

to the sometimes constant nature of the signals. This step in the pre-processing

of the data, however, is not needed as we discovered that the repetitive points

are equally distributed all along the recording. The pre-processing otherwise

has a bad influence on the frequency content of the signals. We should

Fig. 1 Illustration of the efficiency of the preprocessing algorithm applied to SaO2, MABP,
and HbD/rSO2/TOI. The figure shows original and preprocessed (pp) signals measured in the
University Hospital Zurich (Switzerland) by the Critikon Cerebral Oxygenation Monitor
2001. Most of the artefacts due to medical interferences and patient handling were removed.
Although efficient, the preprocessing makes the signals very short and damages their fre-
quency content
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complementarily set up an intelligent interpolation for artefacts lasting more
than 1.5 s otherwise we break the signal periodicities. The pre-processing also
makes the recording much shorter in duration, with the risk that it becomes
impossible to analyse by means of a sliding-window approach.

With regard to the WAP method, the FFT assumes the signals to be periodic:
we assume this periodicity in line with the works of von Siebenthal et al. [6] and
Urlesberger et al. [5]. The decrease in the coherence amplitude with increasing N
should thus actually not occur, because between one H-epoch and another the
extremes in the frequency spectrum of COH should occur at the same frequencies.

Finally, working with aCSV of COH equal to 0.5 suggests a relation between
two signals based on 50% shared variance, which can be defended. But this
CSV should ideally be determined empirically from the patient clinical char-
acteristics and outcomes, or statistically in the way done by Taylor et al. [4].
With the CSV fixation we have proposed, the amplitude of COH is in the range
of COR which allows comparability of these two complementary methods. The
CSV definition of Taylor et al. [4] generates high values in the case of detection
of impaired cerebral autoregulation, but could perhaps be used in other appli-
cations (e.g. for cardiologic data).
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A Hybrid Multi-Distance Phase and Broadband

Spatially Resolved Spectrometer and Algorithm

for Resolving Absolute Concentrations of

Chromophores in the Near-Infrared Light

Spectrum

Ilias Tachtsidis, Lei Gao, Terence S. Leung, Matthias Kohl-Bareis,

Chris E. Cooper, and Clare E. Elwell

Abstract For resolving absolute concentration of tissue chromophores in the
human adult brain with near-infrared spectroscopy it is necessary to calculate
the light scattering and absorption, at multiple wavelengths with some depth
resolution. To achieve this we propose an instrumentation configuration that
combines multi-distance frequency and broadband spectrometers to quantify
chromophores in turbid media by using a hybrid spatially resolved algorithm.
Preliminary results in solid phantoms as well as liquid dynamic homogeneous
and inhomogeneous phantoms and in-vivo muscle measurements showed
encouraging results.

1 Introduction

Reflectance near-infrared spectroscopy (NIRS) is a technique for characteriz-
ing turbid media that has become widely used in medical diagnostics. In
particular the in-vivo determination of the optical properties of the human
muscle, breast and brain is of the utmost importance.

Typically in biological tissue, the near infrared absorbers and major intrinsic
chromophores which need to be quantified are hemoglobin, cytochrome-c-oxidase
and water. Many researchers rely on a small number of discrete wavelengths to
recover the concentrationsof these constituents fromnon-invasive in-vivomeasure-
ments, usually above and below the isosbestic wavelength of oxygenated (HbO2)
and deoxygenated (HHb) hemoglobin (near 800 nm). Recovery of all intrinsic
chromophores in tissue is a somewhat ill-posed problem; the measurements are
often hampered by errors due to poor signal-to-noise ratio, wide range of possible
chromophores concentrations, difficulties in and requirement for instrument
calibration, poor depth resolution and inhomogeneous structure of the tissue
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being investigated. To help overcome these problems it can be useful to use multi-
spectral and multi-distance measurements of NIR light attenuation to resolve
absorption and scattering.

This paper reports on a novel approach to calculate absolute concentrations
of chromophores in turbid media such as biological tissue by fusing multi-
distance frequency resolved and multi-distance broadband near-infrared spec-
troscopy with a hybrid spatially resolved algorithm.

2 Methods

2.1 The Instrument

The instrumentation configuration consisted of two spectrometers (Fig. 1). The
first is a four wavelength (690, 750, 790, 850 nm) multi-distance frequency
domain (110 MHz) spectrometer (MDFD), which is a modification of the
commercially available OxiplexTSTM from ISS Inc (Champaign, IL, USA).
This instrument allows for the determination of the average value (dc), ampli-
tude (ac) and phase (F) of the modulated intensity at two different source-
detector distances (3 and 3.5 cm) at each wavelength. This multi-distance
method affords the quantitative assessment of the absorption (ma) and reduced
scattering (ms0) coefficients by using the paired ac and F data [1].

The second instrument is a multi-distance broadband spectrometer
(MDBBS). It consists of a white light source that utilizes a 50 W halogen bulb
and a short pass filter to minimize temperature effects. The spectrograph is
based on a configuration of lenses (rather than mirrors), and is comprised of a

Fig. 1 Instrumentation diagram and experimental set up for dynamic homogeneous phantom
studies also showing the configuration of the optodes from both systems
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50 � 50 mm grating with 300 grooves per mm that is blazed at 1000 nm (to
optimize the reflection in NIR). The light spectrum is detected by a CCD
camera (PIXIS:512f, Princeton Instruments), with chip dimensions of 12.3 �
12.3 mm that corresponds to 512� 512 pixels with a pixel size of 24� 24 mm. In
order to use most of CCD chip the current design involves four detector fibres
with different diameters, where the diameter of the furthest detector (3.5 cm) is
3 mm, the diameter for the second detector (3 cm) is 2 and 1 mm for the two
closest detectors (2.5 and 2 cm). In addition to that the geometry of the fibre
bundles on the distal end was changed from round to approximate oval in order
to decrease the area blocked by the slit. The optical bandwidth of theMDBBS is
564 nm (504–1068 nm) and the mean wavelength resolution is 4 nm. The
MDBBS is an upgrade of an early design of a Lens Imaging Spectrograph (or
LImS) developed earlier [2].

The two instrumentsmeasure sequentially with the frequency domain system
providing the synchronization trigger. The measurement cycle consists of an
MDBBS measurement followed by an MDFD measurement, resulting in a
minimum sampling rate of 1 Hz and a maximum sampling rate of 0.25 Hz.

2.2 The Algorithm

The MDBBS measures light attenuation at several wavelengths (A(ln)) at four
distances. From these measurements we calculate the slope of light attenuation
versus distance, r (@A(ln)/@r). Using the MDFD derived values of scattering for
the four wavelengths and assuming scattering is following a power function versus
wavelength we can derive estimates of ms0(ln) at all other wavelengths. One then can
calculate absorption (ma(ln)

SRS) from the spatially resolved spectroscopy (SRS)
methodology using Eq. (1) [3]. To obtain the absolute broadband hybrid absorp-
tion (ma(ln)

Hybrid) we use the MDFD derived ma(MDFD) for the four wavelengths to
scale the ma(ln)

SRS by minimizing the mean squared difference between them.

mSRSaðlnÞ ¼
1

3 � m0sðlnÞ
� ln 10 �

@AðlnÞ
@r

� 2

r

� �2

(1)

where ma(ln)
SRS is the absorption, ms0(ln) is the reduced scattering, (@A(ln)/@r) is the

slope of light attenuation versus optode distance and r is themean optode distance.

3 Results

3.1 Solid Homogeneous Phantoms

The instrumentation and methodology was first tested on homogeneous solid
phantoms (Block A and B) with known absorption and scattering properties
(Table 1).
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3.2 Dynamic Homogeneous and Inhomogeneous Phantoms

To further test the accuracy of the hybrid instrument and algorithm, measure-
ments were performed in dynamic liquid phantoms. First a diluted absorbing dye
(ADS842MC) was dissolved in steps of 3, 7.5 and 15 ml in a small tank contain-
ing 2850 ml of deionized water mixed with 150 ml of aqueous scattering suspen-
sion (Intralipid-20%).Measurements were done (see Fig. 2a) with the optodes of
the hybrid system slightly submerged below the surface of the solution. Second a
small tank with an outside wall made of epoxy resin with thickness of 5 mm and
fixed absorption coefficient of 0.35 cm�1 and reduced scattering 14.5 cm�1 (at
780 nm). Measurements were done (see Fig. 2b) with the optodes of the hybrid
system attached to the outside of the wall and a diluted ADS842MC was
dissolved in steps of 1.5, 3.75 and 7.5 ml in 1425 ml in deionized water mixed
with 75 ml of aqueous scattering suspension (Intralipid-20%).

Using the specific extinction coefficients of the dye (fitting from 680 to 900 nm)
and themeasured absorption coefficient, the absolute concentration of the dye was
calculated and compared with the theoretical expected values. The mean error and
standard deviation (SD) between the measured and the expected concentrations of
the dye for the homogeneous phantomwas 56.4% (83.4%) for theMDFD system
and 8.2% (10.2%) for the hybrid system; for the inhomogeneous phantom the
errors were 35.6% (40.5%) for the MDFD system and 24.4% (8.2%) for the
hybrid system. In both cases the hybrid instrument outperformed the MDFD.

3.3 In-Vivo Muscle

The optodes of the hybrid instrument were placed on the forearm muscle of
three young volunteers (mean age 24) (see Fig. 3)

Using the absorption coefficients measured as described above we fitted the
specific extinction coefficient of HbO2 andHHb and calculated the concentrations
of these chromophores and from this the tissue oxygen saturation (StO2) (Table 2)

4 Discussion

The central novelty and innovation of this methodology is that by using the
MDFD derived ma and ms0 values we can convert the MDBBS slope measure-
ments of attenuation to measurements of absolute ma across the NIR wavelength
range. Broadband ma will allow a more accurate quantification of chromophores
such as cytochrome-c-oxidase with less cross talk from HbO2 and HHb [4]. We
have tested the instrumentation and methodology in solid phantoms, homoge-
neous and inhomogeneous dynamic liquid phantoms and human muscle. The
results were encouraging and this technology will soon be used for studies in
human adult volunteers and patients undergoing neurocritical care.

A Hybrid Multi-Distance Phase and Broadband Spatially Resolved Spectrometer 173



F
ig
.
2

M
ea
su
re
m
en
ts
o
f
a
b
so
rp
ti
o
n
co
ef
fi
ci
en
t
w
it
h
th
e
M
D
F
D

a
n
d
h
y
b
ri
d
in
st
ru
m
en
t
in

th
e
(a
)
h
o
m
o
g
en
eo
u
s
li
q
u
id

p
h
a
n
to
m

a
n
d
(b
)
in
h
o
m
o
g
en
eo
u
s

li
q
u
id

p
h
a
n
to
m

174 I. Tachtsidis et al.



Acknowledgments The authors would like to thank the EPSRC (EP/D060982/1) for the
financial support of this work.

References

1. Hueber DM, Franceschini MA, Ma HY et al. (2001) Non-invasive and quantitative near-
infrared hemoglobin spectrometry in the piglet brain during hypoxic stress, using a
frequency-domain multi-distance instrument. Phys Med Biol 46:41–62

2. Soschinski J, Geraskin D, Milosavljevic B et al. (2007) Cerebral oxygenation monitoring
during cardiac bypass surgery in babies with broad band spatially resolved spectroscopy.
Adv Med Eng 114

3. Suzuki S, Takasaki S, Ozaki T et al. (1999) A tissue oxygenation monitor using NIR
spatially resolved spectroscopy. Proc SPIE 3597:582–592.

4. Matcher SJ, Elwell CE, Cooper CE et al. (1995) Performance comparison of several
published tissue near-infrared spectroscopy algorithms. Anal Biochem 227(1):54–68.

Table 2 Absolute concentrations of oxy- and deoxy- hemoglobin, total hemoglobin (HbT=
HbO2 + HHb) and tissue oxygen saturation (StO2 = HbO2/HbT)

HbO2(mM) HHb(mM) HbT (mM) StO2 (%)

Study 01 MDFD 28.1 17.4 45.5 61.8

(Female) Hybrid 30.3 18 48.3 62.7

Study 02 MDFD 32.3 28.6 60.9 53

(Female) Hybrid 35.4 28.1 63.5 55.8

Study 03 MDFD 58.9 37.6 96.5 61

(Male) Hybrid 60.2 38.5 98.7 60.9

Fig. 3 Absolute broadband absorption from in-vivomuscle measurements in three volunteers
during rest
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Comparison of Local Adipose Tissue Content

and SRS-Derived NIRS Muscle Oxygenation

Measurements in 90 Individuals

Chris E. Cooper, Stacey-Marie Penfold, Clare E. Elwell, and Caroline Angus

Abstract Adipose content in the region over the vastus lateralis muscle was
measured in a young (21.1 � 3.1 years old, mean � SD) population of males
(n¼ 62) and females (n¼ 28). Three techniques were used: skinfold thickness,
ultrasound and near infrared spectroscopy. All techniques closely correlated with
each other and all showed a significantly larger adipose content in females and a
limited overlap with the range of values in males. Spatially resolved near infrared
spectroscopy (SRS-NIRS) was then used to measure the tissue oxygenation index
(TOI) at the same site. A source-detector separation of 4 cm was used to allow for
significant light penetration into muscle tissue. TOI at rest was significantly higher
in the female (65.3 � 7.0, mean � SD) than the male (61.9 � 5.1, mean � SD)
group. Therewas a strong positive correlation between adipose content andTOI in
male subjects. However, no correlation was seen in the female group. The possible
optical and physiological explanations for these results are discussed.

1 Introduction

Near infrared spectroscopy (NIRS) attempts to measure muscle oxygenation
and haemodynamics face a significant challenge from the widely varying thick-
ness of the adipose tissue layer. Differential spectroscopy methods attempt to
overcome this by assuming that adipose tissue is inert during a physiological
challenge [1]. However, this approach is not available to methods that attempt
to measure absolute concentrations of muscle chromophores at rest, using the
diffusion equation e.g. Hamamatsu NIRO-200 (spatially resolved), ISS Oxi-
plexTS (phase resolved) andHamamatsu TRS-10 (time resolved). In these cases
the most relevant work has focused on experimental [2] and theoretical [3]
calculations that seek to optimize the source:detector separation for maximal
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sensitivity to the muscle tissue. However, multi-layer simulations have recently
been used to correct the measured absolute values of muscle oxygen saturation
for the varying adipose layer [4].

The purpose of this study was to determine, in a large population, the range
in local adipose content and its effect on quantifying absolute tissue oxygen
saturation. We chose to test spatially resolved spectroscopy (SRS) measure-
ments of tissue oxygen saturation [5] as used in a range of systems commercia-
lized byHamamatsu Photonics, ASTEMCo.Ltd, ArtinisMedical andmany in-
house NIR spectrometers.

2 Methods

Ninety subjects (62 males and 28 females) of a variety of ethnic backgrounds
volunteered to participate in this study, all of whom are students at the Uni-
versity of Essex andwere considered healthy at the time of testing. Subjects were
aged between 18 and 40 years the majority being between 18 and 25 years. The
study was approved by the University of Essex Ethical Committee. All subjects
were required to complete an informed consent form prior to participation and
were able to withdraw at any time without reason.

Subject age was 21.1 � 3.1 years (mean � SD). There was no significant
difference between age for males and females. The height and weight of themale
subjects was 1.79 � 0.06 m and 78.2 � 11.1 kg. This was significantly different
(p < 0.01) from that of the females (1.63 m � 0.06 and 62.0 � 8.0 kg).

Allmeasurements weremade on the dominant leg above the lateral quadriceps
(vastus lateralis) muscle, calculated as one third of the distance between the
greater trochanter and the lateral femoral condoyle. Ultrasound (Aloka SSD-
900, Tokyo, Japan) was used to measure the thickness of the subcutaneous
adipose tissue layer. Skinfold measurements were made following standard
procedures using Harpenden calipers. NIRS measurements of body fat were
performed with a Futrex 6100 (Futrex Inc.). This device uses multi-site measure-
ments in NIR absorbance at 810, 932, 944 and 976 nm to quantify the lipid
absorbance and hence generate a percentage total body fat content. However, for
measurement at a single site this index will be representative of the local NIR
absorbing lipid. Measurements of tissue oxygenation (TOI) were made with a
NIRO200 (Hamamatsu Photonics) at 4 cmoptode separation. Pearson’s product-
moment correlation was used to determine the relationship between the different
adipose tissue measurements and TOI, with significance set to p < 0.05.

3 Results

Table 1 shows the values for the different measurements of adipose content in
the 90 individuals. All measurements of adipose content in the quadriceps
correlated significantly with each other for all subjects and for male subjects.
For female subjects all measurements correlated with the exception of the NIRS
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and ultrasound. All methods showed significantly lower values for males than
females and there was only a limited overlap between the two genders. An
example of this is shown in Table 2, which lists the % body fat as measured by
NIRS in the male and female subjects.

Mean TOI was also significantly lower in males than females. Figure 1 shows
the NIR measurements of body fat plotted against TOI. All measurements of
adipose content showed a significant positive correlation with TOI for (a) all
subjects and (b) male subjects but no such correlation was seen in (c) the female
subjects. However, the small number of subjects with similar body fat values
(Table 2) make direct male:female comparisons difficult. For the largest overlap
group (n¼ 9), the NIRSmeasured body fat was 21.7� 1.2 (male) and 22.7� 1.8
(female); TOI was 60.8 � 6.1 (male) and 65.8 � 7.3 (female). The male:female
TOI comparison for this, admittedly small, group was not significantly different.

4 Discussion

This study shows that methods of measuring tissue oxygen saturation in muscle
are affected by the adipose layer of the individual. In particular spatially
resolved spectroscopy (SRS) show a positive correlation amongst male subjects
between local adipose content and tissue oxygenation. Female subjects, with
higher adipose content and tissue oxygenation, show no such correlation.

It has previously been assumed [4] that variations in muscle oxygenation
changes as a function of adipose content are an optical artifact i.e. if suitable
allowances are made for the differences in the optical path [2] measurements can

Table 1 Comparison of different measurements between subject groups (mean � SD)

Method Total Male Female

Ultrasound adipose thickness (mm) 2.9 � 2.1 2.0 � 1.4 5.0 � 1.8

Skinfold (mm) 14.0 � 7.7 10.7 � 5.2 21.5 � 7.2

% Body fat (NIRS) 18.7 � 6.9 15.2 � 4.8 26.5 � 3.6

Tissue Oxygenation Index (NIRS) 62.9 � 5.9 61.9 � 5.1 65.3 � 7.0

Table 2 NIRS-measured % Body fat for male (n ¼ 62) and female (n ¼ 28) subjects

% Body fat Males Females

5.0–9.9 6 0

10.0–14.9 31 0

15.0–19.9 13 0

20.0–24.9 9 9

25.0–29.9 3 15

30.0–34.9 0 4
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be ‘‘corrected’’. Indeed incorporating two layer models into absolute tissue

oxygen saturation measurements does cause large changes in the measured

value [6, 7]. However, subjects with differing adipose content may have different

physiology and it is unclear what differences, if any, in skin, lipid and muscle

oxygen metabolism exist between subjects with different levels of adipose con-

tent. Changes in adipose content may therefore cause, or correlate, with a

physiological change in muscle tissue oxygen saturation. It is possible that a

decreased adipose content predisposes to a decreased tissue oxygen saturation;

physiology may act instead of, or more likely in tandem with, optics to produce

the observed correlations.
In our study we see significant gender differences in resting TOI. Gender

differences have been seen previously in arterial [8] and muscle [9] oxygen

saturation. Females have smaller muscle mass, lower capillary density, lower

hemoglobin content and lower oxidative potential than males. This leads to a

Fig. 1 Correlation of NIRS measurements of body fat and tissue oxygenation for all subjects
(a), male subjects (b) and female subjects (c)
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lower arteriovenous oxygen content difference, during peak exercise [10]. Simi-
lar physiological differences at rest could explain why TOI was higher in the
female group.

We show here, in agreement with the original work byConway [11] and other
more recent studies [6], that local NIRS measurements of adipose content
correlate with other established techniques. This means that a single optical
device will be able tomeasure simultaneously the extent of the adipose layer and
the oxygen saturation of the muscle beneath. In principle, therefore the same
device can measure muscle oxygen saturation and correct for any optical
artifacts due to surface layers. However, whilst there is clearly much to be
gained from minimizing the optical effects of tissue heterogeneity in muscle
measurements, we caution against assuming that resting tissue oxygen satura-
tion is a constant. It is clear that more needs to be done to clarify these issues; in
the context of this study more male and female subjects need to be studied in the
regions where adipose content overlaps to determine if gender differences
contribute to this variability.
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Muscle Oxygen Saturation Measured Using

‘‘Cyclic NIR Signals’’ During Exercise

Terence S. Leung, Anna Wittekind, Tiziano Binzoni, Ralph Beneke,

Chris E. Cooper, and Clare E. Elwell

Abstract A new approach to measure muscle oxygen saturation (SmO2) using
near infrared spectroscopy (NIRS) has been proposed in this paper. This
approach exploits the cyclic NIRS signals seen during exercise which are
often regarded as ‘‘movement artefacts’’. This new measure, which we term
the ‘‘cyclic SmO2’’, has the potential to be less affected by the myoglobin which
is traditionally believed to be indistinguishable from haemoglobin using NIRS
techniques. The cyclic SmO2 also has fewer assumptions than the conventional
SmO2measured using time, phase and spatially resolved spectroscopymethods.
In a cycling exercise study, NIRS measurements were made over the Vastus
lateralis muscle of 11 subjects. In a light exercise protocol, the group mean of
the conventional SmO2 was 51.7� 4.3% and that of the cyclic SmO2 was 56.0�
3.9%. It was immediately followed by a hard exercise protocol and the group
mean of the conventional SmO2 was reduced to 42.6 � 6.1% and that of the
cyclic SmO2 to 48.5� 5.6%. The reduction agrees with the general expectation.
The cyclic SmO2 is a promising new measure of muscle oxygenation.

1 Introduction

Near infrared spectroscopy (NIRS) has been widely used in measuring muscle
oxygenation [1, 2]. It is well known that NIRS signals are prone to movement
artefacts which are especially prominent during exercise. They are often con-
sidered as noise and filtered out during data analysis. In this paper, we show
that there is evidence to suggest that these movement artefacts or cyclic NIRS
signals, as we prefer to call them, contain physiological information about the
oxygenation of the muscle. Many commercial NIRS monitors today exploit
the diffusion equation to derive muscle oxygen saturation (SmO2), or more
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generally tissue oxygen saturation from optical measurements. In this approach,
the diffusion equation is solved based on a particular geometry, for example a
homogenous semi-infinite half-space geometry, and a particular set of optical
measurements. Examples of this type of monitors include Hamamatsu NIRO-
200 (spatially resolved), ISS OxiplexTS (phase resolved) and Hamamatsu
TRS-10 (time resolved) [2]. Based on the theoretical solution, an algorithm
can be designed to calculate the absorption coefficients, ma from optical
measurements. The ma measured at multiple wavelengths can eventually be
converted into oxygen saturation via Beer Lambert law. However, these
models assume a homogenous medium which is inevitably different from the
reality and affects the accuracy. An obvious example in the muscle application
is that a fat layer often exists between the surface mounted optical probe and
muscle, making the medium an inhomogeneous one. As a result, reflected light
is attenuated not only due to absorption in the muscle but also in the skin and
the fat layer.

This paper introduces a new approach to measure SmO2 during exercise
which is not based on the diffusion equation but exploits the Beer Lambert law.
The technique therefore does not require the assumption of a particular geo-
metry or homogeneity of the medium. Instead, its principle is based on the
assumption that themuscle is squeezed of blood during contraction, and refilled
during relaxation. This newly defined measure is known as cyclic SmO2. Unlike
the conventional SmO2, the cyclic SmO2 is also expected to be less influenced by
myoglobin.

2 Methods

2.1 Experiments

Eleven trained male subjects with (mean � std) age of 32 � 11 years, body
mass of 77 � 9 kg, and height of 177 � 6 cm, participated in the study which
was approved by the University of Essex research ethics committee. The
peak aerobic power (PAP) was first determined using an incremental cycling
protocol. A commercial NIR monitor (NIRO-200, Hamamatsu Photonics
KK), which has a sampling frequency of 6 Hz and three wavelengths, i.e. 780,
813 and 853 nm, was used in the study. The optical source and detector were
attached to the Vastus lateralis muscle of the subject. Subjects were asked
to cycle a mechanically braked cycle ergometer fitted with power cranks at
(i) 60 revolutions perminutes (rpm) at 40%of the PAP for 5min (light exercise),
and immediately afterwards at (ii) 80 rpm at 110% of the PAP for 1 min
(hard exercise). Three NIRS signals were measured with the NIRS monitor,
namely, changes in oxy- and deoxy-haemoglobin concentrations (D[HbO2]
and D[HHb]) and tissue oxygenation index (TOI, used as the conventional
SmO2 here).
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2.2 Data Analysis

The attenuation can be described by

Al ¼ feHHb;l½HHb� þ eHHo2;l½Hbo2� þ eMb;l½Mb� þ eMbo2;l½Mbo2�gl
þmbka;l þ m0s;l

(1)

where Al is the attenuation at wavelength l, eHHb,l, eHbO2;l, eMb,l and eMbO2;l

are the specific extinction coefficients for deoxy- (HHb), oxy-haemoglobin
(HbO2), deoxy- (Mb) and oxy-myoglobin (MbO2), [HHb], [HbO2], [Mb] and
[MbO2] are their concentrations, l is the optical path length, m is the absorption
coefficient accounting for all background absorbers such as water and melanin,
and m is the reduced scattering coefficient. It should be noted that the correction
factors for the wavelength dependence of path length are embedded within the
specific extinction coefficients [3]. In order to reduce the effects of changes in m
which could be significant during exercise, the difference of Al between two
wavelengths is calculated,

Al1�l2 ¼ Al1 � Al2

¼ feHHb;l1�l2½HHb� þ eHbo2;l1�l2½Hbo�
þeMb;l1�l2½Mb� þ eMbo2;l1�l2½Mbo2�glþ mbka;l1�l2 þ m0s;l1:

(2)

In the calf muscle, m decreases steadily by 0.8% per 10 nm between 760 and
900 nm [4]. Therefore, m0s;l1 is expected to be small when l1 and l2 are reasonably
close to each other. This approach has the same rationale as the dual wave-
length photometry previously described in the literature [5]. Figure 1 depicts an
example of the A780- signals obtained from a subject during exercise. It can be
seen that the cyclic signal resembles a sinusoid and the amplitude of the sinusoid
can be considered as the difference between the peak (point X in the figure) and
mean (point Y) values which can also be written as:

DAl1�l2 � feHHb;l1�l2D½HHb� þ eHbo2;l1�l2D½Hbo2� (3)

It is assumed that both the background absorption and the amount of
myoglobin do not change significantly during exercise. Therefore both terms
are expected to be small and can be neglected from equation (3). To estimate the
amplitude of the cyclic signal, the discrete Fourier transform (DFT) has been
used. Both the fundamental and the first harmonic are often present in the
amplitude spectrum. DAl1 is then estimated as the total area (bandwidth =
0.5 Hz) under the two spectral peaks. In this work, both DA780- and DA853- have
been calculated, and then converted into D[HHb] and D[HbO2] by using multi-
linear regression based on equation (3). Both D[HHb] and D[HbO2] here can be
considered as the amplitudes of the cyclic signals. The cyclic SmO2 is defined as:
cyclic SmO2 = D[HbO2]/(D[HbO2] + D[HHb]).
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Two sections of data were analysed for each subject, i.e. 30 s of data during
the light (started from 3 min into the exercise) and hard (started from 25 s into
the exercise) exercises respectively. For each section of data, the mean conven-
tional SmO2 and one cyclic SmO2 were calculated. To derive the cyclic SmO2,
the size of the DFT was 60 samples (=10 s) and a Hanning window of the same
size was used with 50% (5 s) overlap. For 30 s of data, four amplitude spectra
were obtained which were averaged to one smoothed spectrum from which the
cyclic SmO2 was calculated as described earlier.

A larger size for the DFT and the averaging of spectra would both ensure a
more robust cyclic SmO2 over time, but would also lead to a poorer time
resolution. In using the parameters described above, only one value of cyclic
SmO2 can be calculated for 30 s worth of data. To illustrate how the cyclic SmO2

compared with conventional SmO2 in a finer time resolution, a different set of
parameters were used to calculate the cyclic SmO2 in one subject, i.e. the size of
DFT = 12 samples (2 s) with 50% (1 s) overlap and no spectra averaging.
Figure 2 shows both TOI and cyclic SmO2 in transition from light to hard
exercise.
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Fig. 1 An example of the cyclic optical signals A780–813 in one subject during (a) light exercise,
and (b) hard exercise. The scattering is greatly reduced in the A780–813 signal and the signal’s
absolute amplitude contains mainly two parts, namely the constant (DC) and the varying
(AC) parts. Absorption due to background absorbers and myoglobin are expected to be the
same during exercise and are therefore regarded as the DC part. The AC part (the cyclic
signal) predominantly accounts for the absorption changes caused by a portion of blood
shifting in and out of the muscle during exercise. The amplitude of the AC part, i.e. DA780–813,
is relatively free from the effects of scattering and other constant absorbers (the DC part)

186 T.S. Leung et al.



3 Results

Figure 3 depicts the conventional and cyclic SmO2 during light and hard

exercise in 11 subjects. In all subjects, both the conventional and cyclic SmO2

are higher during light exercise than during hard exercise. This is indeed

expected from a physiological point of view because in muscle undergoing a

more intense exercise regime the oxygen consumption increase is greater than

any compensatory change in muscle blood flow. As less oxygen remains in the
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Fig. 2 Conventional (TOI)
and cyclic SmO2 in
transition from light to hard
exercise in one subject. DFT
size = 12 samples: mean
cyclic SmO2 for the light
exercise (time 0 – 30 s) =
60.2% and that for the hard
exercise (time 80 – 110 s) =
43.0%. For comparison,
DFT size = 30 samples:
cyclic SmO2 for the light
exercise = 59.3% and that
for the hard exercise =
42.3%
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muscle, a lower SmO2 is expected. Table 1 shows the group mean and standard

deviation of the conventional and cyclic SmO2 during light and hard exercise.

The cyclic SmO2 has higher means and smaller standard deviations in both light

and hard exercise.

4 Discussion

The measurement of cyclic SmO2 requires the generation of cyclic NIRS signals

from the exercising muscle. Previous research showed that muscle blood flow in

both the artery and vein is decreased during muscle contraction, and increased

during muscle relaxation due to changes in intramuscular pressure, a mechan-

ism known as the ‘‘skeletal muscle pump’’ [6, 7]. The main assumption in our

technique is that the cyclic NIRS signal DAl1-l2 is predominantly caused by

absorption changes due to a portion of blood shifting in and out of the muscle

during exercise. This portion of shifting blood can be considered as the net

change of blood volume caused by contraction and relaxation during muscle

exercise. It is expected that the venous blood accounts for a larger proportion of

the shifting blood because the venous compartment has a lower pressure there-

fore allowing a larger blood volume change. As a result, the cyclic SmO2 should

be more biased towards venous oxygen saturation. We also assume that the

thickness of the fat layer does not change significantly during exercise and that

the blood vessels inside the fat are not ‘‘squeezed’’ or redistributed. Exercising

muscle would undergo both anatomical and blood flow changes, both of which

cause scattering changes. To reduce the effect of scattering changes during

exercise, the dual wavelength photometry algorithm was introduced in this

work. Myoglobin and haemoglobin have very similar absorption spectra and

they are often considered indistinguishable using NIRS [1, 2]. The cyclic SmO2

is able to minimize the effect of myoglobin because the amount of myoglobin in

the probed muscle is expected to remain constant during the exercise and the

algorithm of the cyclic SmO2 is capable of subtracting off the effect of any

constant absorbers. However, the accuracy of the cyclic SmO2 is still to be

affected by the wavelength dependency of path lengths which is a factor

applicable to all NIRS problems in general [4].

Acknowledgments The authors would like to thank Hamamatsu Photonics KK. and the
EPSRC (EP/F006551/1) for their financial support of this work.

Table 1 Group mean and standard deviation of the conventional (TOI) and cyclic SmO2

during light and hard exercise in 11 subjects

Light exercise Hard exercise

Conventional SmO2/TOI (%) 51.7 � 4.3 42.6 � 6.1

Cyclic SmO2 (%) 56.0 � 3.9 48.5 � 5.6
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Determination of Oxygen Dosage Effects on

Cytochrome Oxidase after Anoxia in Brain

Fred Kriedt, Christopher Kriedt, Chase Patterson, and Keith Van Meter

Abstract Recent evidence reports that high doses of O2 administered via
hyperbaric oxygen therapy (HBOT) improve the return of spontaneous circula-
tion (ROSC), and the outcome of damage to the heart following a 25 min
normothermic cardiac arrest. However, excessive O2 during HBOT can be
toxic. Near infrared absorbance spectroscopy (NIRS) measures and determines
when cytochrome oxidase (aa3), the O2 end user, changes from reduced to
oxidized, signifying adequate dosage. Present NIRS monitoring methods do
not account for change in scattering expected in severe anoxia. Given this
limitation, we simultaneously measured changes in intensity and scattering
that occurred over time after 830 nm light traveled 4.25 cm through brain tissue
during both normoxia and anoxia. Results indicated increased intensity and
scattering during anoxia with correlation between the two, demonstrating that
scattering does not remain constant and is associated with intensity. With this
additional insight in concurrent scattering and intensity change during anoxia,
we believe improvements can be made to our aa3 measuring technique resulting
in a method to ascertain adequate O2 dosage during HBOT.

1 Introduction

A recent publication reported that use of HBOT during resuscitation results in
ROSC after 25 min of normothermic arrest [1]. These results are possible
because HBOT raises atmospheric pressure, increasing O2 solubility in plasma
and providing a higher O2 content at the mitochondrial site of O2 utilization.
Because such high O2 dosages are necessary after cardiac arrest and excessive
oxygen is toxic, beneficial, but not excessive dosages are necessary for clinical
therapy. Currently, no method exists to measure nontoxic, beneficial O2

dosage.
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Jobsis first discovered a NIRS technique to measure adequate O2 dosage [2].
He used relative transparency of tissue and Beer’s equation to interrogate brain
tissue metabolism non-invasively. NIRS monitors three chromophores: oxyge-
nated hemoglobin (HbO2), deoxygenated hemoglobin (Hb), and aa3. Neither
Hb nor HbO2 are helpful to determine nontoxic dosages of O2. Monitoring the
redox of aa3 appears to be a useful indicator of brain tissue O2 dosage. Lack of
O2 causes aa3 reduction (i.e. buildup of electrons); however, when adequate O2

has removed the excessive electron population, aa3 becomes oxidized. A reliable
aa3 signal marking a change from reduced to oxidized would determine ade-
quate O2 dosage during HBOT resuscitation.

In 1988, Jobsis advised that the NIRS technology was ready for measuring
equipment to be produced [3]. This publication reported that the halfwidth of the
aa3 spectrum measured in mitochondrial and bloodless in situ rat heads (i.e.
scattering media) was 75% of the measured halfwidth in purified aa3 (i.e. non
scattering media). Although halfwidth reduction was observed Jobsis did not
elaborate on this phenomenon. He and others produced algorithms for aa3 signal
extraction based on Beer’s equation, but assumed scattering to be constant. Our
laboratory became interested in using NIRS for HBOT, but found in vivo aa3
measurements problematic and controversial. Problems included the following: a
weak aa3 signal, the use of Beer’s equation in a scattering media, and Hb signal
contamination [4]. In 2002, we proposed a method for aa3 signal extraction using
a Fortier filtering technique (FFT), which did not require Beer’s equation [5]. We
observed that the spectral peak half width was reduced as anoxia progressed. If
the aa3 spectrum was also changing, it would cause errors in the FFT.

Kawauchi reported simultaneous measurements in scattering and intensity
during anoxia, which was correlated to reduction of aa3 in vivo [6] and later
attributed the change in scatter to mitochondrial shrinkage and dendrite swel-
ling [7]. These publications led our team to hypothesize that FFTmay have been
confounded by a changing aa3 spectrum due to scatter. To examine these
effects, we used a scatter model in swine, which was compared to a phantom
experiment. Concurrent observation of change in intensity and scatter at
830 nm could lead to the elucidation of how it might affect our FFT extraction
and allow adequate O2 dosage measurements.

2 Materials and Methods

Six pigs (30 � 2 kg) were anesthetized continuously throughout the experiment
with Telazol/Xylazine in accordance with our Institutional Animal Care and
Use Committee approved protocol. The animals were intubated and provided
with 100%O2. The scalp was removed and a template attached to the skull with
3 bone screws to maintain a precise distance between optodes for each animal.
The template’s 12 mm diameter input optode was positioned on the midline of
the skull 20 mm rostral to the bregma, providing a guide to precisely locate a
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5 mm hole, which was drilled through the skull, 40 mm rostral to bregma and
9 mm left of midline. The dura was punctured and a collection optode placed
20 mm below dural tissue.

After assessing for a normal and stable condition, 100 control spectra were
taken while the animal was breathing 100% O2. Breathing gas was changed to
100% N2 immediately after control spectra were completed. Recording con-
tinued with 200 experimental spectra while the animal’s condition progressed
from normoxia to anoxia, and finally death. Spectra identification numbers
were noted when mean arterial pressure (Z) fell below 50 mmHg (see Figs. 1a
and 2) and when cardiac arrest occurred (i.e. beginning of phase III). After
death, a 65 mm diameter portion of the skull was trephinized (centered at the
template) for use in the phantom experiments.

A phantom experiment measured identical conditions in various concentra-
tions of whole milk and water. Light was directed to traverse the same distance
through the scattering media as in vivo. A series of 20 spectra were taken at each
concentration and repeated six times to insure repeatability. The effect of
absorbance was measured by adding India ink to 100% whole milk, (i.e. 4
increments of 1–4 mL) (n = 6) while the mixture was magnetically stirred.

A stabilized 250 W Quartz Tungsten Halogen lamp with an additional
intensity stabilizer provided stable light within 1%. The light was then directed
through an 830 nm filter (20 nm halfwidth), resulting in a steady state spectral
pulse (SSSP or S3P) centered at 830 nm with a measured power of 50 mW. The
S3P was directed into the skull, dura and brain and collected with a custom fiber
optics probe and processed with a liquid N2 CCD spectrophotometer (integra-
tion time 29 s with 1 s interval) and stored on a personal computer.

Spectra were extracted from the data at the beginning of each 5 min interval
and processed using Grams32 AI software. For intensity measurements the
peak of the spectra was considered the intensity value. Normalized forward
scattering (NFS) measurements were determined. Each spectrum was normal-
ized to evaluate area change by multiplying by 60,000/intensity measurement
(see above) to raise the peak to a fixed value of 60,000 data units while main-
taining identical geometrical proportions. Integration provided area under the
spectra which represented any broadening or narrowing effects by scattering on
the original S3P entering the brain. The intensity and measured area (i.e. NFS)
of all control measurements were averaged, representing the 100% normalized
value. All other measurements were divided by this value to give their relative
normalized values.

3 Results and Discussion

Our swine model data accompanied with phantom NFS and intensity data
show at 830 nm, scattering does not remain constant and correlates with
normalized intensity during the normoxia to anoxia transition. The concurrent
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changes in NFS and normalized intensity as S3P traveled 4.25 � 0.09 cm

through the brain (from dura to collection optode) are shown in Figs. 1a

and 2. Figure 1b shows the results of phantom NFS measurements and the

effect of increasing concentration of scatter media. Notice a 0.1 change in NFS

when transitioning from clear water to milk, but a 0.25 NFS change in vivo

Fig. 1 (a) Change in NFS (1/change area under a normalized S3P) (n = 6) in vivo is plotted
against time while a steady state (1%) spectral pulse (830 nm filtered light� 20 nm halfwidth)
has traversed 4.25 � .09 cm through brain tissue. The time course on the x-axis (in 5 min
increments) is divided into three phases: Phase I – Normoxia (control period while breathing
100% O2). Note: O2 was substituted for air to compensate for probe insertion brain trauma;
Phase II – Anoxia (experimental period while breathing 100% N2 (condition moved from
normoxia to anoxia and finally cardiac arrest)); and Phase III – Post Cardiac Arrest (breath-
ing 100%N2). The data were normalized by determining the average scattering values during
the 50 min control period and dividing all measured scattering values by this calculated
average. Repeated measures ANOVA indicated that normoxia measurements were signifi-
cantly different from anoxia (p< 0.001). Label (Z) is the time point in phase II whenMAP fell
below 50 mmHg. (b) Phantom data for NFS (n = 6) demonstrate that increased NFS
(1/change area under a normalized S3P) occurs when the concentration of scattering media
is increased from water to 100% whole milk
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when shifting from normoxia to anoxia (Fig. 1a), implying a large change in
scatter. Phantom absorbance studies indicated no effect on NFS as intensity
dropped from 100 to 10% by stepwise increasing absorption media. Our
method to measure NFS is novel but uses a narrowing effect on peak halfwidth
reported by Jobsis [4], which we believe is caused by increasing scatter. To
ensure that results were not caused by artifact due to our novel method of
measuring NFS, we preformed a correlation analysis comparing normoxia and
anoxia (Fig. 3)

In Fig. 1a, forward scattering over Phase I is constant but oscillates about the
mean value. In Fig. 2, intensity over Phase I decreases approximately 0.125.
This decrease is likely due to tissue recovery (i.e. aa3 oxidation) in the neighbor-
hood of the collection optode trauma. In Fig. 1a at the beginning of phase II,
scatter reverses from increasing to decreasing, but at 55 min again reverses to a

Fig. 2 Change in intensity (n = 6) is plotted against time while a steady state (1%) spectral
pulse (830 nm filtered light � 20 nm halfwidth) has traversed 4.25 � .09 cm through brain
tissue in vivo. See Fig. 1a for time scale details and normalization process. Repeated measure
ANOVA indicated that normoxia measurements were significantly different from anoxia (p<
0.001). Label (Z) is the time point in phase II when MAP fell below 50 mmHg
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rapid increasing rate, and at 65 min continues to rise at a slower rate. In Fig. 2,

during Phase II, intensity rapidly decreases; we believe this is due to increased

blood volume during initial hypoxia, but at 55 min reverses to a rapidly

increasing value due to the reduction of aa3. In both scatter and intensity the

bidirectional change is centered at the time point when MAP (Z) falls below
50 mmHg. In Figs. 1b and 2 during Phase III, scatter continues to increase, but

less rapidly, and intensity continues to increase until 120 min, then remains

constant.
Kawauchi [7] reported tridirectional changes in scattering in rats during

anoxia. Many investigators have reported bi and tridirectional changes in

intensity using tissue slices during hypoxic episodes. We agree with their assess-

ment that change in scattering is probably due to mitochondrial shrinkage and

cellular swelling [8].

Fig. 3 Correlation of normalized intensity and measured change of normalized forward
scatter (NFS) in (a) anoxic animals (breathing N2) was significant (r

2 = 0.92, p < 0.0001).
Both NFS and intensity increased. However, (b) normoxic animals (breathing O2) showed no
correlation
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There is no question that HBOT resuscitation requires a method to ascertain
adequate but not excessive dosage, and monitoring aa3 by NIRS has potential.
With the evidence that change in scatter is affecting the aa3 spectrum, we believe
we can improve our FFT signal extraction method, allowing a precise determi-
nation of aa3 conversion from reduced to oxidized signaling adequate O2

dosage.
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A Mathematical Model for Analyses of Muscle

Oxygenation Measurements Using NIR

Spectroscopy

Khai Jun Kek, Nobuki Kudo, and Katsuyuki Yamamoto

Abstract Near-infrared spectroscopy (NIRS) enables noninvasive measure-
ment of muscle oxygenation. However, since NIRS does not enable direct
measurement of muscle metabolism, it is necessary to analyze the dynamic
changes in metabolism during exercise using other methods in order to under-
stand the relationship between NIRS measurements and muscle metabolism. A
model of muscle metabolism that is composed of aerobic and anaerobic meta-
bolic systems and O2 transport to tissue system was developed. Using the
model, the temporal profiles of muscle oxygenation during exercise with differ-
ent intensities (20, 40 and 70% maximum voluntary contraction), measured
using NIRS in a single subject, were sufficiently reproduced. In addition,
analyses of simulation results of (i) aerobic and anaerobic metabolic systems
and (ii) O2 consumption were performed, and the intensity-dependent differ-
ences in the temporal responses during exercise and recovery periods were
estimated. The initial results show the usefulness of the model for simulating
the kinetics of NIRSmeasurement data and for systematic interpretation of the
relationship between NIRS data and muscle metabolism.

1 Introduction

Near-infrared spectroscopy (NIRS) is a useful technique for noninvasive mea-
surement of muscle oxygenation. However, analyses of changes in muscle
metabolism based only on experimental observations using NIRS are difficult.
In recent years, various models have been constructed for the detailed study of
metabolic pathways [1–3]. Results of those studies have shown that the models
can be used to investigate dynamic changes in physiological events for which
measurements using conventional instruments are difficult. However,
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macroscopic interpretation of the principal system that contributes to the
changes in metabolic pathways is difficult because these models are complex.
Previously, we developed a simple model to investigate the relationship between
NIRS measurements and muscle metabolism [4]. Using this model, analyses of
simulated temporal profiles of (i) aerobic and anaerobic metabolic systems and
(ii) O2 consumption during continuous and intermittent exercises were per-
formed, and differences in response to the variation in exercise protocol were
observed. In this study, we used our model to analyze the changes in muscle
metabolism in response to variation in exercise intensity.

2 Materials and Methods

A five-component model (consisting of phosphocreatine breakdown, glycoly-
sis, oxidative phosphorylation, and venous and tissue components) of muscle
metabolism [4, 5] was constructed. For modeling purposes, only first- and
second-order kinetics equations are used and the kinetics of enzymes is ignored.
The following equation was derived:

dATPðtÞ=dt ¼ _qATP; PCr þ _qATP; Gl þ _qATP; aerobic � _qtotal; (1)

where _qtotal represents the total ATP consumption rate. The ATP production
rate consists of three components: _qATP; PCr, _qATP; Gl and _qATP; aerobic, where the
subscripts ‘‘PCr’’, ‘‘Gl’’ and ‘‘aerobic’’ mean phosphocreatine breakdown, gly-
colysis, and aerobic oxidative phosphorylation, respectively. The diffusion of
O2 from capillaries (blood) into muscle cells (tissue) is represented by:

dCv=dt ¼ _Q � Ca � Cvð Þ � G � PvðtÞ � PtðtÞð Þ; (2)

dCt=dt ¼ G � PvðtÞ � PtðtÞð Þ � k _qATP; aerobic; (3)

where Cv and Ct represent O2 concentration in venous and tissue components,
respectively; Ca is a constant that represents O2 concentration in the arterial
blood; _Q is blood flow rate; G is a constant that determines the rate of O2

diffusion between the venous and tissue components; k is a unit conversion
coefficient between the ATP production rate and oxygen consumption rate in
the aerobic metabolic system; andPv(t) andPt(t) represent the partial pressure
of O2 in venous and tissue components, respectively. The dissociation curves
of hemoglobin (Hb) and myoglobin (Mb) were used for conversion between
Hb and Mb concentrations and Pv(t) and Pt(t). The equations were numeri-
cally solved with Mathematica1 4.0. Inputs to the model, which were initial
constants and exercise-dependent _Q, _qtotal and total Hb concentration, were
determined from reported values in the literature [4, 5] and our in vivo
measurements [6].
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The accuracy of the model was validated by comparing the results of simula-

tion to those obtained by in vivo measurement in a single subject using NIRS

[6]. A healthy male subject (age: 24 years, height: 168 cm, weight: 60 kg)

participated in the measurement. Informed consent was obtained from the

subject prior to measurement. The subject performed 30-s continuous isometric

knee extension exercises at 20, 40 and 70% maximum voluntary contraction

(MVC). Measurements were carried out using an instrument based on spatially

resolved spectroscopy (NIRSRS) [6]. A probe was placed on the skin surface over

the belly of the rectus femoris of the right leg for measurement of oxy- and

deoxygenated Hb and Mb concentrations ([oxy-(Hb + Mb)] and [deoxy-(Hb +

Mb)]). The concentration of Hb also includes that of Mb because the absorption

spectra of these two chromophores are similar.

3 Results

As shown in Fig. 1a, the blood flow rate _Q, a model input, was varied to

simulate the exercise intensity-dependent changes (‘‘low’’ intensity exercise ”
20%MVC; ‘‘medium’’ ”40%MVC and ‘‘high’’ ” 70%MVC). _Qwas equivalent

to: (i) the rest value during ‘‘low’’ and (ii) 50 and 0% of the rest value during

‘‘medium’’ and ‘‘high’’, respectively. After the end of exercise, _Qwas increased to

a value four-time greater than the rest value and then decreased exponentially to

the baseline value. As shown in Fig. 1b, the ATP consumption rate during

exercise ATPexerc, another model input, was increased step-wise to values four-,
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Fig. 1 Model inputs that vary with exercise. (a) _Q (blood flow rate) and (b) ATP consumption
rate during rest, 30-s exercise at different intensities (low, medium and high) and recovery. (a)
The values of _Qwere normalized using the value at rest (0 s). (b) ATPexerc = w �ATPrest, where
w is an arbitrary coefficient that is equivalent to the exercise intensity that was used during in
vivo measurements. The exercise started at 20 s. Thin lines: ‘‘low’’ intensity exercise ” 20%
maximum voluntary contraction (MVC); broken lines: ‘‘medium’’ ” 40% MVC; thick lines:
‘‘high’’ ” 70% MVC
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eight- and 14-times greater than the rest value for ‘‘low’’, ‘‘medium’’ and ‘‘high’’,

respectively. Some examples of model outputs are shown in Figs. 2 and 3.
As shown in Fig. 2a, the energy needed during ‘‘high’’ was supplied mostly by

_qATP; anaerobic ¼ _qATP; PCr þ _qATP; Gl

� �
; and that during ‘‘medium’’ and ‘‘low’’ was

supplied by both _qATP; aerobic and _qATP; anaerobic operating synergistically. As

shown in Fig. 2b, O2 consumption _Vo2 reached peak values 10–30 s after the

start of exercise, depending on the intensity of exercise. _Vo2 of ‘‘high’’ reached a

plateau of zero at about 25 s after the start of exercise, indicating that the energy

needed at this stage of exercise was mainly supplied by _qATP; anaerobic: During

recovery, the _Vo2 values of ‘‘high’’ were larger than those of ‘‘medium’’ and

‘‘low’’ due to significant O2 debt.
Separate traces of Hb andMb are shown in Fig. 3a,b, respectively. The ratio

of [total-(Hb)] ([oxy-(Hb)] + [deoxy-(Hb)]) to [total-(Mb)] ([oxy-(Mb)] +

[deoxy-(Mb)]) is assumed to be 4–1. The simulated temporal changes in [oxy-

(Hb + Mb)] and [deoxy-(Hb + Mb)] are shown in Fig. 3c,d, respectively.

Typical temporal changes in [oxy-(Hb + Mb)] and [deoxy-(Hb + Mb)] in the

rectus femoris are shown in Fig. 4a,b, respectively. The values of [oxy-(Hb +

Mb)] decreased to values ranging from 0.7 to 0.2-times smaller than the rest

value, whereas the values of [deoxy-(Hb + Mb)] increased to values 1.4–1.8-

times greater than the rest value, depending on the intensity of exercise. As

shown in Fig. 3c,d, the characteristic changes in [oxy-(Hb + Mb)] and [deoxy-

(Hb + Mb)] in response to variation in exercise intensity were sufficiently

reproduced by simulation.
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Thin lines: ‘‘low’’ intensity exercise ”20% maximum voluntary contraction (MVC); broken
lines: ‘‘medium’’ ” 40% MVC; thick lines: ‘‘high’’ ” 70% MVC
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4 Discussion and Conclusions

The distinct feature of ourmodel is that aminimum number of equations offer a

good macroscopic view of the metabolic changes in muscle. As shown in

Figs. 2–4, the results show the causal relationship between muscle metabolism
_qATP; aerobic; _qATP; anaerobic and _Vo2
� �

and NIRS measurements. In spite of the

highly simplified properties of the equations and the small number of mechan-

isms modeled, the simulated profiles of [oxy-(Hb + Mb)] and [deoxy-(Hb +

Mb)] (Fig. 3) agreed well with those obtained in vivo using NIRSRS (Fig. 4).
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Fig. 3 Example of model outputs: temporal changes in molar concentrations of (a) oxy- and
deoxygenated hemoglobin ([oxy-(Hb)] and [deoxy-(Hb)]) and (b) oxy- and deoxygenated
myoglobin ([oxy-(Mb)] and [deoxy-(Mb)]) during rest, 30-s exercise and recovery. Black
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A Mathematical Model for Analyses of Muscle Oxygenation Measurements 203



The results suggest that the model is a useful tool for simulation of the
kinetics of NIRSmeasurements for systematic interpretation of the relationship
between NIRS measurement data and muscle metabolism.
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Mapping of Optical Pathlength of Human Adult

Head at Multi-Wavelengths in Near Infrared

Spectroscopy

Akihisa Katagiri, Ippeita Dan, Daisuke Tuzuki, Masako Okamoto,
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Youichi Katayama, Yui Yamaguchi, and Kaoru Sakatani

Abstract Measurement of multichannel continuous-wave near-infrared spec-
troscopy (CW-NIRS) is dependent on the modified Beer-Lambert law, which
includes optical pathlength (PL) as an essential parameter. PLs are known to
differ across different head regions and different individuals, but the distribu-
tion of PLs for the whole head has not been evaluated so far. Thus, using time-
resolved near-infrared spectroscopy (TR-NIRS), we measured the optical char-
acteristics including PL, scattering coefficients (m0s), and absorption coefficients
(ma) at three wavelengths (760, 800, 830 nm). Then, we constructed maps of
these parameters on the subjects’ head surface. While the PLs in nearby chan-
nels are similar, they differ depending on the regions of the head. The PLs in the
region above the Sylvian fissure tended to be shorter than those in the other
regions at all of the wavelengths. The difference in the distribution of PLs may
be attributed to differences in tissue absorption and scattering properties. The
current study suggests the importance of considering PL differences in inter-
preting functional data obtained by CW-NIRS.

1 Introduction

Multichannel continuous-wave near-infrared spectroscopy (CW-NIRS), also
known as functional NIRS (fNIRS), or Optical topography (OT), is an emer-
ging neuroimaging technique that allows the noninvasive monitoring of hemo-
dynamic changes associated with human brain activity [1]. CW-NIRS has
several advantages with respect to other neuroimaging methods: it is more
tolerant of physical movements, allows more freedom in choice of experimental
settings and is less expensive. Thus, CW-NIRS has been applied in various
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diagnostic settings, including pre-surgery language dominance determination
[2], preoperative planning of tumor removal [3], determining epileptic foci [4],
monitoring rehabilitation [5], psychiatric diagnosis [6], pediatric diagnosis [7]
and postoperative cerebral oxygenation monitoring [8].

Despite these merits, CW-NIRS measurement still has a technical drawback
in that it measures absorbance without reference to optical pathlength
(PL). Lack of this variable makes it impossible to calculate absolute, rather
than relative changes of hemoglobin concentration when using the modified
Beer Lambert law [9]. A recent study examining PL in foreheads, somatosen-
sory motor and occipital regions revealed that PL varied among the regions of
head and subjects [10], suggesting that the analysis can not be extended to
the comparison between data from different channels. Also, data integration
between different channels, which is necessary for topographic map recon-
struction, is difficult to validate. This limits the potential of CW-NIRS
measurement.

Thus, as a step toward solving the optical PL issue in CW-NIRS, we created a
whole-head optical PL map by measuring PL at various regions of an adult head
using time-resolved near-infrared spectroscopy (TR-NIRS). Using this, we
assess the regional difference of the optical PL across different cortical
regions, and discuss the feasibility of data integration among different
channels.

2 Method

2.1 TR-NIRS System

We used a TR-NIRS system (TRS-10, Hamamatsu Photonics K.K., Japan) [11]
to measure optical PL at three different wavelengths (760, 800, 830 nm) in
normal adult subjects (n¼ 8). Detailed description of the apparatus andmechan-
ism of the measurement is as previously described [12]. Briefly, the light source of
the system emits a 5 MHz of light pulses at the three wavelengths from semi-
conductor lasers (Picosecond Light Pulser, Hamamatsu Photonics K.K., Japan).
The light is guided through an illuminating optical fiber and emitted onto the
scalp, traveling through the head and brain tissue. Some fraction of the light
reaches a detecting optical fiber placed on the scalp 3 cm away from the
illuminating optical fiber, and is guided into a photomultiplier tube (PMT,
H6279-MOD, Hamamatsu Photonics K.K., Japan) to generate an electric sig-
nal. This signal is processed by constant fraction discriminators, time-to-ampli-
tude converters, A/D converters and histogram memories. The mean PL was
calculated from the observed temporal profiles of the light intensity [13]. Also, by
fitting the observed temporal profiles to the photon diffusion equation [14], using
a non-linear least square fitting method, we calculated the reduced scattering
(m0s) and absorption coefficients (ma) at the three wavelengths.
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2.2 Data Analysis

The midpoint between illuminating and detecting optical fibers defined a

channel, the point where the optical properties of the underlying tissue was

monitored. In a pilot study, we confirmed that the directional anisotropy of

the channel placement was negligible. We selected approximately 80 evenly

distributed scalp positions and marked them on a flexible mesh cap according

to the 10–20 system of EEG placement [15]. We sequentially placed the

channels at the scalp positions and performed TRS measurements. After

each TRS measurement, the location of the fiber placement was measured

by a 3D-magnetic digitizer (FASTRAK, Polhemus, Colchester, VT), and

these locations were translated to segmented magnetic resonance images of

each subject. In this way, we constructed a PL distribution map on the scalp.

For all surface positions on the scalps of the subjects, the optical PLs were

interpolated at a 1 � 1 � 1 mm resolution, from the measuring points using a

nearest neighbor method. For creating the PL distribution map on the cortical

surface, each head surface position was projected onto the cortical surface as

previously described [16].

3 Results

The spatial distribution of the optical PLs, ma and m0s for a subject is shown

in Fig. 1. We used the optical properties measured at the international

10–20 positions (20 positions; summarized in Table 1) to perform statistical

analysis. To assess laterality effects, zenith positions (Fz, Cz and Pz) were

excluded. The remaining positions were divided into eight pairs of laterally

symmetrical positions. A 2 � 3 � 8 (laterality � pathlengths � positions)

ANOVA was performed on the values for PL, ma and m0s. For PL, there

was no significant main effect (P < 0.05) of laterality (F(1,7) = 0.4) whereas

significant main effects for pathlength (F(2,14) = 121.2) and position (F(7,49)

= 20.6) were observed.. A significant interaction between pathlength and

position (F(14,98) = 6.2) was also detected. An ad-hoc multiple comparison

revealed the following relation: PL760 = PL800 > PL830 (P < 0.05, Bonfer-

roni-corrected). Generally, differences in optical PLs among neighboring

channels were rather small, but some global tendencies were observed. The

PLs were the shortest in the peri-Sylvian regions located at the border

between frontal and temporal regions. The regions above the temporal

lobe also exhibited relatively short PLs. The longest PL was observed in

the medial frontal and occipital regions. Frontal and parietal regions

exhibited moderate PLs. These overall tendencies were observed at all of

the wavelengths.
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While ANOVA revealed no significant main effect of laterality for ma
(F(1,7) = 0.3), there were significant main effects for pathlength (F(2,14) = 35.8)

and position (F(7,49) = 9.5). Significant interaction between pathlength and

position (F(14,98)=10.3)was alsodetected.Use of anad-hocmultiple comparison

revealed the following relation: ma830= ma760> ma800 onmost positions except for

F4, O2, P3, P7, and P8 exhibiting ma830 > ma760 > ma800 relation (P < 0.05,

Bonferroni-corrected). Generally, ma was larger in the region above the central

sulcus.
For m0s, ANOVA revealed no significant main effect of laterality (F(1,7)= 0.3),

whereas significant main effects for pathlength (F(2,14) = 29.1) and position

(F(7,49) = 6.3) were detected. Significant interaction between pathlength and

position (F(14,98) = 2.2) was also detected, with ad-hoc multiple comparison

revealing the relation: m0s760 = m0s800 > m0s830 at most positions except

for Fp1, F7, and P7 exhibiting only m0s760 > m0s800 relation, and F8 exhibiting

m0s760 > m0s830 relation (P < 0.05, Bonferroni-corrected). Generally, m0s was

larger in the regions above the inter-hemispheral fissure.

Fig. 1 a: Distribution of optical pathlength (PL) in a unit of cm on a scalp at 760, 800, and
830 nm. b: Distribution of scattering coefficients (ma) in a unit of cm�1 on a scalp at 760, 800,
and 830 nm. c: Distribution of absorption coefficients (m0s) in a unit of cm�1 on a scalp at 760,
800, and 830 nm
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4 Discussion

The current study extends the former study by Zhao et al. assessing optical PL
distribution in the forehead, Somatosensory motor and occipital regions [10].
We broadened the region of interest to the whole head and demonstrated that
optical PL varies among scalp locations, with those above the peri-Sylvian
regions being the shortest and those in medial frontal and occipital regions
being the longest. The inhomogenous nature of the optical PLs may be attrib-
uted to inhomogenous distribution of absorbent and tissue structures. The
former is well represented by the distribution of ma. The observation that ma
was smallest at 800 nm, which is the equiabsorbance point for oxygenated and
deoxygenated Hbs, suggests that Hb concentration is a dominant factor in
determining ma. Large ma in the region around the central sulcus likely signify
a higher Hb concentration in this region, probably due to the bridging veins
around the superior sagittal sinus and the Sylvian veins. In addition, the effects
of the temporal muscle would play a part. On the other hand, m0s is expected to
reflect differences in tissue properties; however, the medially-oriented larger
distribution of m0s suggests a contribution of skull thickness. Since the current
analysis did not involve elaborate segmentation of the tissues, we cannot specify
which component was the most influential, and further study will be necessary
to clarify the detailed aspects of tissue contribution. In addition, there was no
laterality in the optical parameters tested. This finding may provide experimen-
tal support for the interhemispheric comparison of cortical activation on sym-
metrical regions often practiced in various CW-NIRS studies (e.g., language
dominance assessment [2]).

In this study, we have presented the PL distribution on the subject’s own
MRI and left inter-subject integration as a future topic of study. Our intention
here was to simply perform spatial normalization of the data to the standard
stereotaxic brain space using transformation based on gross matching of cor-
tical structures. However, we noted the substantial effects of non-cortical
structure on PL distribution, probably due to temporal muscles and Sylvian
veins. In this case, spatial normalization of the data solely based on cortical
structure may be misleading, and scalp-based normalization would be more
appropriate. Since there is no such method established for this, we are currently
developing one.

5 Conclusion

We constructed a whole-head map for optical PL distribution. While the PLs in
local vicinities are similar, they differ according to locations on the head. The
difference in the distribution of PLs may be further attributed to differences in
tissue absorption and scattering properties. The current study suggests the
importance of considering PL differences in interpreting functional data
obtained by CW-NIRS.
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Changes of Evoked Cerebral Blood Oxygenation

and Optical Pathlength in the Frontal Lobe During

Language Tasks: A Study by Multi-Channel,

Time-Resolved Near-Infrared Spectroscopy and

Functional MRI

Yoshihiro Murata, Kaoru Sakatani, Tatsuya Hoshino, Norio Fujiwara,

Yoichi Katayama, Daisuke Yamashita, Takeshi Yamanaka, Motoki Oda,

and Yutaka Yamashita

Abstract To determine the alterations in optical characteristics and cerebral

blood oxygenation (CBO) in the frontal lobe during language tasks, we

evaluated the changes in mean optical pathlength (MOP) and CBO induced

by a verbal fluency task (VFT) in the right and left frontal lobes in normal

adults (n=9, mean age=29.6� 4.8 years). We employed a newly developed

8-channel time-resolved near-infrared spectroscopy (TRS) instrument. The

results demonstrated differences in MOP in the fronto-temporal areas with

subject and wavelength; however, there was no significant difference between

the right and left sides (p> 0.05). Also, the VFT did not affect the MOP

significantly as compared to that before the tasks (p> 0.05). In all of the

recording regions, the VFT caused increases in concentration of oxyhemo-

globin and total hemoglobin associated with a decrease in deoxyhemoglobin

concentration, indicating that these cortical areas were activated by the VFT.

However, the mean concentration changes of oxyhemoglobin and total

hemoglobin on the left side were larger than those on the right side. In

addition, functional MRI demonstrated that the inferior frontal gyrus on

the left side was activated in the subjects who exhibited increases in oxyhe-

moglobin concentration in these areas. These results suggest that TRS may be

useful to study language function and to assess hemispheric dominance for

language.
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1 Introduction

Near-infrared spectroscopy (NIRS) is a non-invasive method for investigation
of functional activation in the human cerebral cortex [1]. BOLD-fMRI is also
useful to image activated areas in brain. BOLD-fMRI does not provide precise
information about evoked cerebral blood oxygenation (CBO) changes during
activation.

In the present study, employing newly developed multichannel TRS, we
evaluated the evoked CBO changes in the bilateral frontal-temporal area,
including Broca’s area, during a language task. In order to determine
language dominance, we compared the evoked CBO changes in the left and
right measurement sites. The results were compared with activation maps of
BOLD-fMRI. In addition, we examined whether the MOP affects the determi-
nation of language dominance by measurements of evoked CBO changes.

2 Method

We investigated 10 normal adult subjects (9 men and 1 woman; mean age,
28� 0.05 years [mean� SD]). We employed a verbal fluency task (VFT), which
entails naming as many animals or fruits as possible, as the language task; the
VFT is a well-established neuropsychological test of frontal lobe function [2].
An 8-channel TRS system was used [3]. Four channels on each side were
mounted on a thermoplastic shell, which were placed over the inferior frontal
gyrus (including Broca’s area) on both sides. The location of the channels was
adjusted by MRI (Fig 1a). The evoked CBO changes were compared with the
results of BOLD imaging obtained by means of 1.5 T MRI (Symphony,
Siemens, Germany).

3 Results

In all subjects, the VFT significantly altered the CBO in all measurement sites.
The VFT caused increases of oxyhemoglobin (O2Hb) and total Hb (tHb)
associated with a decrease of deoxyhemoglobin (HHb). These evoked CBO

Fig. 1 (continued) (a): Eight channel probes were placed over the bilateral fronto-temporal
area including inferior frontal gyrus based on surface anatomical imaging by MRI. The
probes were named as follows; R1 (right side superior probe), R2 (right side anterior
probe), R3 (right side inferior probe), R4 (right side posterior probe), L1 (left side superior
probe), L2 (left side anterior probe), L3 (left side inferior probe), L4 (left side posterior probe).
(b): Typical example of the CBO changes in the right and left fronto-temporal areas during the
course of the experiments. The ordinates indicate the concentration changes of O2Hb (red
lines), HHb (blue lines), and tHb (green lines) in mM. The thick bars below the NIRS
parameter changes indicate the periods of the tasks. The VFT caused increases of O2Hb
and tHb associated with a decrease of HHb
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changes returned to the control level during the recovery phase. Figure 1b

shows a typical example of the CBO changes. The mean concentration

changes of O2Hb and tHb on the left side of all measurement sites were larger

than those on the right side, and the difference between the left and right sides

was significant for O2Hb, though not for tHb (Fig. 2). The results demon-

strated differences in MOP in the fronto-temporal areas with subject and

wavelength; however, there was no significant difference between the right

and left sides in each measurement site (p> 0.05). Also, the VFT did not affect

the MOP significantly as compared to that before the tasks (p> 0.05). The

BOLD-fMRI results demonstrated that the fronto-temporal area, particu-

larly around the inferior frontal gyrus on the left side, was activated in the

subjects (Fig. 3)

Fig. 2 Bar graphs indicate the average of O2Hb (a) and tHb (b) concentration changes during
the task detected by each probe (i.e. R1-4, L1-4). Both O2Hb and tHb were significantly
increased during the task. Additionally, the average of O2Hb and tHb changes on the left side
were larger than those in the right side, however, the differences were not significant at each
measurement site. Bar graphs (c) and (d) show comparisons between the mean O2Hb and tHb
concentration changes in all measurement sites on the left side and those on the right side.
O2Hb and tHb changes on the left side were lager than those on the right side. The difference
between the left and right sides in O2Hbwas significant (p< 0.05), whereas that in tHbwas not
significant (p=0.09)
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4 Discussion

The present time-resolved NIRS allowed measurements of the MOP changes
during tasks with a sampling time of 1 s. We observed no significant difference in
MOP at each wavelength during the tasks, although there were small fluctuations
of the MOP (SD < 0.2 cm). This implies that the task-induced hemodynamic
changes in the fronto-temporal area did not significantly affect the light scattering
in the brain tissue, although the absorption was affected by the Hb concentration
changes. The increase in O2Hb indicates that rCBF rises in the activated area,
while the decrease in HHb is caused by a large increase of rCBF, which exceeds
the increase in oxygen consumption during activation [4]. BOLD-fMRI revealed
activation in the left inferior temporal gyrus during the language task in this
study. Additionally, the mean concentrations of O2Hb and tHb on the left side
were larger than those on the right side in TRS measurement. It was considered
that the CBO change evaluated by TRS measurement is compatible with the
result of BOLD-fMRI.However, there is a possibility that systemic changes (such
as blood pressure and so on)may influence the difference between left and right in
NIRSmeasurement [5]. The findings in this study suggest that TRSmay be useful
to study language function and to assess hemispheric dominance for language.
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The Partial Coherence Method for Assessment

of Impaired Cerebral Autoregulation using

Near-infrared Spectroscopy: Potential and

Limitations

D. De Smet, J. Jacobs, L. Ameye, J. Vanderhaegen, G. Naulaers, P. Lemmers,

F. van Bel, M. Wolf, and S. Van Huffel

Abstract The most important forms of brain injury in premature infants are
partly caused by disturbances in cerebral autoregulation. As changes in cerebral
intravascular oxygenation (HbD), regional cerebral oxygen saturation (rSO2),
and cerebral tissue oxygenation (TOI) reflect changes in cerebral blood flow
(CBF), impaired autoregulation can be measured by studying the concordance
betweenHbD/rSO2/TOI and themean arterial blood pressure (MABP), assum-
ing no changes in oxygen consumption, arterial oxygen saturation (SaO2), and
in blood volume. We investigated the performance of the partial coherence
(PCOH) method, and compared it with the coherence method (COH). The
PCOH method allows the elimination of the influence of SaO2 on HbD/rSO2/
TOI in a linear way. We started from long-term recordings measured in the first
days of life simultaneously in 30 infants from three medical centres. We then
compared the COH and PCOH results with patient clinical characteristics and
outcomes, and concluded that PCOH might be a better method for assessing
impaired autoregulation.

1 Introduction

In this study in preterm infants, NIRS is used to measure cerebral autoregula-
tion over long periods, reflecting static autoregulation. The use of NIRS for this
purpose was described by Tsuji et al. [1]. Changes in HbD, rSO2, or TOI reflect
changes in CBF and the correlation between MABP and HbD/rSO2/TOI is a
reflection of autoregulation. A good correlation was found between autoregu-
lation and outcome, i.e. frequency of severe intraventricular bleeds. rSO2 and
TOI are both absolute values, they are less prone to movement artefacts than
HbD, and easier to measure in clinical practice.
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We studied the concordance between HbD/rSO2/TOI and MABP by means
of the coherence (COH, measuring the degree of linear dependence between the
frequency spectra of two signals), and partial coherence (PCOH) [2] coeffi-
cients. The latter allows the elimination of the linear influence of one signal on
another one. This means that, in contrast to COH, PCOH can also be applied in
periods of fluctuating SaO2 thereby improving the automation and the use of
the method. We developed and investigated four PCOH algorithms fixing the
physiological interactions between SaO2, MABP, and HbD/rSO2/TOI. We
studied the PCOH properties, in particular during periods of fluctuating
SaO2. For this purpose we used parameters that synthesize patient level of
autoregulation: the mean score (mCOH and mPCOH) [1], the pressure-passive
index (PPI) [3] and the critical percentage of the recording time (CPRT)
[4]. Finally, we compared these parameters with the infant clinical characteristics
and outcomes: infant postmenstrual age (PMA, inweeks), birth weight (BW, in g),
Bayley’s psychomotor (PDI) and mental (MDI) developmental indices after
9, 18, and 24 months (for the Leuven, Zurich, and Utrecht data respectively),
Griffith developmental index (combination of a mental and psychomotor test)
after 24 months, and APGAR score at birth and 5 min after birth.

2 Datasets

Thirty premature infants with need for intensive care were monitored, of whom
10 were from the University Hospital Zurich (Switzerland), 10 from the Univer-
sity Medical Centre Utrecht (The Netherlands), and 10 from the University
Hospital Leuven (Belgium). SaO2 was measured continuously by pulse oximetry,
and MABP by an indwelling arterial catheter. Transcranial NIRS signals HbD
(measured by the Critikon Cerebral Oxygenation Monitor 2001), rSO2

(INVOS4100, Somanetics Corp.), and TOI (NIRO300, Hamamatsu) were mea-
sured for non-invasive monitoring of cerebral oxygenation. The signals were
measured simultaneously in the first days of life. For the Zurich data, the babies
were characterized by amean PMAof 28 1/7 weeks (std=2 1/7) and amean BW
of 1198 g (std = 439). For the Utrecht data, the babies were characterized by a
mean PMA of 29 2/7 weeks (std = 1 2/7) and a mean BW of 1130.67 g (std =
311.36). For the Leuven data, the babies were characterized by a mean PMA of
28 5/7 weeks (std=3 2/7) and a mean BW of 1125 g (std=503.76). HbD, rSO2,
and TOI were recorded digitally on a personal computer at a sampling frequency
of 1.677, 1, and 10 Hz for the Zurich, Utrecht, and Leuven data respectively.
Afterwards the signals from all datasets were down-sampled to the smallest
frequency multiple of the recording frequencies i.e. 0.333 Hz (periodicity: 3 s) to
ensure comparability. A pre-processing algorithm was applied to the recordings
of all centres to remove signal artefacts. Each artefact point was simply deleted
from the recording for each signal [3]. Among the pre-processing operations, we
kept all variables within normal ranges, in particular SaO2 in the range 80–100%.
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3 Methods

Since the possible concordance between MABP and the NIRS signals varies
with time, we computed COH and PCOH over successive half-overlapping
epochs of duration 10, 15, and 12.5 min for the Zurich, Utrecht, and Leuven
data respectively. The average of COH and PCOH over the frequency band
0.0033–0.04 Hz (corresponding to phenomena of duration in the range 25–300 s)
[3] was used as score for the considered epoch. The epoch durations were
computed from the calibration of themeanCOH (for all patients of each centre)
on the mean absolute-valued correlation coefficient (COR), to be sure that the
score value of 0.5 could be considered as critical (it suggests a relation between
the signals based on 50% shared variance) [5]. IfmCOH ormPCOHwas higher
than this critical score value (CSV), the infant was said to have an impaired
cerebral autoregulation. We built the PCOH algorithms from the supposed
physiological models fixing the interactions between the measured signals as
follows:

� SaO2 = i(SaO2) + f(MABP)
� MABP = i(MABP) + f(SaO2)
� NIRS = i(NIRS) + f(MABP) + f(SaO2)

where i(. . .) represents the independent part of the signal, f(. . .) stands for is a
function of, and NIRS represents HbD, rSO2, or TOI. The algorithms are:

� PCOH1 = COH(MABP–SaO2, NIRS–SaO2)
� PCOH2 = COH(MABP, NIRS–SaO2)
� PCOH3 = COH(MABP–i(SaO2), NIRS–i(SaO2))
� PCOH4 = COH(MABP, NIRS–i(SaO2))

where COH(. . . , . . .) is the coherence computed between both signals. For all
patients we studied the performances of PCOH compared to COH on a global
basis, but we also looked in detail at epochs with fluctuating SaO2 and com-
pared the results when using extra raw (non pre-processed) data.

4 Results

When considering all patients, we saw a trend of higher mPCOHs as compared
to mCOH. In addition the CPRTs and PPIs of PCOH were generally higher as
compared to the CPRT and PPIs of COH. PCOH3 shows a higher mPCOH,
CPRT, and PPI than the other PCOH algorithms, and than PCOH2 which
shows the lowest values. For more details we refer to Tables 1, 2 and 3. We also
considered patients for whom the oxygen fraction of the inspired air has been
intentionally modified. We particularly concentrated on epochs with a high
variance in SaO2. In these epochs, mean scores were significantly higher with
PCOH3 as the highest. More details are given in Table 4 and Fig. 1
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mPCOH3 detects a few more patients with impaired autoregulation than do

mCOH and the other mPCOHs. The CPRT and PPI10 (with confidence level

a=0.1) detects many more patients with impaired autoregulation thanmCOH

and mPCOHs, and approximately twice as many patients as PPI5 (a = 0.05).
Patients with mCOH and mPCOHs > 0.5 have a slightly lower mean PMA

and BW than the overall average. High PCOH values (m > 0.5, CPRT > 0,

PPI > 0) are better indicators of poor clinical outcome than COH (MDI < 84,

PDI < 84, Apgar < 7). CPRT and PPI10 are better indicators of poor clinical

outcome than mean score values.

Table 1 Mean score, standard deviation (std), critical percentage of the recording time
(CPRT), and pressure-passive index (PPI) with confidence level a = 0.1 of the Leuven
data. The numbers below are averages on the ten infants from Leuven

Leuven COH PCOH1 PCOH2 PCOH3 PCOH4

Mean 0.39 0.41 0.41 0.44 0.42

Std 0.09 0.1 0.09 0.12 0.1

CPRT 14% 20% 14% 27% 22%

PPI10 10.64% 12.40% 11.60% 18.35% 17.02%

Table 2 Mean score, standard deviation, CPRT, and PPI10 of the Utrecht data. The
numbers below are averages on the ten infants from Utrecht

Utrecht COH PCOH1 PCOH2 PCOH3 PCOH4

Mean 0.35 0.34 0.33 0.39 0.36

Std 0.09 0.09 0.09 0.1 0.09

CPRT 13% 11% 8% 22% 17%

PPI10 20.80% 19.30% 15.10% 28.16% 21.45%

Table 3 Mean score, standard deviation, CPRT, and PPI10 of the Zurich data. The numbers
below are averages on the ten infants from Zurich

Zurich COH PCOH1 PCOH2 PCOH3 PCOH4

Mean 0.57 0.61 0.57 0.63 0.63

Std 0.09 0.1 0.09 0.12 0.12

CPRT 72% 75% 70% 80% 71%

PPI10 17.02% 34.02% 19.27% 40.06% 29.04%

Table 4 Local analysis: the oxygen fraction inhibited by the infant has, in some Zurich
patients, intentionally been modified to create locally a high variance in SaO2. The table
contains the overall score means of such a patient, and the means related to the epoch of high
SaO2 variance (20–40 min). Please see also Fig. 1

Zurich mCOH mPCOH1 mPCOH2 mPCOH3 mPCOH4 stdSaO2

Overall 0.55 0.52 0.52 0.61 0.57 1.2

20–40 0.64 0.51 0.61 0.75 0.73 2.51
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5 Discussion

It is important to remember that COH and PCOH are measurements of

impaired cerebral autoregulation, and that the considered clinical patient char-

acteristics suggest possible brain damage. An evident correlation between

impaired autoregulation and brain damage in neonates has been described in

the literature and this is what we assume in this study.We looked for themethod

that best fits the occurrences of brain damage. Our results indicate that (1) the

PCOH score is more accurate in detecting infants with brain malfunctions as

compared to the COH method; (2) PCOH3 has the highest accuracy in detect-

ing impaired autoregulation.
In particular, the CPRT and PPI10 – computed from the COH and PCOH

scores – detect more than 50% of all infants with poor clinical outcomes. These

observations indicate rather that PCOH highlights more cases of impaired

autoregulation as compared to COH, and does not necessarily mean that

PCOH indicates a better fit between patients with impaired autoregulation

and patients with poor clinical outcome. However, we should remark that in

this study the patient characteristics and outcomes are not available for all

Fig. 1 Local analysis: the oxygen fraction inhibited by the infant has, in some Zurich patients,
intentionally been modified to create locally a high variance in SaO2. Please see also Table 4
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patients whereas further statistical analysis on larger multicentre datasets are
needed

We expected the PCOH4 model to be more realistic than the PCOH3
method, because SaO2 was seen to have an influence on MABP only in those
recordings with changes in SaO2 which were deliberately provoked by modify-
ing the inspired oxygen fraction. Nevertheless, this could not be confirmed by
our results. Furthermore, a lack of concordance with patient neurological out-
comes could also be explained by the fact that COH (and consequently PCOH)
only measures the linear and stationary concordance between MABP and the
NIRS-measured signals, or by the fact that PCOH assumes a linear dependency
between the considered signals.

In conclusion, as HbD/rSO2/TOI are often considered as surrogate for CBF,
impaired autoregulation can be assessed by quantifying the concordance
between these signals and MABP. As it is able to eliminate the influence of
other signals such as SaO2, the partial coherence method was shown to perform
better than the classical coherence method.
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Active Muscle Oxygenation Dynamics Measured

During High-Intensity Exercise by Using Two

Near-Infrared Spectroscopy Methods

Tadashi Saitoh, Anna Ooue, Narihiko Kondo, Kyuichi Niizeki,

and Shunsaku Koga

Abstract Near-infrared spectroscopy is a noninvasive optical technique used to
monitor tissue oxygenation. Generally, the modified Beer-Lambert’s law
(MBL) using continuous-wave light has been used to measure active muscle
oxygenation during exercise; however, it cannot measure absolute changes in
the oxy- (oxy-[Hb+Mb]), deoxy- (deoxy-[Hb+Mb]), and total hemoglobin/
myoglobin concentrations (total-[Hb+Mb]) because the pathlength and scat-
tering coefficient are not measured. In contrast, the time-resolved spectroscopy
(TRS) using a ultra short pulsed laser can be used to determine absolute changes
in the concentration, although the temporal resolution is inferior to that in
MBL. This study evaluated the absolute changes in active muscle oxygenation
and the optical mean pathlength and scattering and absorption coefficient
during high-intensity exercise by using the TRS system. In addition, the differ-
ence between the changes determined using TRS and MBL measurements was
assessed. When the TRS and MBL measurements obtained during high-inten-
sity exercise were compared, the total-[Hb+Mb] and oxy-[Hb+Mb]
dynamics differed markedly during high-intensity exercise, while the deoxy-
[Hb+Mb] dynamics and kinetics did not differ.

1 Introduction

Near-infrared spectroscopy (NIRS), which is the spectrum measurement
method based on the absorption of light in the near-infrared radiation wave
length region that is generally from 0.7 to 2.5 mm, is widely used as a noninva-
sive measurement method of oxygenation in biological tissues, which are an
optical scatterer [8, 10]. The modified Beer-Lambert law (MBL) system that is a
continuous wave NIRS system and assumes that scattering and mean optical
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pathlength are constant [2, 8] estimates simultaneously the relative changes in
the concentrations of oxyhemoglobin/myoglobin (oxy-[Hb+Mb]) and deox-
yhemoglobin/myoglobin (deoxy-[Hb+Mb]) but not absolute changes in the
concentrations of oxy- and deoxy-[Hb+Mb]. On the other hand, although
temporal resolution is inferior to that in the MBL system, the time-resolved
spectroscopy (TRS) system that is the ultra short pulse NIRS system can
estimate the absolute values of oxy- and deoxy-[Hb+Mb] because the mean
optical pathlength is measured from the center of gravity of the temporal
response characteristic and scattering and absorption coefficient are estimated
using the optical diffusion equation [9].

Several interesting studies showing dynamic changes in the active muscle
oxygenation measured using NIRS have been reported [1, 4–7]. Most of these
studies have also used the MBL system for estimating tissue oxygenation
[1, 5–7]. However, it is possible that a contraction of active skeletal muscle
and an environmental change in the cellular tissue by exercise influence the
mean optical pathlength and scattering and absorption coefficient during exer-
cise, particularly high-intensity exercise. If the mean optical pathlength and/or
scattering and absorption coefficient change at the work-rate transition or
during exercise, it may influence the estimation of tissue oxygenation by
NIRS. This influence can be elucidated by TRS measurement which can esti-
mate the mean optical pathlength and scattering and absorption coefficient. In
this study, we aimed to evaluate the mean optical pathlength and scattering and
absorption coefficient by using the TRS system and investigate the difference
between MBL measurement and TRS measurement during high-intensity
exercise.

2 Methods

Seven healthy men (mean � SD: age, 22.7 � 4.7 years; height, 168.4 � 7.0 cm;
body mass, 56.7 � 6.3 kg) who exercise regularly participated in this study,
which was approved by the Human Subjects Committee of Kobe Design Uni-
versity. All exercise tests were performed on an electronically braked cycle
ergometer in a sitting position. In each subject’s first visit to the laboratory, a
ramp incremental cycling exercise test was performed to determine his indivi-
dual peak of pulmonary oxygen uptake (pVO2) for each exercise mode. In the
second visit to the laboratory after 3 days from the first visit, each subject
performed a high-intensity cycling exercise test. The protocol consisted of 1 min
rest and 4 min of unloaded exercise, followed by 6 min of heavy exercise (work-
rate of 80% peak pVO2 intensity).

Throughout the experiment, gas exchange and heart rate (HR) measure-
ments were performed similar to those described previously [7]. Muscle oxyge-
nation profiles of the quadriceps vastus lateralis muscle were evaluated by
the MBL (NIRO-200, Hamamatsu Photonics KK, Japan) and TRS systems
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(TRS-20, Hamamatsu Photonics KK). In both systems, the distal probes were
set on an optically dense plastic board, thus ensuring that the position of
the probes, with a distance of 3 cm from each other, was fixed and invariant.
The probes of NIRO-200 were attached to the vastus lateralis of the left leg and
the probes of TRS-20 were attached to the vastus lateralis of the right leg by
using double-sided tape and surgical tape. The NIRS data were collected
continuously throughout the experiment. The relative and absolute changes
in the concentrations of total hemoglobin/myoglobin (total-[Hb+Mb])
were calculated from oxy-[Hb+Mb]MBL+deoxy-[Hb+Mb]MBL and oxy-
[Hb+Mb]TRS+deoxy-[Hb+Mb]TRS, respectively.

To evaluate the adjustment deoxy- and total-[Hb+Mb] kinetics prior to the
slow component, each data was respectively fitted using a nonlinear least
squares regression technique and a single exponential function of form:

YðtÞ ¼ BL þ Amp � ½1� e�ðt�TDÞ=t�

where Y(t) represents each response at a given time t; BL represents the baseline
data before starting the heavy exercise; and Amp, TD, and t represent the
amplitude, time delay, and time constant of the primary component, respec-
tively. For the deoxy-[Hb+Mb] kinetics, the analyses were conducted on data
from 30-s baseline cycling to the first 60 s following the increase in work-rate.
For the total-[Hb+Mb] kinetics, the analyses were conducted on data from
30-s baseline cycling to the first 180 s following the increase in work-rate.

The amplitude of deoxy- and total-[Hb+Mb] in the slow component was
evaluated for each data from 3 to 6min after the onset of the high-intensity exercise.

Significant statistical differences between the MBL and TRS measurements
were analyzed by a paired t-test. Statistical significance was accepted atP< 0.05.

3 Results

All the subjects participated in daily exercise, and the subjects’ peak pVO2 was
3069.5 � 551.4 ml/min and peak pVO2/body mass was 53.8 � 4.2 ml/(min �kg).
At rest, the subjects’ pVO2, pVCO2, and HRwere 299.6� 44.1 ml/min, 247.5�
45.0 ml/min, and 70.0 � 13.4 beats/min, respectively.

The dynamics of oxy-, deoxy-, and total-[Hb+Mb] measured using the
MBL and TRS systems during the exercise test are shown in Fig. 1, after the
initial value in the relative changes evaluated by the MBL measurement was
replaced with the value by the TRS measurement. The oxy-[Hb+Mb]
decreased rapidly at the start of high-intensity exercise, and the oxy-[Hb+
Mb]MBL then increased gradually, while the oxy-[Hb+Mb]TRS remained con-
stant. The deoxy-[Hb+Mb] increased exponentially at the start of high-inten-
sity exercise and then had gradual slow component (Table 1). After the start of
high-intensity exercise, the total-[Hb+Mb]TRS increased exponentially, while
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the total-[Hb+Mb]MBL kept increasing progressively until the end of high-

intensity exercise. In the kinetics of deoxy-[Hb+Mb] response, the difference

between the MBL and TRS measurement was not significant (Table 1). In the

kinetics of total-[Hb+Mb] response, the time constant and amplitude in the

slow component of MBL measurement were significantly greater than those of

TRS measurement (Table 1; P < 0.05)
The mean optical pathlength and scattering and absorption coefficient are

shown in Fig. 1. The scattering coefficients of the 3 wavelengths lasers rapidly

Table 1 Kinetic parameters of deoxy- and total-[Hb+Mb] measured using the MBL and
TRS systems

deoxy-[Hb+Mb] Total-[Hb+Mb]

MBL TRS MBL TRS

Amp (mM) 17.6 � 7.2 19.6 � 7.7 8.8 � 4.2 12.5 � 6.1

TD (s) 8.0 � 1.5 9.5 � 2.8 14.8 � 13.4 6.4 � 3.5

t (s) 5.0 � 1.4 4.9 � 1.9 54.2 � 36.3 18.8 � 12.4 �
SC (mM) 1.5 � 1.2 2.8 � 3.0 6.9 � 4.8 2.0 � 2.0 �
�: significant difference between the MBL and TRS measurements (P < 0.05).
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Fig. 1 Oxy-, deoxy-, and total-[Hb+Mb] responses (left) and scattering and absorption
coefficient and mean optical pathlength (right) during the experiment. � significant different
between the MBL and TRS measurement (P < 0.05)
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decreased after the start of high-intensity exercise. The absorption coefficients
of 760- and 795-nm wavelength laser increased exponentially at the start of
high-intensity exercise. The absorption coefficient of 830-nm wavelength laser
was almost constant until the end of high-intensity exercise. The mean optical
pathlengths of the 3 wavelengths lasers showed a pattern completely reverse of
that of absorption coefficients.

4 Discussion

In the present study, we first showed simultaneous changes in the mean optical
pathlength and scattering and absorption coefficient during high-intensity
exercise. In addition, the difference between the 2 muscle oxygenation response
that were simultaneously evaluated by the MBL and TRS systems during high-
intensity exercise was investigated.

During high-intensity exercise, the scattering coefficients tended to be a little
low; the mean optical pathlengths tended to be a little short; and the absorption
coefficients tended to be a little high when compared with baseline exercise.
These results might suggest that some factors of optical absorption were
increased because of the environmental change in the tissue by high-intensity
exercise; as a result, it might influence the evaluation of oxy-[Hb+Mb] during
high-intensity exercise, particularly immediately after the start of high-intensity
exercise.

In a previous study using the MBL system [1, 5], although total-[Hb+Mb]
after the start of high-intensity exercise tended to increase progressively as the
MBLmeasurement in the present study, the result of the present study using the
TRS system suggests that the total-[Hb+Mb] comparatively rapidly
increased, and then achieved a steady state.

Since the total-[Hb+Mb] is the concentration of total hemoglobin and
myoglobin per unit volume, there is a possibility that the rapid increase in
total-[Hb+Mb] indicate the rapid distribution of capillary blood flow to the
active muscle. Ferreira et al. [3] reported the following equation:

capillary blood flow � pVO2ðprimary componentÞ=deoxy � ½Hb þ Mb�

However, the kinetics of total-[Hb+Mb] � deoxy-[Hb+Mb] did not
coincide with the kinetics of pVO2 in the primary component in this study
(data not shown). Therefore, there is a possibility that the total-[Hb+Mb]
response is not approximate to the capillary blood flow response. Further
studies are required to clarify this issue.

In conclusion, the present study showed changes in the optical characteristics
and dynamics of active muscle oxygenation measured using the MBL and TRS
systems simultaneously during high-intensity exercise. It was suggested that the
evaluation of active muscle oxygenation was influenced by the changes in
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optical characteristics. Itwas also confirmed that the kinetics of deoxy-[Hb+Mb]
response was not significantly different between the MBL and TRS measure-
ments. Furthermore, it was clarified that total-[Hb+Mb]TRS showed a faster
exponential increase compared with MBL, and then achieved a steady state
for a while.
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Theoretical and Experimental Investigation of the

Influence of Frontal Sinus on the Sensitivity of the

NIRS Signal in the Adult Head

Eiji Okada, Daisuke Yamamoto, Naoya Kiryu, Akihisa Katagiri,

Noriaki Yokose, Takashi Awano, Kouji Igarashi, Sin Nakamura,

Tatsuya Hoshino, Yoshihiro Murata, Tsuneo Kano, Kaoru Sakatani,

and Yoichi Katayama

Abstract The sensitivity of the near-infrared spectroscopy signal to the brain
activation depends on the thickness and structure of the superficial tissues. The
influence of the frontal sinus, which is void region in the skull, on the sensitivity
to the brain activation is investigated by the time-resolved experiments and the
theoretical modelling of the light propagation in the head. In the time-resolved
experiments, the mean-time of flight for the forehead scarcely depends upon
the existence of the frontal sinus when probe spacing was shorter than 30 mm.
The partial optical path length in the brain, which indicates the sensitivity of the
near-infrared spectroscopy signal to the brain activation, in a simplified head
model is predicted by Monte Carlo simulation. The influence of the frontal
sinus on the sensitivity of the signal depends on the thickness of the skull and the
depth of the frontal sinus.

1 Introduction

In near infrared spectroscopy (NIRS) and imaging of brain activation, the
source and detection probes are attached onto the scalp, requiring the light to
pass through the superficial layers such as scalp, skull, and subarachnoid space
filled with cerebrospinal fluid (CSF) both before and after passing through the
brain tissue. The heterogeneity of the tissue in the head, especially the low-
scattering subarachnoid space has been previously shown to have a strong effect
on light propagation in the brain i.e. the sensitivity of the NIRS signal [1]. The
frontal sinus in the skull is a non-absorption and non-scattering (void) region.
The existence of the frontal sinus is likely to affect the light propagation in the
brain. In this study, the mean optical path length in the head and the partial
optical path length in the brain are obtained by the time-resolved experiment
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and Monte Carlo simulation to investigate the influence of the frontal sinus on
the sensitivity of the NIRS signal to the brain activity.

2 Methods

2.1 Time-Resolved Experiments

The temporal point spread functions (TPSFs) of the forehead of two volunteers
were measured by the time-resolved experiment system (TRS-20, Hamamatsu).
Figure 1 shows the probe positions of the time-resolved experiments for a
volunteer. Each number in the figure indicates the midpoint of the source and
detector probes. The probes were attached on the scalp with and without the
frontal sinus below. The probe spacing was varied from 22.5 to 37.5 mm. The
mean optical path length in the head was calculated from the TPSF.

2.2 Modelling of the Light Propagation in the Head Model

The light propagation in the simplified head model was calculated to analyse
the influence of the frontal sinus on themean optical path length in the head and

on the partial optical path length in the brain. The mean optical path length in
the head can be obtained from the TPSF measured by the time-resolved
experiment whereas the partial optical path length in the brain cannot be
directly obtained from the experimental results. The cross-section of the head
model is shown in Fig. 2. The head model consisted of the scalp, skull, sub-
arachnoid space, grey matter and white matter. The optical properties (trans-
port scattering coefficient ms0 and absorption coefficient ma) of each layer for
780-nm wavelength shown in Table 1 were chosen from the reported data [2–5].

Fig. 1 Probe positions for
the time-resolved
experiment. The numbers
indicate the midpoints of the
source and detector probes.
The broken line indicates the
frontal sinus
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The void rectangular region was placed in the skull to mimic the frontal sinus.
The depth of the void region df, thickness of the skull ts and void region tf were
varied to evaluate the influence of the frontal sinus on the light propagation in
the brain. Reflection and refraction caused by the refractive index mismatch
was considered only at the boundary between the scalp and the air. The light
propagation in the head model was predicted by Monte Carlo simulation to
obtain the mean optical path length in the head and the partial optical path
length in the brain for the probe spacing of 32 mm.

3 Results and Discussion

The measured TPSFs of a volunteer for the probe spacing of 37.5 mm at
positions 3 and 5 are shown in Fig. 1 and the input pulses are shown in
Fig. 3(a). The wavelength of the pulsed laser was 760 nm. The mean time of
flight for the forehead with the frontal sinus below (position 3) is shorter than
that without the frontal sinus (position 5). The mean optical path length
calculated from the TPSFs as a function of probe spacing at each position is
shown in Fig. 3(b). The mean-time of flight scarcely depends upon the existence
of the frontal sinus when probe spacing was shorter than 30 mm. The mean
optical path length for the forehead with the frontal sinus (position 2 and 3) was
shorter than that without the frontal sinus when probe spacing was 37.5 mm.
The influence of the frontal sinus on the TPSFs of other volunteer was not
significant. The influence of the frontal sinus on the light propagation in the
head differs among individuals.

Fig. 2 An adult head model
with a void region
mimicking the frontal sinus
for the estimation of mean
optical path length in the
head and partial optical path
length in the brain

Table 1 The thickness and the optical properties of the head models

Tissue type Thickness [mm] ms
0 [mm�1] ma [mm�1]

Scalp 3 1.0 0.02

Skull 7 � 21 0.8 0.016

Subarachnoid space 2 0.319 0.0044

Grey matter 4 2.26 0.036

White matter 20 9.25 0.016
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The mean optical path length and the partial optical path length in the brain

for the headmodels with andwithout a void regionmimicking the frontal sinus as

a function of skull thickness are shown inFig. 4(a). The void regionwas located at

an intermediate depth into the skull and the thickness of the void region was a

third of the skull thickness. The mean optical path length in the head with the

frontal sinus is shorter than that without the frontal sinus when the thickness of

the skull is 7 or 14mm as shown in Fig. 4(a). The frontal sinus does not affect the

mean optical path length in the head model with a 21-mm thick skull. The partial

optical path length in the brain, which is the sensitivity of the NIRS signal to the

brain activation, decreases with an increase in skull thickness. The partial optical

path length is decreased by the influence of the frontal sinus when the skull

thickness of themodel was 7mmwhereas the partial optical path length is slightly

increased when the skull thickness was 14 or 21 mm.

Fig. 3 (a) The TPSFs of human forehead measured by the time-resolved experiments. (b) The
mean optical path length calculated from the TPSFs

Fig. 4 Effect of skull thickness on the mean optical path length in the head and the partial
optical path length in the brain
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The influence of the depth of the frontal sinus on the light propagation in the

head is shown in Fig. 4(b). The depth of the void region, df, was altered but the

thickness of the skull and of the void region were held constant at 21 and 9 mm,

respectively. In the case where the void region is placed in the shallow region

(df=2mm), the light tends to propagate in the shallow region of the skull. Both

the mean optical path length in the head and partial optical path length in the

brain are decreased by the influence of the frontal sinus. In the case where the

void region is placed in the deep region (df = 10 mm), the light tends to

propagate in the deeper region of the skull. The partial path length in the

brain is increased by the influence of the frontal sinus whereas the mean optical

path length in the head is scarcely changed by the influence of the frontal sinus.

The penetration depth, which relates with the sensitivity of the NIRS signal to

the brain activation, increases with an increase in the depth of the frontal sinus.

The influence of the frontal sinus on the partial optical path length in the brain

is more significant than that on the mean optical path length in the head.

4 Conclusions

Themean optical path length of the forehead and the partial optical path length

in the brain are obtained by the time-resolved experiments and the modelling of

the light propagation in the head to investigate the influence of the frontal sinus

on the sensitivity of the NIRS signal to the brain activation. The theoretical

analysis reveals that influence of the frontal sinus on the light propagation in the

head depends on the thickness of the skull and the depth of the frontal sinus. In

the practical brain-function measurements, the amplitude of the NIRS signal

reflects the influence of the frontal sinus. The influence of the frontal sinus on

the partial optical path length in the brain, i.e. the sensitivity of the NIRS signal

to the brain activation, is more significant than that on the mean optical path

length in the head. The change in partial optical path length caused by the

influence of the frontal sinus cannot be directly deduced from the mean optical

path length in the head obtained from the time-resolved experiments. In the

experimental analysis, the influence of the frontal sinus on the mean optical

path length varies between individuals. Although the difference might be caused

by the depth of the frontal sinus, the TPSF measurements in this study were

made in two volunteers. It is difficult to draw any conclusions about the

influence of the frontal sinus on the TPSF from the experimental results and

further TPSF measurements are needed for systematic discussion.
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Functional Optical Topography Analysis Using

Statistical Parametric Mapping (SPM)

Methodology with and without Physiological

Confounds

Ilias Tachtsidis, Peck H. Koh, Charlotte Stubbs, and Clare E. Elwell

Abstract Functional optical topography (OT) measures the changes in
oxygenated and deoxygenated hemoglobin (HbO2, HHb) across multiple
brain sites which occur in response to neuronal activation of the cerebral cortex.
However, identification of areas of cortical activation is a complex task due to
intrinsic physiological noise and systemic interference and careful statistical
analysis is therefore required. A total of 10 young healthy adults were studied.
The activation paradigm comprised of anagrams followed by finger tapping.
12 channels of the OT system were positioned over the frontal cortex and
12 channels over the motor cortex while the systemic physiology (mean blood
pressure (MBP), heart rate (HR), scalp flux) was simultaneously monitored.
Analysis was done using the functional Optical Signal Analysis (fOSA) software
and Statistical Parametric Mapping (SPM), where we utilized two approaches:
(i) using only HbO2 as a regressor in the general linear model (GLM) and (ii)
using all of the explanatory variables (HbO2, MBP, HR and scalp flux) as
regressors. Group analysis using SPM showed significant correlation in a
large number of OT channels between HbO2 and systemic regressors; however
no differences in activation areas were seen between the two approaches.

1 Introduction

Optical topography (OT) techniques to map functional brain activation rely on
making simultaneous near-infrared spectroscopy (NIRS) measurements of
changes in oxygenated and deoxygenated hemoglobin (HbO2, HHb) concen-
tration at multiple brain sites. The generated spatial maps of the hemoglobin
concentration changes correspond to specific regions of the cerebral cortex.
However, identification of areas of cortical activation require statistical analysis
with researchers using classical statistical approaches such as ‘‘Student’s t-test’’
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and/or more complex tools such as Principal Component Analysis, Indepen-
dent Component Analysis, and more recently Statistical Parametric Mapping
(SPM) [1–5]. Interpretation of the optical functional activation remains a com-
plex task due to the intrinsic physiological noise and systemic interference [6–8].
The aim of this study is to investigate the use of SPM analysis for interpretation
of functional optical topography hemoglobin changes during frontal lobe
anagram activation and motor cortex finger tapping activation with and with-
out accounting for physiological and systemic changes.

2 Methods

We studied 10 subjects (5 male and 5 female), all had English as their first language
and were right handed (this study was approved by the UCL Research Ethics
Committee). The age rangewas between 19 and 27 yearswith amean age of 22 years.

NIRS measurements were conducted with the ETG-100 Optical Topogra-
phy System (Hitachi Medical Co., Japan) using two 12-channel arrays. Each
optode array consisted of 5 source optodes (each delivering light at 780 and
830 nm) and 4 detector optodes. The source-detector interoptode spacing was
30 mm and data were acquired at 10 Hz. The optodes were placed over the
subject’s left frontal cortex and positioned according to the International 10–20
system of electrode placement such that channels 1–12 were centered approxi-
mately over the frontopolar region (Fp) and channels 13–24 were centered
approximately over the left primary motor cortex (C3) (see Fig. 1). The Carte-
sian coordinates of the NIRS optodes placement were measured – in relation to
known fiducial landmarks (nasion, inion, left and right ear and top of the head),
using the Polhemus tracking device (Isotrak II, USA) and the inter-subject
variability were calculated. For this study the x, y and z coordinates of each
of the optodes did not vary between subjects by more than �2 cm of the mean
position of each probe.

Fig. 1 A picture illustrating
the approximate positions of
the OT light sources,
detectors and locations of
corresponding measuring
positions/channels co-
registered with brain MRI
using the Pholemus
information (numbers
represent OT channels)
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A Portapres1 system (TNO Institute of Applied Physics) was used to
continuously and non-invasively measure mean blood pressure (MBP) and heart
rate (HR) from the finger. A laser Doppler probe (FloLab, Moore Instruments)
was placed over the forehead to monitor the changes in scalp blood flow (flux).

Data were recorded during 1min of the subject at rest (baseline), followed by 45 s
of the subject solving anagrams (amixture of 4-letter, 6-letter and 8-letter anagrams),
followed by 30 s of rest, followed by 30 s of finger-tapping. In this study solving an
anagram was defined as producing one coherent word using only the letters from
another word (e.g. icon – coin). Each anagram-solving and finger-tapping period
was repeated a total of eight times, with the study ending after a 60 s rest period (total
study time 19.5min).During this functional paradigm the participants were asked to
be still and silent; and no response to anagram solving was requested.

All data were subjected to an identical preprocessing procedure using the
functional Optical Signal Analysis program (fOSA) [5] (University College
London, UK) to convert the relative changes in light intensities to concentra-
tion changes in HbO2 andHHb using a differential pathlength factor correction
of 6.26. All the signals includingMBP,HR and flux, were linear detrended, then
decimated from 10 to 1 Hz and smoothed using a 3-second moving average.

Before performing the statistical analysis using the SPM, image processing of
the HbO2 data was performed using fOSA as described by Koh et al. [5]. In
brief, it involves the spatial conversion of the OT maps of each measurement
channel to its corresponding pixel location for each of the 24 channels. A series
of two-dimensional SPM-OT maps were generated with each SPM-OT map
representing a 1-second time point. To improve on the sensitivity and facilitate
inter-subject comparisons, an interpolation process using nearest neighbors is
used to produce a more realistic data grid.

In our SPM analysis we utilized two approaches to model the OT data; in the
first approach we used only the HbO2 signal in the General Linear Model
(GLM) and in the second approach we incorporated the physiological measures
(MBP, HR and flux) in addition to the HbO2 signal as additional regressors in
our statistical model. To treat the variability of the haemodynamic response
(HbO2) arising from different events between different brain pixels, we modeled
both latency and dispersion derivatives as additional regressors to the canonical
Haemodynamic Response Function (HRF) (see Fig. 2) in the two approaches.
The design matrix is shown in Fig. 3.

Fig. 2 Canonical HRF
(2 gamma functions) plus
Multivariate Taylor
expansion in time
(Temporal Derivative) and
width (Dispersion
Derivative) [9]
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Fig. 3 Design matrix for the oxyhaemoglobin model for the anagrams (first three columns),
finger tapping (next three columns) tasks followed by the three regressors (physiological
confounds) and a constant error term for the design matrix. Each row represents a time
slice of the topographic brain map
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The resulting statistical maps were family-wise error corrected to account for

the spatial correlation between neighboring pixels in OT measurements. An

F-contrast was defined in the SPM test for each subject to infer on any inter-

action (canonical HRF, its temporal and dispersion derivatives) in each of the

two tasks. A group t-statistic was then conducted in SPM to infer on its

population level.

3 Results

Figure 4 shows the SPM group t-results, without physiological confounds, for

(a) the anagram task and (b) the finger tapping for the HbO2 signal. Figure 5

hows the SPM group t-results, with physiological confounds, for (a) the ana-

gram and (b) the finger tapping task for the HbO2 signal. Darker pixels

correspond to higher t-values, with positive t scores for HbO2 signal indicating

a significant task related increase in HbO2. Figure 5(c) shows the SPM group

t-results for the physiological confounds; in this map darker pixels correspond

to significant correlations of one or a combination of the regressors MBP, HR

and flux, with the HbO2 haemodynamic response.
Results from the group level analysis in the current study have demonstrated

that the most significant channels (dark regions) during anagram activation are

between 19, 21, 22 and 24 which are on the lower site of the temporal lobe; and

during finger tapping are channels 2 and 18 which are on the upper part of the

temporal lobe.

Fig. 4 The SPM group t-results without physiological confounds with a threshold of t = 4.29
and significance of p = 0.05; darker pixels correspond to higher significant t-values
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4 Discussion

There were no differences in the activation responses in the SPM group analysis

with and without physiological confounds in this functional paradigm. Group

level analysis on the systemic regressors shows highly significant correlation of

the systemic variables in most channels in the study; however this did not make

a difference in the interpretation of the task related HbO2 response.
Interpretation of the optical data during functional activation remains a

complex task as there are many confounds due to different degrees of physio-

logical noise and systemic interference both at the intra and inter subject level. A

unified approach of statistical investigation for inference analysis of functional

Fig. 5 The SPM group t-results with physiological confounds and a threshold of t=4.29 and
significance of p = 0.05; darker pixels correspond to higher significant t-values
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activation with optical topography is needed. We have previously compared
‘‘Student’s t-test’’ with SPMmethods and found the SPM to be a better analysis
tool [8]. Here we detail the SPM method for OT data. However further work is
needed to refine the Optical SPM analysis, especially for the development of an
optical response function similar to the haemodynamic response function (used
in this study).
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D060982/1).
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Comparison of Somatosensory Evoked Potentials

and Cerebral Blood Oxygenation Changes in the

Sensorimotor Cortex During Activation in the Rat

Yuko Kondo, Kaoru Sakatani, Takahiro Igarashi, Tatsuya Hoshino,

Yoshihiro Murata, Emiri Tejima, Tsuneo Kano, and Yoichi Katayama

Abstract The relationship between changes in cerebral blood oxygenation and

neuronal activity remains to be fully established. We compared somatosensory

evoked potentials (SEP) and evoked cerebral blood oxygenation (CBO)

changes in the sensorimotor cortex of the rat. In rats anesthetized with urethane

and alpha-chloralose, we measured SEP and CBO using visible light spectro-

scopy (VLS) during neuronal activity. Increase of stimulus frequency caused a

decrease of SEP amplitude, but an increase in concentration changes of deoxy-

Hb and oxygen satu-ration. The difference in frequency responses between SEP

and CBO might be caused by activation of inhibitory neurons, which could

suppress excitatory neu-rons at high stimulus frequencies; activation of inhibi-

tory neurons could reduce SEP amplitude, and increase oxygen saturation due

to an increase of evoked cere-bral blood flow.

1 Introduction

Increases in neuronal activity in the adult normal brain are accompanied by

increases in regional cerebral blood flow (rCBF) that exceeds the changes in

oxygen consumption, leading to a decrease in concentration of deoxyhemoglo-

bin (deoxy-Hb) in the veins [1]. NIRS studies have revealed that neuronal

activation generally causes a decrease of deoxy-Hb with increases of oxy-Hb

and total-Hb in the activation cortical area of normal adults [2, 3]. However, the

relationship between changes in cerebral blood oxygenation (CBO) and neuro-

nal activity remains to be fully established. In the present study, we compared

somatosensory evoked potentials (SEP) and evoked CBO changes in the sen-

sorimotor cortex of the rat under various stimulus conditions.
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2 Method

Male Fischer 344 rats (n=7)weighing between 240 and 270 gwere anesthetized
with urethane (0.7 g/kg) and alpha-chloralose (0.06 g/kg). The right femoral
artery was exposed and cannulated for the recording of arterial blood pressure
and for sampling of blood gases. The right femoral vein was cannulated for drug
administration. The rats were tracheotomized, paralyzed with pancuronium
chloride (2 mg/kg/h), and mechanically ventilated with a mixture of air and
oxygen to achieve physiological arterial blood levels of pH (7.33–7.50), PaO2

(150–210 mmHg), and PaCO2 (24–40 mmHg); arterial blood pressure had a
range of 90–150 mmHg, and body temperature had a range of 36.2 to 36.88C.
The animals were secured in a stereotaxic frame.

The right parietal bone was thinned over the sensorimotor cortex. Bipolar
needle electrodes were inserted beneath the skin in the contralateral forepaw,
and the median nerve was stimulated for 10 s with pulses of 8.0 mA intensity
and 100 ms duration, at frequencies between 1 and 50 Hz. We recorded SEP and
VLS positioned on the forepaw projection area of the somatosensory cortex.
We measured SEP amplitude (P1 + N1 amplitude), and calculated SSEP
amplitude (=SEP amplitude � stimulus frequency) [4].

We evaluated evoked CBO changes in the sensorimotor cortex using visible
light spectroscopy (VLS) (C-9183, Hamamatsu Photonics, Japan) duringmedian
nerve stimulation with the same stimulus conditions as for SEP. VLS measures
the changes of oxy-Hb and deoxy-Hb concentrations in the cerebral vessels based
on the characteristic absorption spectra of hemoglobin in the visible light range
[5]. White light from the LED was directed at the tissue through a fiber optic
bundle, and reflected light was transmitted to a cooled charge-coupled-device
spectrome-ter. The relative concentration changes of oxy-Hb and deoxy-Hbwere
calculated by least-squares error curve-fitting based on the differential spectrum:
the ana-lyzed wavelength range was 520–580 nm. The VLS parameters were
oxy-Hb, de-oxy-Hb, total-Hb (=oxy-Hb+deoxy-Hb) and oxygen saturation;
total-Hb reflects cerebral blood volume (CBV). The sampling rate was 0.5 s.

The data were expressed as means � SD. Statistical significance of differ-
ences was determined by analysis of variance (ANOVA) followed by Dunnet’s
test, us-ing StatView (Abacus Concepts, USA). P values less than 0.05 were
considered as indicating statistical significance.

3 Results

The evoked CBO changes appeared approximately 1.5 s after the stimulus
onset. We observed increases of oxy-Hb and oxygen saturation associated
with a decrease of deoxy-Hb during activation. Fig. 1a,b, showed examples
of changes in oxygen saturation and deoxy-Hb caused by rat forepaw stimuli
using VLS. Increases of stimulus frequency caused increases of oxy-Hb and
oxygen saturation associated with a decrease of deoxy-Hb; however, total-Hb
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did not change with increase of the stimulus frequency. The CBO change
reached maximum at 50 Hz. There were significant differences in oxygen
saturation and deoxy-Hb between 1 and 50 Hz (p < 0.05) (Fig. 1c,d).

The SEP amplitude declined with increase of the stimulus frequency
(Fig. 2a). In contrast to evoked CBO changes, the maximum SSEP amplitude
was observed at 2 Hz (Fig. 2b).

4 Discussion

We observed that an increase of stimulus frequency caused increases of oxy-Hb
and oxygen saturation with a concomitant decrease of deoxy-Hb. This CBO
change is consistent with the evoked CBO change observed during a focal
increase of neuronal activity [2, 3]. Positron emission tomography demon-
strated that increases of neuronal activity are accompanied by increases of
rCBF that exceed the changes in oxygen consumption, leading to a decrease
of deoxy-Hb in the veins [1].

Increase of stimulus frequency caused an increase of oxygen saturation with
a decrease of deoxy-Hb, which reached the maximum levels at 50 Hz. In

Fig. 1 (a, b) Examples of changes in oxygen saturation (a) and deoxy-Hb (b) caused by rat
forepaw stimuli using VLS. The horizontal thick bars indicate stimulus periods. (c, d) Effect of
stimulus frequency on oxygen saturation (c) and deoxy-Hb (d). Data expressed as means
� SD. There were significant differences in oxygen saturation and deoxy-Hb between 1 and
50 Hz (P<0.05)
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contrast, the maximum SSEP amplitude was observed at 5 Hz. Ngai et al.,
employing the same equation for SSEP amplitude, evaluated the frequency
response of SSEP amplitude (1�20 Hz), and observed the maximum SSEP
amplitude at 5 Hz [4]. While it is possible that the reductions of SEP are due to
either inhibitory mechanisms, habituation of the peripheral nerve, or limita-
tions of transmission of the sensory input, several studies have suggested that
inhibitory mechanisms play the most important role in the reduction of SEP at
high stimulus frequency [6, 7]. This might explain the physiological mechanism
of the difference in frequency responses between SEP and evoked CBO
responses. That is, activation of inhibitory neurons at high stimulus frequencies
causes an increase of neuronal oxidative metabolism, resulting in an increase of
CBO response at high stimulus frequencies. Indeed, Igarashi et al. evaluated the
frequency response of the evoked changes in autofluorescence of flavoproteins,
which reflect neuronal oxidative metabolism, and observed that the fluores-
cence attained maximal intensity at 50 Hz [8].

5 Conclusion

We compared SEP and evoked CBO changes in the sensorimotor cortex of the
rat. Increases of stimulus frequency caused a decrease of SEP amplitude, but an
increase of oxygen saturation with a decrease of deoxy-Hb; however, changes of
stimulus frequency did not affect total-Hb concentration. Activation of inhibi-
tory neurons at high stimulus frequencies could decrease the SEP amplitude,
but in-crease evoked CBO changes.

Fig. 2 (a) Stimultaneous recordings of somatosensory evoked potentials from one experi-
ment. (b) Effect of stimulus frequency on the SSEP during rat forepaw stimuli. The maximum
SSEP amplitude was observed at 5 Hz
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Individual Differences in Blood Volume

and Oxygenation in the Brain during a Cognitive

Task based on Time-Resolved Spectroscopic

Measurements

Tadashi Niioka, Soichiro Ohnuki, and Yoshifumi Miyazaki

Abstract Although a time-resolved near-infrared spectroscopy (TRS) system is
difficult tomake ameasurement into 10 s or less at themoment, the system has a
great advantage that it measures absolute values of hemoglobin concentrations.
In the present study, using a device equipped with a TRS system, we examined
individual differences in changes in cerebral oxygenated, deoxygenated, and
total hemoglobin concentrations during two repetitive executions of a cognitive
task, and compared these with data from our previous studies performed with a
CWS system. As a result, large individual differences were also observed in
changes in the cerebral hemoglobin concentrations during a cognitive task in
this study using a TRS system. We therefore conclude that large individual
differences observed in changes in the cerebral hemoglobin concentrations
during a cognitive task in our previous studies using a continuous wave near-
infrared spectroscopy (CWS) system would probably be universal, although a
CWS system includes the limitation that the absolute value is unable to be
measured in the system.

1 Introduction

For more than three decades, lots of investigations have been performed on
cerebral hemodynamic changes to achieve a better understanding of oxygen
transport to the cerebral cortex and to elucidate the prefrontal cortex activation
during a mental activity [1–8]. Individual differences, however, in those changes
in responses involved in mental activities have been left to be investigated in
detail.

We have so far reported changes in cerebral blood volume and oxygenation
during a cognitive task by non-invasive measurements using a continuous wave
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near-infrared spectroscopy (CWS) system [9–12]. Although a CWS system
made up of relatively simple parts proved useful and is employed for optical
topography, a device equipped with the system is unable to measure absolute
values, letting us hesitate to make comparisons among experiments and among
subjects. On the other hand, a time-resolved near-infrared spectroscopy (TRS)
system [13] is difficult to make a measurement into 10 s or less at the moment,
because the system requires the integration time of photons, resulting in inade-
quate detection of a rapid change in hemodynamics. However, the system has a
great advantage that it measures absolute values of blood volume and oxygena-
tion. In the present study, using a device equipped with a TRS system, we
examined individual differences in changes in the cerebral blood volume and
oxygenation during two repetitive executions of a cognitive task, and compared
it with our previous studies performed with a CWS system.

2 Methods

Eighteen healthy, young, male volunteers with a mean age of 24.5 years parti-
cipated in this study. All the subjects were right-handed normotensive non-
smokers. Informed consent was obtained from all the subjects before participa-
tion in the experiment. Subjects were instructed to refrain from taking alcohol
and caffeine at the night before the experiment and on the day of the
experiment.

Cerebral blood volume and oxygenation were measured using a TRS system.
A device [14] equipped with the TRS system consists of a light source of three-
wavelength (760, 795, and 830 nm) laser light pulses and a light detector of a
photomultiplier tube (TRS-20, Hamamatsu Photonics K. K., Hamamatsu,
Japan). The TRS system allows the determination of relative light intensity,
mean optical path length, scattering coefficient, and absorption coefficient,
enabling measurements of absolute concentrations of oxygenated hemoglobin
([oxy-Hb]), deoxygenated hemoglobin ([deoxy-Hb]), and total hemoglobin
([total-Hb] = [oxy-Hb] + [deoxy-Hb]). TRS-optodes with a source-detector
distance of 4 cm were positioned on the left side of the frontal region of a
subject’s head. Subjects were instructed to sit back in a comfortable chair with a
headrest to avoid movements of subjects’ heads andmeasurement cables, which
may cause movement artifacts. To eliminate light interference, the measure-
ments were performed in a dark room with an illuminance of about 8 l�.

A five-color, computer-controlled version of a modified Stroop color-word
task we developed was used as a cognitive task, and was partially described
elsewhere [11]. Briefly, a subject is instructed to select one of five colored disks
presented simultaneously with one color word on a computer screen, according
to the instruction (i.e., ‘‘color’’ or ‘‘meaning’’). The color of the presented word
on the screen is discordant with the meaning of the word. The order of appear-
ance of the instructions and color words is randomized. Subjects must
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overcome cognitive interference to respond properly. The original Stroop color-
word task [15] has been shown to actually activate the prefrontal cortex in a
recent functional magnetic resonance imaging study [16].

Two repetitive task-performing sessions (the first and the second) were
administered as an experimental procedure. After a resting period, subjects
participated in a 4-min performing session – the first session. After a 15-min
break following the first task, subjects participated again in the second perform-
ing session – the second session. Each session consisted of the baseline (the last
2-min average of the resting period), the anticipation (2-min average), and the
performance (4-min average). Baseline values and changes, namely alteration of
the 4-min averaged value during the performing session from the baseline, in
each cerebral hemoglobin concentration were analyzed in this study.

Subjects were encouraged to do their best in the task to earn money prizes
awarded to those according to the number of correct answers.

3 Results and Discussion

Baseline values of [oxy-Hb], [deoxy-Hb], and [total-Hb] were 56.4 � 6.4 mM
(mean� SD), 22.0� 3.3 mM, and 78.4� 8.8 mM in the first performing session,
respectively; furthermore, they were highly reproducible between the two repe-
titive performing sessions. These results indicate that the baseline values include
relatively small individual differences and are stable.

On the other hand, for the change in hemoglobin concentration from the
baseline as a time-averaged value during the performing session, individual
differences were large as shown in Fig. 1, and subjects showed on the whole all
combinations of an increase and decrease in [oxy-Hb] and [deoxy-Hb], such
as, in the first session, a typical change of increase in [oxy-Hb] and decrease in
[deoxy-Hb] (in 8 subjects out of 18 ones), an atypical change of decrease in
[oxy-Hb] and increase in [deoxy-Hb] (in 3 subjects out of 18 ones), a change of
both increases in [oxy-Hb] and [deoxy-Hb] (in 2 subjects out of 18 ones), a
change of both decreases in [oxy-Hb] and [deoxy-Hb] (in 4 subjects out of
18 ones), and a very small change or almost constant in [oxy-Hb] and [deoxy-
Hb] (in 1 subjects out of 18 ones), proving that cerebral hemodynamic
response to the cognitive task includes large individual differences, which
was similar to our previous findings observed using a CWS system (Niioka
et al., unpublished data).

In addition, the means of changes in hemoglobin concentrations were
decreased in terms of the amplitude in the two repetitive performing sessions;
from 0.42 mM in the first session to 0.07 mM in the second session in [oxy-Hb]
and from �0.22 mM in the first session to �0.20 mM in the second session in
[deoxy-Hb]. This result was also similar to changes in cerebral hemoglobin
concentrations in two repetitive cognitive tasks observed in our previous studies
with a CWS system.
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In conclusion, the results obtained in the present study indicate that indivi-

dual differences in changes in cerebral hemoglobin concentrations during two

repetitive cognitive tasks observed in our previous studies using a CWS system
would probably be universal, although a CWS system includes the limitation

that the absolute value is unable to be measured in the system.
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Cerebral Oxygenation in the Frontal Lobe Cortex

during Incremental Exercise Tests: The Regional

Changes Influenced by Volitional Exhaustion

Mikio Hiura, Tetsuya Mizuno, and Tsukasa Fujimoto

Abstract The present study examined the regional differences of cortical oxy-
genation in the frontal lobe by near-infrared spectroscopy (NIRS) during
incremental exercise tests and the precise location of NIRS was examined by
brain magnetic resonance imaging (MRI). Pulmonary gas exchange and NIRS
measurement during incremental cycling ergometry tests were investigated in 14
men. In 7 of these subjects, the right middle cerebral arterymean velocity (MCA
Vmean) was simultaneously measured by transcranial Doppler (TCD). In the
right medial of the frontal lobe cortex, Tissue Oxygenation Index (TOI)
increased by 8.8% with its peak value at respiratory compensation threshold
(RCT) and Normalized Tissue Hemoglobin Index (nTHI) increased until end-
point by 16.2%. During incremental exercise tests, the changing pattern of TOI
was different according to the distribution of the probes. Volitional exhaustion
by exercise induced the deteriorated TOI and MCA Vmean, whereas nTHI
increased.

1 Introduction

Cerebral perfusion is affected by the mental effort to exercise which seems to be
indicated by RPE (ratings of perceived exertion: Borg’s scales) [1]. During
exercise the mental effort is associated with the increase in cerebral oxygenation
[2, 3]. Near-infrared spectroscopy can monitor tissue or capillary oxygenation
of the brain non-invasively in real-time and thus has advantage for monitoring
of the strenuous whole body exercise [4, 5]. Considering that the mental effort to
exercise would enhance the cerebral activity which affects the regional cerebral
blood flow (rCBF) or metabolic substrate such as glucose [6], the rCBF of the
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responsible areas for the mental effort to exercise would change in response to

the work intensity or duration. Accordingly the cerebral oxygenation would be

influenced by volitional exhaustion.
In the present study, we arranged the probes of NIRS in the forehead in tow

ways. Purpose of this study was to (1) investigate dynamics of cerebral oxyge-

nation and blood flow with respect to exercise intensity that was indicated by

changes of cardiopulmonary variables during incremental exercise tests, (2)

examine the regional differences for cortical oxygenation in the frontal lobe

during exercise especially at volitional exhaustion.

2 Methods

Fourteen healthy male volunteers (Age = 20.5 � 0.9 yr, height = 172.9 �
3.5 cm, weight = 63.3 � 7.4 kg) were recruited. The study was consistent with

the Helsinki declaration and approved by the ethical committee of Tokyo

Medical and Dental University. Subjects were divided in two groups by the

distributions of the NIRS probes which were localized in 1) the right medial and

the left medial regions (group A) and 2) the right medial and the right lateral

regions (group B). Two groups were matched by age, height and weight. The

probes were placed on the scalp over the right frontal lobe or the left frontal lobe

(Fig. 1). Each subject performed an incremental exercise test on a cycle

ergometer (Power Max, Combi) to volitional exhaustion. The subjects work

rate was increased by 20 W every 1 min beginning from 20 W in group A (ramp

Fig. 1 Estimation of the localized portions of NIRS byMRI.White circle; the center of probe.
White square; the estimated region in the right frontal lobe detected by NIRS. High intensity
on the scalp showed the Vitamine E capsules as the marker of the probes
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protocol) and by 30 W every 2 min beginning with 30 W in group B (stepwise
protocol). RPE was recorded at every 2 min.

Metabolic CO2 production (VCO2), O2 uptake (VO2), and end-tidal CO2

partial pressure (PETCO2) were determined using cardiopulmonary exercise test
systems (CPET, Cosmed or Mi-300, Minato). For each test, anaerobic thresh-
old (AT) was determined by the V-slope method and respiratory compensation
threshold (RCT) was determined based on the pulmonary gas exchange vari-
ables (PETCO2, VE/VCO2, and %FECO2) [7].

During exercise, cerebral blood oxygenation in the frontal lobe cortex was
determined by NIRS (NIRO 200, Hamamatsu photonics). Variables of Tissue
Oxygenation Index (TOI) and normalized Tissue Hemoglobin Index (nTHI)
that are based on the spatially-resolved spectroscopy (SRS) method were used.
Since the absolute value of TOI is dependent on the underlying tissue [8],
relative change from the baseline (rest) (%) was induced. In seven subjects
(group B), the right middle cerebral artery mean velocity (MCA Vmean) was
measured simultaneously by transcranial Doppler (TCD) (Companion III,
Nicolet Vascular).

In one subject, magnet resonance imaging (MRI) of the brain was obtained
for the precise localization of NIRS probe positions with respect to the cortex
anatomy (MAGNETOMAvanto, SIEMENS). In addition to 2D imaging, 3D
reconstruction of scalp and brain surface was performed using the auto-mated
software for fusion imaging (Dr.View, AJS).

The pulmonary gas exchange and NIRS measurements were time aligned
and averaged over a 20 s interval for subsequent analysis. The MCA Vmean
measurements were averaged over a 5 s interval at every one minute. Data are
presented as mean � SD and Pearson’s correlation analysis was used to eval-
uate associations between variables. One-way repeated-measures ANOVA fol-
lowed by Bonferroni post hoc evaluation for multiple comparisons were used to
identify differences across exercise intensity. Relative changes in the NIRS
variables over exercise intensity were compared between the regions by two-
way repeated measures ANOVA. A P-value of 0.05 was considered statistically
significant.

3 Results

The variables of at rest and at exercise intensity of 2 min, AT, RCT and
endpoint are described in Table 1. In group B VO2 and REP were higher at
endpoint. RPE was different between the groups at 2 min due to the work rate
inequality. VCO2/VO2 increased after RCT similarly between the groups.
Between AT and RCT, VO2 and VCO2/VO2 were differed but the others were
similar. In the right medial frontal lobe cortex, TOI increased by 8.8 � 5.3%
from rest to maximum as nTHI ranged from 0.96 � 0.09 to 1.15 � 0.14. MCA
Vmean ranged from 59.6 � 16.2 cm/s to 79.8 � 20.1 cm/s. PETCO2 in group A
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ranged from 42.4 � 1.5 mmHg to 50.1 � 2.4 mmHg and PETCO2 in group B

from 38.3 � 3.3 mmHg to 46.4 � 5.0 mmHg. In 6 of 7 subjects, the relative

change of MCA Vmean correlated with PETCO2 (r
2 = 0.47 to 0.85). In 11 of 14

subjects, TOI and nTHI of the right medial correlated with PETCO2 (r
2 = 0.09

to 0.81 and r2= 0.13 to 0.67, respectively). In the lateral region, TOI and nTHI

did not correlated well with PETCO2. As shown in Fig. 1, the medial and the

lateral region of the NIRS probe correspond to the superior frontal gyrus

(SFG) and the inferior frontal gyrus (IFG), respectively.
The relative changes from the baseline (rest) (%) of NIRS variables are

shown in Fig. 2. In the regions of right medial and lateral frontal lobe

(group B), there was a significant interaction (region * intensity) for TOI

with difference at endpoint. TOI of the right medial increased significantly

at RCT with tendency of the decline at endpoint, whereas nTHI, except

for the right lateral, increased significantly at RCT and endpoint with their

peaks at endpoint.

*

*** ***

***

** **

*****

**
***

§§

††

**

Fig. 2 Changes in NIRS variables at rest, 2 min, AT, RCT and endpoint for the region of the
rightmedial (Rt medial) and the leftmedial (Lt medial) of the frontal lobe (group A, left side)
and the rightmedial (Rt medial) and lateral (Rt lateral) (group B, right side). Values are mean
� SD. **, and ***Significantly higher than rest values,P< 0.05, 0.01 and 0.0001, respectively.
xxSignificantly different from TOI Rt medial at this point, P < 0.01
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4 Discussion

We described the dynamic change of the cerebral oxygenation in the frontal lobe
during exercise. VO2 and RPE differed at endpoint, suggesting that exercise
capacity of subjects was higher in group B. Despite the difference of the exercise
protocols, exercise intensity based on gas exchange [7] was similar between two
groups and this was reflected in the similar VCO2/VO2. Between AT and RCT,
variables from brain were similar with VO2 and VCO2/VO2 differed. The chan-
ging pattern of the two groups TOI in the right medial was similar (F = 0.003,
P=0.42). Cerebral oxygenation derived fromNIRS has relationship with rCBF
[9, 10], however neither TOI nor nTHI reflected rCBF directly. Since the arterial
saturation, artery to venous ratio and oxygen consumption are required to obtain
rCBF from TOI [11], rCBF could be speculated by changes of other factors.
When exercise intensity exceeded RCT, a finding that TOI and nTHI in the right
SFG increased implies increases of rCBF if nTHI had derived from arterial
fraction. If not, with rCBF stable, we could speculate that decreases of oxygen
consumption affected increases of TOI. When exercise intensity below RCT, a
small increase in PETCO2 would support the increase in CBF and MCA Vmean
[12]. Our data were concomitant with this association of PETCO2 and MCAV
mean, whereas PETCO2 correlated to some extent with TOI and nTHI in the SFG
and did not well in the IFG. Considering the possible association of TOI and
nTHI with rCBF, it implies that PETCO2 would affect rCBF differently among
the MCA perfusion areas and the frontal lobe regions.

Major finding of this study is the regional difference between the SFG and
the IFG. Matching MRI with NIRS makes it possible to relate results to
regional gyral anatomy on an individual basis [13]. With regard to the mental
effort to exercise, activation of anterior cingulate cortex was demonstrated [14,
15]. Considering that the SFG in the present study was close to the region of
interest defined as the anterior cingulated cortex in the previous studies, the
SFG would be activated due to the mental effort exercise. The difference in the
oxygenation between the SFG and the IFG at volitional exhaustion suggested
that the SFG was activated related to sense of effort or central command and
the IFG was not activated.

In conclusion, we described that the cerebral oxygenation changed with
exercise intensity during incremental exercise tests and that the changing pat-
terns of the cerebral oxygenation between two gyri in the frontal lobe were
different.
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Implantable Resonators – A Technique for

Repeated Measurement of Oxygen at Multiple

Deep Sites with In Vivo EPR

Hongbin Li, Huagang Hou, Artur Sucheta, Benjamin B. Williams,

Jean P. Lariviere, Md. Nadeem Khan, Piotr N. Lesniewski, Bernard Gallez,

and Harold M. Swartz

Abstract EPR oximetry using implantable resonators allows measurements at
much deeper sites than are possible with surface resonators (> 80 vs. 10 mm)
and achieves greater sensitivity at any depth.We report here the development of
an improved technique that enables us to obtain the information from multiple
sites and at a variety of depths. The measurements from the various sites
are resolved using a simple magnetic field gradient. In the rat brain multi-
probe implanted resonators measured pO2 at several sites simultaneously for
over 6 months under normoxic, hypoxic, and hyperoxic conditions. This tech-
nique also facilitates measurements in moving parts of the animal such as the
heart, because the orientation of the paramagnetic material relative to the
sensing loop is not altered by the motion. The measured response is fast,
enabling measurements in real time of physiological and pathological changes
such as experimental cardiac ischemia in the mouse heart. The technique also is
quite useful for following changes in tumor pO2, including applications with
simultaneous measurements in tumors and adjacent normal tissues.

1 Introduction

EPR has been developed for over several decades and applied successfully for
detecting and monitoring radical levels in chemical and biological materials
[1–3]. L-band EPR, in particular, has been used for measuring and monitoring
tissue pO2 in rodents and in patients with subcutaneous tumors and skin cancer
[4–5]. In spite of these successful applications, L-band EPR has some limita-
tions such as being limited to measure at tissue depths of no more than 10 mm
and considerable noise when measurements are made in organs that may move
during the measurement, such as the beating heart. We have developed the
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implantable resonators for EPR to overcome these limitations, to enhance
detection, and to measure pO2 in diverse tissues/organs. The techniques also
have applicability for other types of measurements by EPR, including biophy-
sical parameters, free radicals, redox state, and dosimetry.

2 Materials and Methods

The implantable resonator has two sets of loops, a larger loop on one end and
one or more small loops on the other end. The large loop is used to couple
inductively to the L-band EPR spectrometer. The small loop contains lithium
phthalocyanine (LiPc) or other oxygen sensitive paramagnetic materials and is
coated with a highly gas permeable, biocompatible material (in the studies we
used Teflon) [6]. The small loops are implanted in the sites of interest.

All animal procedures were conducted in accordance with the NIH Guide
and approved by the Institutional Animal Care and Use Committee of
DartmouthMedical School. The implantable resonators were placed surgically
into regions based on the experimental designs. To measure pO2 in the heart, a
short single probe resonator was used. The large coupling loop was placed
under the skin close to the chest, while the small tip was inserted into the
myocardial muscle near the coronary artery of the mouse. After surgery, the
animal was allowed to recover for a 2 days before the EPR measurements. To
create temporary cardiac ischemia, a fine ligature was placed around the artery
that could be tightened remotely to temporarily occlude the blood flow.

For brain pO2, either a single or a multi-probe resonator was inserted into
the targeted sites, while the large loop was placed on the scalp. Rats were
allowed to recover for at least 1 day before hypoxic, normoxic, hyperoxic
studies of brain tissue or measurements in tumors. The tumors were established
by injection of a suspension of F98 glioma cells (500,000 cells/10ml, 7ml/site)
intracranially at a depth of 5�6 mm from the skull into the vicinity of the
sensing tip. To qualitatively assess the tumor growth and size, we used MRI to
acquire images 1 day before and 19 days after the injection of F98 cells. MRI
images were acquired on a 7TVarian console interfaced to aMagnex horizontal
bore magnet using a birdcage coil in transmit/receive mode. T1-weighted
images were acquired using a spin-echo sequence (repetition time, 0.7 s; excita-
tion time, 9 ms; slice thickness, 1 mm; field of view, 4 � 4 cm; number of signal
averages, 2; and matrix size, 128 � 128). The total data acquisition time was
3 min, 12 s for each image set.

EPR measurements were carried out using an L-band EPR spectrometer.
Rats or mice were anesthetized with �2% isoflurane/air and were placed in the
magnet with the resonator sensing tip in the center of the magnet. The loop of
the external resonator was placed over the coupling loop of the implantable
resonator. For multi-probe resonators, a single dimensional magnetic gradient
was applied to separate the EPR signals from each probe. For normoxia, the
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inhaled gas was 30% O2; to induce mild hypoxia the gas was lowered to

15% O2, and for hyperoxia we used carbogen (95% O2/5% CO2).

3 Results

Figure 1 shows the myocardial pO2 during baseline and ischemic conditions.
Under normoxia, the mouse had a very stable pO2 of about 40 mmHg. With

occlusion, the pO2 immediately decreased to 15 mmHg. Upon reperfusion, the
pO2 increased but did not reach the baseline level. For repeated brain pO2

measurements, a 3-probe resonator was placed into a rat brain with the follow-
ing coordinates: Left, 3.5 mmwith depth at 3.5, 1.5 mmwith depth at 2.5 mm to

the midline; right 1.5 mm with depth at 2.5 mm to the midline. The pO2

measurement was started the second day after the resonator implantation and
continued for up to 180 days, Fig. 2. In the first several days, tissue pO2 showed

Fig. 1 Measurement of myocardial pO2 using a short single probe resonator. a: baseline pO2

of a mouse heart. b: pO2 under several different conditions: baseline, ischemia and reperfu-
sion. c: positioning of the external resonator over the large loop of the implantable resonator
that was under the skin. d: a typical EPR spectrum (baseline pO2). e: location of the resonator
probe
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a large variation, which is likely due to the trauma associated with the insertion
of the probes.

After 2 weeks, the tissue pO2 stabilized and could be measured with a good
signal to noise ratio in all measurements. The tissue pO2 of a rat breathing 30%
O2 was 45 mmHg (Fig. 2a). Under 15% O2, the rat had a pO2 of 15 mmHg
(Fig. 2b). When the rats breathed carbogen, the pO2 increased to around
100 mmHg, (Fig. 2c). Importantly, there was no large variation in brain tissue
pO2 while breathing 30%O2 from day 56 to 180. These results demonstrate the
ability of this technique tomonitor brain tissue oxygenation in both normal and
pathologic conditions for prolonged periods of time.

For measuring the brain pO2 dynamic changes, we used a 4-probe resonator
implanted as indicated in Fig. 3. When the oxygen concentration was changed
from 30% to room air, the brain pO2 decreased gradually and reached a stable
level after 10 minutes. Although all four sites did not have exactly the same pO2

values, the dynamic patterns were very similar. When the oxygen level was
changed from room air to 15% O2, the tissue pO2 in all sites reduced to much
lower values (17�22 mmHg). During a carbogen challenge, the two lateral sites
had a much larger pO2 response, compared to the two medial sites.

We inserted one-probe implantable resonators into the rat brain, at a depth
of 5�6 mm from the brain surface, for monitoring the pO2 during tumor
growth. Figure 4a shows the MRI images of a sham injected rat 7 days before
and 19 days after an equal volume of culture media injection. There was no
obvious morphological change in the MRI images. The pO2 stayed at a very
similar level (40�55 mmHg) across the measurements (Fig. 4b). The changes in
the MRI for the rats with tumors are shown in Fig. 4a, the tumor grew around
the resonator tip. There was a decrease of the pO2 in the tumor sites; the pattern
of the decrease differed in different rats and showed different pO2 decline rates
(Fig. 4b). On day 25 after cell inoculation, all rats received carbogen. The brains
in the sham injected rats had a robust response to the carbogen while the tumors
had almost no response.

4 Discussion

We have successfully used implantable resonators to measure tissue pO2 in the
heart and the brain under diverse conditions. The use of the implantable
resonators in the beating heart enabled us to overcome the problems usually
encountered when trying to make measurements of pO2 in a moving organ.
Previously, to measure myocardial pO2, we had to carry out a large amount of
data averaging to reduce the noise induced by the relative motion between the
paramagnetic material and the probe. This precluded measuring dynamic
changes such as those associated with the acute induction of ischemia. Using
a single or multi-probe resonator for long-term brain pO2 measurements con-
firmed the very stable pO2 in the targeted sites, and we were able to measure this
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for days and months. Such measurements would be very difficult to do with
polarographic electrodes or the OxyLite system.

Another very important advantage of this technique is the feasibility of

carrying out oximetry at any depth. This extends the advantages of EPR
oximetry to almost any site where the resonator can be implanted. The implan-
table resonators, once inserted, allow repeated pO2 measurements with excel-

lent time resolution and can be repeated across days or weeks.

Acknowledgments This work was supported by NIH grant PO1EB2180 and a Dartmouth
NCCC Prouty Pilot Grant, and used the facilities of the EPR Center for Viable Systems
(P41EB002032).
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Use of Visible Spectrophotometry to Assess Tissue

Oxygenation in the Colostomy Stoma

Daya B. Singh, Iain Bain, and David K. Harrison

Abstract The aims of this study were to determine the normal range of tissue

oxygenation (SO2) in the ‘‘mature’’ colostomy stoma and to investigate whether

there were any diurnal variations in the SO2 values. Ten patients with an end

colostomy for a minimum duration of three months and using conventional

colostomy bags were included in this study. Tissue SO2 was measured on the

stoma using visible wavelength spectroscopy (Whitland RM 200, Whitland

Research, Whitland, UK) The measurements were carried out on each patient

on three occasions: the first early in the morning (designated ‘‘baseline’’), a

second after 6 h and the third on the next day at 24 h. The results showed that

the mean baseline SO2 in the colostomy stoma was 77.6� 6.8 and there were no

differences in the SO2 measurements between the baseline, 6 h and the 24 h

values. There were also no differences in the SO2 values between the four

quadrants of the stomas. In conclusion, visible wavelength spectrophotometry

can reliably measure stomal SO2 in a non-invasive way. No significant diurnal

variations in the stomal SO2 values were detected.

1 Introduction

A colostomy is a surgical procedure in which the colon is transected and

diverted through the abdominal wall to create an artificial opening or

‘‘stoma’’. Colostomies are common following colorectal surgery and may be

temporary or permanent. In spite of recent advances in surgical techniques the

complication rate for colostomies remains high (30–60%) [2, 8]. Some of these

complications such as ischaemia, necrosis and stenosis of the stoma are related

to the vascularity in the early post operative period. Stomal blood flow and
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oxygenation are normally not monitored in the post operative period and the
diagnosis of stomal ischaemia and necrosis is based on clinical examination.

Tissue oxygen saturation (SO2) is a functional measure of the perfusion of
the tissue and is particularly sensitive to low flow states. Visible spectrophoto-
metry (VS) can be used tomeasure stomal tissue oxygenation and thus would be
a useful non invasive technique to monitor the stoma in the post operative
period. The aims of this study, which was sponsored by ConvaTec, were to
determine the range of SO2 values in the stoma of patients who are using
conventional colostomy devices and to investigate the presence of any diurnal
variations in the SO2 values. The study was also aimed at providing baseline
data for the use of VS for monitoring perfusion in colostomies peri-operatively.

2 Methods

The study was carried out with prior approval from County Durham and
Darlington NHS Foundation Trust Research Review Board and the Local
Research Ethics Committee. Ten patients with end colostomies carried out at
least 3 months previously and using conventional colostomy devices were
recruited for the study. The exclusion criteria for the study were active inflam-
mation/infection or any bleeding from the stoma. All the measurements were
performed in the patients’ homes.

5 males and 5 females were recruited for the study. Their median age was
63 years with a range from 43 to 77 years. The participants had had their stomas
for a median of 6.3 years ranging from 10 months to 9 years. There were
2 smokers in the cohort and two participants had parastomal hernias.

Tissue SO2 was measured circumferentially around the surface of the stoma
using visible light spectrophotometry. The instrument used for the measure-
ments was a Whitland RM 200 SO2 monitor (Whitland Research, Whitland,
UK) using a hand-held ‘‘pencil’’ probe (Fig. 1) incorporating a white LED and a

Fig. 1 The probe is covered
with a transparent sheath
and the stoma is covered
with a transparent sheet to
provide dual protection
against cross infection
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100 mm receiving lightguide that transmitted the reflected light to the spectro-

photometer. Computer software is used to analyse the resulting absorption

spectrum to obtain a value of haemoglobin oxygen saturation [6].
The measurements were carried out on 3 occasions on each patient: the first

early in the morning (designated ‘‘baseline’’), a second after 6 h and the third on

the next day at 24 h.
In order to avoid chances of cross infection, the probe was completely

wrapped in a transparent sheath and the measurements were taken through

another layer of transparent sheath covering the stoma (Fig. 1). Both sheaths

were disposed of after each set of measurements. The probe was disinfected

using an alcohol swab before and after each set of measurements.
On each occasion, 10 SO2measurements weremade in each quadrant around

the stoma, starting and ending at themost proximal point on the stoma, giving a

total of 40 SO2 values. In this way, as well as obtaining a histogram of values, it

could be observed whether a particular region of the stoma is consistently

hypoxic.

3 Results

The SO2 values at baseline, 6 and 24 h were normally distributed (Shapiro-Wilk

tests) but failed the normality test when all the values were combined (P =

0.024). Non-parametric tests were used for data analysis.
The mean SO2 (%) (� SD) for each patient are given in Table 1. There were

no significant differences in the SO2 values in the colostomy stoma between

baseline (74.9 � 7.7) and 6 h (79.5� 6.5, P= 0.114), between baseline and 24 h

(78.4� 5.8, P=0.059) and between 6 and 24 h (P=0.386). Overall mean SO2

in the stoma was 77.6 (�6.8)%. There were also no significant differences in the

Table 1 Mean SO2 values with SD at baseline, 6 and 24 h

Subject
Baseline
Mean SO2 (%)

Baseline
SD (%)

6 h
Mean SO2 (%)

6 h
SD (%)

24 h
Mean SO2 (%)

24 h
SD (%)

1 59.5 16 82.7 3.1 80.6 6.7

2 76.9 5.7 88.4 2.8 82.9 7

3 71.9 3.5 74.8 2.1 73.8 2

4 64.6 6.3 65.5 3.6 65.3 4.9

5 75.6 2.1 86.8 2.4 81.7 3.5

6 84.6 2 82.9 3.5 83.8 3.5

7 78.1 5.4 78.3 4.5 78.9 5.3

8 78.2 4.9 79.1 3.7 74.4 2.3

9 76.9 4.2 78.4 3.2 78.9 4.8

10 82.2 2.8 78.2 3.6 84.1 2.3

Mean 74.9 7.7 79.5 6.5 78.4 5.8
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SO2 values between the four quadrants of the stoma. The SO2 values from
different quadrants are presented in Table 2

The mean SO2 values in the female patients were higher than those in the

males at all times but the differences were not statistically significant (Mann –
Whitney U test, Table 3)

4 Discussion

This study showed that the mean SO2 (� SD) in the colostomy stomas was 77.6

(�6.8)%, which is very similar to the mucosal SO2 in the normal colon as
reported in the literature [1, 5]. There was no significant difference in the stomal

SO2 between 0, 6 and 24 h. The SO2 at 24 h was higher than the values at 0 h and
it was almost significantly different (P=0.059). It may be concluded that there

is a tendency for the SO2 values to be different at different times of the day but
all these variations are within 5%, which is unlikely to have any clinical
implication. There was no significant difference in the stomal SO2 values

between male and female at any time.
In one patient the morning SO2 (0 h) was low (59.5%) but it returned to

higher values during subsequent measurements at 6 h (82.7%) and 24 h

(80.6%). This patient had a parastomal hernia during the first set of measure-
ments (baseline) and this may have influenced the SO2 values by causing

pressure around the stoma. The hernia had reduced spontaneously during the
subsequent two measurements and the SO2 values showed marked improve-

ment. Interestingly, another patient (subject 4) with a recurrent parastomal
hernia also had lower SO2 values and these values were the lowest in the group

(Table 1). This patient had also had an operation about ten months previously
for his parastomal hernia and the stoma was resited at the time. There is a

Table 2 Stomal SO2 in different quadrants of the stoma. Q1–4 represents the four quadrants
in a clockwise pattern starting from 12 o’clock position

Time Q1 SO2 (%) Q2 SO2 (%) Q3 SO2 (%) Q4 SO2 (%)

Baseline 73.9 (� 9.8) 74.9 (� 8.8) 74.4 (� 8.9) 76.3 (� 6.5)

6 h 79.5 (� 6.5) 80.1 (� 6.8) 79.3 (� 6.5) 79.1 (� 6.7)

24 h 76.3 (� 5.1) 79.5 (� 7.5) 79.9 (� 5.9) 78.2 (� 6.9)

Table 3 Mean SO2 (� SD) in male and female patients at different times of the day

Time
Male (n = 5)Mean
SO2 (� SD)%

Female (n = 5)Mean
SO2 (� SD)%

Significance (Mann
–Whitney U Statistics)

Baseline 72.7 (�10.3) 77.0 (�3.8) P = 0.675

6 h 77.5 (� 7.1) 81.5 (� 5.9) P = 0.602

24 h 77.5 (� 7.1) 79.4 (� 4.9) P = 0.602
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possibility of interference with the blood supply of the stoma during the opera-
tion which may explain the lower SO2 values in this patient. His parastomal
hernia was reduced during all the measurements so the possibility of a pressure
effect was minimal in this case.

Smoking is known to affect the microcirculation in the colon [4, 9] and thus
may have an affect on the oxygenation but it was not possible to evaluate the
effect of smoking on colostomy SO2 as there were only two smokers in the
group and one of them (subject 4) also had a parastomal hernia.

A promising future clinical application for this non-invasive technique may
be to monitor the stoma in the post-operative period when currently the
diagnosis of stomal ischaemia and necrosis are based on clinical examination.
The latter may not be able to diagnose early ischaemia when the clinical signs
are very subtle. There are conflicting reports in the literature regarding the
association of anastomotic stricture with ischaemia [3, 7] but there are no
studies to correlate the ischaemic changes in the stoma and later development
of stomal stenosis.

The present study has demonstrated that measurement of tissue SO2 in the
stoma is reproducible and may be useful for monitoring oxygenation in the
post-operative period and thus help in the early detection of stomal ischaemia.
This may prevent some of the complications of stoma operation which are due
to compromised blood flow and ischaemia.

5 Conclusions

The results of this study demonstrate that measurements of stomal tissue SO2

are reproducible and do not differ significantly from quadrant to quadrant
around the circumference nor between males and females. The stomal SO2

values in patients who are using conventional colostomy devices display mini-
mal diurnal variations, which are of no relevance clinically.

The results of the study may pave the way for monitoring stomal SO2 in the
post-operative period.
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Automatic Detection of Motion Artifacts in Infant

Functional Optical Topography Studies

Anna Blasi, Derrick Phillips, Sarah Lloyd-Fox, Peck Hui Koh,

and Clare E. Elwell

Abstract A key advantage of optical topography (OT) for cognitive
neurodevelopmental studies over other imaging techniques such as magnetic
resonance (MRI) or positron emission tomography (PET) is that it is less
intrusive in the experimental set up. This is, in part, because in OT there is no
need to impose strict movement constraints on the participants. However, large
head movements can cause signal disruption, thus there is a need to (i) detect
artifacts caused by movement and (ii) implement strategies to remove the noise
component from the optical data. We have developed a motion sensor compa-
tible with our in-house OT system and suitable for infant studies. With the data
collected we have adjusted the thresholds that were used in the past to auto-
matically discard data affected by movement artifacts. We have also compared
the performance of two different head probe designs by measuring the amount
of signal disruption present in recordings with each design. Finally, we have
studied the feasibility of using the sensor data as external input of an adaptive
filter to reduce the movement component of the optical data.

1 Introduction

Optical topography (OT) uses near infrared light to produce maps of
haemoglobin oxygenation and concentration changes associated with neural
activation. OT is becoming an essential neurodevelopmental tool thanks to its
capability to image the functioning brain noninvasively with a high temporal
resolution [1]. It is particularly well suited for infant studies because measure-
ments can be made in a natural and comfortable setting. However, as the
participants are allowed a relative freedom of movement, motion artifacts can
be a problem. Various methods can be used to minimize their effect on the data
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analysis [2]. A simple approach is to detect changes that are clearly out of
physiological range [3, 4] with a set of thresholds, but these are usually arbitrary
andmay vary from one data set to another. We have developed a motion sensor
compatible with the head probe of our OT system [5] and suitable for infant
studies. The information provided by the sensor has allowed us to adjust the
tolerance thresholds to remove unacceptable oxy-haemoglobin changes
(DHbO2) and to establish possible correlation between head movement and
the severity of disruption caused on the optical data.

In the past [2, 6], adaptive filtering has proved effective in removing move-
ment artifacts from the optical data. Here we assess the feasibility of using the
data provided by themotion sensor as an input to an adaptive filter with the aim
of minimizing the noise contribution to the optical data.

2 Methods

2.1 Data Recording

Data was recorded from 24 five month-old infants with our in-house multi-
channel OT system [5]. The infants looked at visual stimuli presented in a block
design. Each block (or trial) was defined starting 4 s prior to the stimulus onset
and lasting until the end of the following rest period. Task (or stimulus on) and
rest periods lasted 16 s (both, in 4 infants [7]) or 6 s task and 12 s rest (in the
remaining 20 [8]). An average of 11.6 (� 2.6) blocks were recorded for the
24 infants.

Two pads holding the optodes were placed over the infants’ temporal
lobes, and the distance between each source-detector pair was 2 cm. Two
different sets of optical fibres and optodes were used in the studies, both with
the same source and detector layout [7, 8], which produced a total of 20
measurement points (channels). In design 1, plastic fibres approached the
head parallel to the scalp. Glass prisms were used to produce a 90-degree
bend in the light path. The prisms were encapsulated in prism holders, which
were held in position with a silicone-based rubber mould. An elastic velcro band
over the pad held it firmly on the infants’ head (Fig. 1a). In design 2, glass fibres

Fig. 1 Design of the pads that hold the optodes on the infant head: (a) design 1 with prism-
ended plastic fibres; (b) design 2 with glass fibres curved 90 degrees
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(LOPTEKGmbH&Co.KG) were guided to a 90-degree curve inside the optode.
The optodes sat on a 1mm-thick black foamwith holes to allow the light through,
and were held on the foam with plastic rings glued to the foam. Two bands held
the pad firmly on the infant head: a silicone-based band at the base (blue line in
Fig. 1b), and the same velcro as in design 1 from the top of the optodes.

The motion sensor was built with a uniaxial MTN/1800 piezoelectric accel-
erometer, a lightweight (9 g) accelerometer with a 1 V/g output. It was attached
to the helmet with coban. Acquisition, storage and playback of the acceler-
ometer data was collected with software developed with Labwindows/CVI.

2.2 Data Analysis

After recording, the quality of the NIRS data was assessed and channels that
did not meet the criteria were eliminated from the study. Data in the remaining
channels was low-pass filtered (cutoff frequency 1.8 Hz), and a linear fit was
applied to each trial between the first and the last 4 s of the block [4] to remove
slow drifts. The intensity data was then converted into oxy-haemoglobin
(HbO2) changes with the Beer-Lambert law and automatically inspected with
a threshold-based algorithm to detect abnormal signal changes exceeding phy-
siologically feasible values. Our thresholds were initially set to a signal change
of 5 mmolar for rest and a signal change of 15 mmolar for task periods [7].

Processing of the motion sensor data started with the search for the 15-s
window with the smallest standard deviation (SD), which was then used as a
reference standard deviation (reference SD). Motion detection was defined as
a voltage change of more than 5 times the reference SD and lasting for a
minimum duration of 2 s. It was noted that the motion sensor tends to over-
estimate the presence of movement artefacts in the data as not all head move-
ments cause disruption in the NIRS data. We defined agreement between
motion sensor and the thresholding algorithm as:

agreement ¼ Nms &NHbO2f g
NHbO2f g (1)

where {Nms} are the number of trials where the motion sensor detected move-
ment (therefore, they would be eliminated by the motion sensor), {NHbO2} are
the number of trials eliminated by the thresholding algorithm described above,
and {Nms & NHbO2} are the number of trials eliminated by both methods
simultaneously.

To reduce the movement component of the optical data we implemented an
adaptive filter with an external input (the data from the motion sensor) which
updates the filter weights using the recursive least squares algorithm (RLS, [9],
see Fig. 2) as implemented inMatlab (MatlabMathworks, 6.5) with a forgetting
factor of 0.98.
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In order to evaluate the feasibility of using this technique with the acceler-
ometer data we calculated the change in signal to noise ratio between the
un-filtered (SNR) and the filtered (SNRf) HbO2 signal for those trials that
were eliminated with the movement detection algorithm. We defined change
in SNR as DSNR= SNRf–SNR, SNR= 10 log10((sy)

2/(sn)
2), where sy

2 is the
variance of the signal without movement, and sn

2 is the variance of the data
with noise. Additionally, we counted the number of trials that would only pass
the thresholding criteria after filtering.

3 Results and Discussion

We calculated the agreement between motion sensor and NIRS trial rejection
across a range of thresholds for task and rest periods using data obtained from 6
infants with pad design 1. Maximum agreement of 93% was reached for rejec-
tion thresholds of 3.5 mmolar for rest and 8 mmolar for task periods (Fig. 3a).

Fig. 3 Percentage of agreement between motion sensor and NIRS trial rejection over a range
of thresholds for task and rest periods. (a) Data collected with design 1, average agreement
across 6 infants. (b) Data collected with design 2, average agreement across 18 infants. The
higher number of participants included in the average did not change the shape of (b)

Fig. 2 Block diagram representing the adaptive filter for the removal of the noise contribution
(u(n)) from the contaminated signal (the NIRS data, y(n)) by adjusting the filter weights
(w1, w2, . . ., wnb) recursively to most effectively remove the noise component (u(n)) from the
input signal (y(n)) to obtain a resulting signal (y’(n)) with a minimal noise component [9]
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These thresholds are lower than the more conservative ones used with the
current algorithm (5 and 15 mmolar for rest and task periods respectively, [7]).

We repeated the agreement calculations for the range of thresholds using
data recorded from 18 infants with pad design 2. Agreement between motion
sensor and NIRS block rejection reached similar percentage of agreement as
with design 1 only when thresholds were set so low that true physiological
change was classified as movement, suggesting that, with design 2, there is a
smaller disruption of the NIRS data for the same amount of head movement
(Fig. 3b).

The average increase in SNR after applying the adaptive filter to remove the
movement contribution to the HbO2 signal, across data collected from 6 infants
with design 1, was DSNR = 0.535 dB (only trials where adaptive filtering
increased SNR were included).

When considering data from the same 6 infants, the percentage of trials
initially eliminated by the thresholding algorithm that would pass the criteria
after filtering is 16%. One of these infants presented an above average number
of invalid trials (29 trials) compared with the remaining 5 (average � SD, 6 � 2
trials). When considering only infants with a similar number of invalid trials,
the percentage of trials that would pass the criteria after filtering increased
to 29%.

The small improvement in SNR (a 0.535 dB increase in SNR is equivalent to
a reduction of the noise variance of 0.03 mmolar) and the reduced number of
recovered trials (29%)may be in part due to the inclusion of all eliminated trials
in the tests, regardless of the type of motion artefact affecting the signal.
However, adaptive filtering works best when the artefacts are caused by med-
ium or slow head movement [10]. Our filter configuration, with a relative small
number of coefficients (upto 5), but a rather large forgetting factor (0.98),
would make it suitable for filtering these types of movement artefacts. Limita-
tions of our motion sensor such as the use of a uniaxial accelerometer or its
placement on the helmet may have further hampered the performance of the
system, reducing the effectiveness of the adaptive filter.

4 Conclusions

We have successfully implemented a motion sensor for our OT studies and we
have used it in infant studies without compromising either the performance of
the helmet design or the infants’ comfort, as recordings with and without the use
of the motion sensor contain the same total amount of data per infant. We have
defined the optimal threshold levels for detecting movement artefacts from the
NIRS data, allowing more accurate criteria for data rejection to be established.
The motion sensor has additionally been used to evaluate the amount of signal
disruption due to movement in data acquired with two different pad designs
and from this we conclude that design 2 is more robust to movement than
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design 1. However, it is only feasible to use the data from the current sensor to
inform of the presence of movement rather than quantitatively reduce the noise
contribution to the NIRS data. Further developments will include the use of a
tri-axial accelerometer to improve the present results.
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Modelling of Mitochondrial Oxygen Consumption

and NIRS Detection of Cytochrome Oxidase

Redox State

Murad Banaji, Alfred Mallet, Clare E. Elwell, Peter Nicholls, Ilias Tachtsidis,

Martin Smith, and Chris E. Cooper

Abstract In recent years there has been widespread use of near infrared spectro-
scopy (NIRS) to monitor the brain. The signals of interest include changes in the
levels of oxygenated and deoxygenated haemoglobin and tissue oxygen satura-
tion. In addition to oxy- and deoxy-haemoglobin, the CuA centre in cytochrome-
c-oxidase (CCO) is a significant NIR absorber, giving rise to another signal
termed theDoxCCO signal. This signal has great potential as a marker of cellular
oxygen metabolism, but is also the hardest to interpret. Here we use a recently
constructed model to predict NIRS signal changes, and compare the model
output to data from an in vivo hypoxia study in healthy adults. Our findings
indicate strongly that the DoxCCO signal contains useful information despite the
noise, and has responses consistent with the known physiology.

1 Introduction: NIRS and Brain Monitoring

Near infrared spectroscopy has been used extensively to monitor brain oxyge-
nation, haemodynamics and metabolism [1, 2]. The chromophores of interest
include oxyhaemoglobin (HbO2) and deoxy-haemoglobin (HHb), with changes
DHbO2 and DHHb being measured using differential spectroscopy systems
[3, 4, 5]. Also measured are absolute tissue oxygen saturation (TOS), the
mean level of haemoglobin oxygen saturation across all vascular compartments
in the tissue of interest, and changes in the level of oxidation of the CuA centre in
cytochrome-c-oxidase, a signal termed the DoxCCO signal.

The usefulness of theDoxCCO signal has been the subject of much debate for
two reasons: Firstly it is hard to interpret as a number of different causes may
give rise to the same signal changes; Secondly the high signal-to-noise ratio
raises the question of whether it contains sufficient information to be of clinical
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interest. However, as we will show, combining measurement with modelling
allows useful information to be extracted from the signal, giving it the potential
to make a significant contribution in a clinical setting.

2 The Model

A model capable of predicting behaviour of all the NIRS signals was
constructed. The mathematical description is presented in [6], and the model
itself is available for download at [7]. The model was designed to respond to
four input stimuli, chosen both for their physiological importance, and
because there is considerable data on the response of NIRS signals to these
inputs:

(1) Changes in mean arterial blood pressure (ABP) [8];
(2) Changes in arterial O2 levels (SaO2) [9];
(3) Changes in arterial CO2 levels (PaCO2) [10] and
(4) Functional activation [5].

The most important model outputs are the NIRS signals TOS and DoxCCO,
along with cerebral blood flow (CBF) and oxygen consumption rate (CMRO2).
A schematic of the structure of the model is presented in Fig. 1

The model consists essentially of two components: A submodel of the

cerebral circulation, which is known to respond in complicated ways to a variety

of stimuli, and a submodel of mitochondrial metabolism related to the models

presented in [11] and [12]. The two components of the model are linked via

Fig.1 Summary of the main inputs, variables and processes in the model. Model inputs are
enclosed in solid ovals, while outputs are enclosed in dashed ovals
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oxygen transport and consumption. In addition to the full model designed to

represent an in vivo situation, a simplified model representing an in vitro

situation was also constructed, in order to allow model parameter setting

from in vitro data. Model parameters were chosen to be consistent with ther-

modynamic principles.
Parameter setting and model validation are described extensively in [6].

Examples of model behaviour are presented in Figs. 2 and 3 below. In

Fig. 2 steady state behaviour of cerebral blood flow (CBF) in response to

changes in arterial blood pressure and PaCO2 is shown to be consistent

with published in vivo experimental data. In Fig. 3, experimentally mea-

sured cytochrome c redox state and modelled CuA redox state (which for

theoretical reasons can be assumed to be similar) are compared. The data

suggest that the redox states are sensitive to arterial O2 levels at physiolo-

gical values.

Fig. 2 (a) The modelled response (solid line) of CBF to changes in blood pressure, with data
from [13] (squares) and [14] (triangles). (b) The modelled response (solid line) of CBF to
changes in PaCO2 with data from [15] (normal resting CBF set at 40 ml/min/100 g)

Fig. 3 (a) The variation in measured cytochrome c redox state during hypoxia, redrawn from
Fig. 5a of [16]. (b) Modelled CuA redox state during hypoxia for simplified in vitro model
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3 Comparison with Data from a Hypoxia Study

A study of nine healthy volunteers undergoing a hypoxic challenge (SaO2

slowly reduced to about 80% three times) was carried out [17]. During this

process both TOS (TOI, Hamamatsu NIRO300) and DoxCCO (multiwave-

length CCD spectrometer) were measured, along with systemic data on SaO2,

PaCO2 and ABP. The systemic data were used as input into the model, in order

to compare modelled and measured signals. An example of such a comparison

for one subject is presented in Fig. 4
In Fig. 5 modelled and measured DoxCCO are compared for a further eight

subjects from the same study. No attempt at model fitting has been carried out –

in each case the model was run at default parameter values. It is clear that in

some cases model behaviour is both qualitatively and quantitatively consistent

with the data. Where this fails to be the case, there appears to be some

systematic drift in the measured data, with the magnitude of this drift suggest-

ing experimental artefact. It is also interesting that where the measured data

appears to lack information (e.g. panel 4 of Fig. 5) the model suggests that this

may have been the physiological response, not measurement artefact. At this

stage, the comparison is promising.

4 Estimating DoxCCO Using the BRAINCIRC Model

Finally, we wished to find out if our recent model provided any improvement

over a previous model, BRAINCIRC, described in [18]. Although the BRAIN-

CIRC model cannot directly predict CuA redox state, DoxCCO can be esti-

mated using indirect calculation from NAD/NADH levels and phosphoryla-

tion potential, based on the assumption that the electron transport chain is near

Fig. 4 The modelled (light line) and measured (dark line) responses of (a) TOS and
(b) DoxCCO for a subject undergoing a series of three hypoxic swings. Further details
are in [17]
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Fig. 5 The modelled (light line) and measured (dark line) responses of DoxCCO for eight
further subjects undergoing a series of hypoxic swings
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thermodynamic equilibrium [19], and that CuA redox changes are identical to

those of cytochrome c.
In Fig. 6a comparison between predictions of version 2 of the BRAINCIRC

model (available at [7]) and experimental data is presented for the first two

subjects whose data are shown in Fig. 5. Although the estimates from the
BRAINCIRC model were qualitatively reasonable, the comparison suggests

that direct modelling of CuA using the new model yields more accurate results.

It should be mentioned however that no attempt was made to optimise the

BRAINCIRC model or adapt it to the current situation.

5 Conclusions

Despite the low signal-to-noise ratio, theDoxCCO signal contains physiological
information of potential clinical importance. The model we have constructed is
able to reproduce the behaviour of this signal both qualitatively and sometimes
quantitatively during hypoxia. It appears to give more accurate results than
estimates using previous modelling work Once the model has been more exten-
sively validated against further in vivo data, it has the potential to be used to
identify artefactual trends in the measuredDoxCCO traces, and importantly for
clinical studies, to make predictions about blood flow and CMRO2.
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Forced Oscillation Technique as a Non-Invasive

Assessment for Lung Transplant Recipients

Hiroshi Hamakawa, Hiroaki Sakai, Ayuko Takahashi, Jintian Zhang,

Toshihiro Okamoto, Naoki Satoda, Akihiro Aoyama, Fengshi Chen,

Takuji Fujinaga, Tsuyoshi Shoji, Toru Bando, Michiaki Mishima,

Hiromi Wada, and Hiroshi Date

Abstract We usually use spirometry for the medical follow-up of respiratory
mechanics after lung transplantation. However, especially in the first few
post-operative weeks, it is easily affected by postoperative pain and the
patient’s co-operation during forced breathing effort. To avoid missing out
on assessing pulmonary function, we perform non-invasive forced oscillation
techniques on the patients who cannot perform forced breathing maneuvers.
In this paper, we discuss the application of forced oscillation techniques on a
patient with suspicion of acute lung rejection, whose spirometry could not be
correctly performed and seemed to be unreliable. The respiratory impedance
measurements had good correlation with the patient’s clinical symptoms
before and after steroid therapy. Thus, postoperative pulmonary function
follow-up using forced oscillation technique was useful in assessing peripheral
airway condition in critically ill patients, and may be able to detect acute
rejection.

1 Introduction

Lung transplantation is a recent therapeutic option for the patients with end-
stage lung disease [1]. Patients after lung transplantation may suffer graft
dysfunction because of reperfusion injury, infection and/or rejection, and
these events contribute to late allograft failure because of the development of
bronchiolitis obliterans [2, 3]. Therefore, early detection of these problems is
essential to determine correct therapeutic strategy.

The clinical presentation of acute lung rejection (AR) may include fever, dys-
pnea, pleuritic pain, or radiological appearance of infiltrates and pleural effu-
sion. Such patients develop modest leukocytosis, a fall of arterial oxygen
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tension and decreased forced expiratory volume in one second. However,
physical examination, chest radiography, spirometry and blood gas analysis
are non-specific for identifying AR, which is pathologically characterized by
perivascular and sub-endothelial lymphocytic infiltration. The gold standard
for a correct diagnosis is histological examination of lung parenchyma acquired
with multiple transbronchial biopsies [1, 4]. However, it is often difficult to
repeat these invasive investigations, which have a variety of risks [5]. Therefore,
on occasions, clinicians diagnose AR clinically.

The forced oscillation technique (FOT) is a method for noninvasive assess-
ment of respiratory mechanics [6]. This technique is applicable for veterinary,
preschool and senile subjects because of its noninvasiveness and less necessity
for subject cooperation. In other words, assessment of respiratorymechanics by
FOT can be performed on those who cannot perform spirometry [7].

The aim of this study is to ascertain whether the patient who is in early post-
operative period after lung transplantation can be assessed using FOT, and to
monitor how the clinical symptoms are associated with the alteration of impe-
dance parameters.

2 Theoretical Background and Measurement Protocol

Respiratory impedance (Zrs) is represented as a function of angular frequency in
radians/s (o) and consists of the in-phase and out-of-phase components:
respiratory resistance (Rrs) and reactance (Xrs), where Zrs(o) = Rrs(o) +
jXrs(o) = Raw + j(oI–1/oC), where j is the imaginary unit, Raw is airway
resistance, I is inertia, and C is capacitance.

Master Screen Impulse Oscillometry (Erich Jaeger GmbH, Hoechberg,
Germany) is used for obtaining respiratory input impedance [8, 9, 10]. In the
present study, R5 (Rrs at 5 Hz), R20 (Rrs at 20 Hz) and X5 (Xrs at 5 Hz) were
used. R5, R20 and X5 represent total respiratory resistance, proximal airway
resistance and capacitive reactance, respectively. Then, R5–R20, that sub-
tracted R20 from R5, indicates peripheral airway resistance.

Each observation consisted of at least 3 tests, which did not have artifacts
caused by air leakage from the mouth or the tracheostomy, coughing, breath
holding, swallowing and so on. The data set with optimum coherence values, in
which g2(f) � both 0.6 at 5 Hz and 0.9 at 20 Hz were the ideal threshold, was
adopted [11, 10].

3 Case Report

A 38-year-old male with juvenile pulmonary emphysema underwent clamshell
thoracotomy with transverse sternotomy at the level of 4th intercostals space,
and bilateral lung transplantation from a certified brain-dead donor. On the
14th post-operative day (POD), the progress of general fatigue and minute

294 H. Hamakawa et al.



decrease of PaO2/FiO2 without asthmatic symptoms were recognized. Around

11th POD, chest radiographs revealed right pleural effusion which decreased by

14th POD. Radiographs contributed little to the diagnosis of AR because of

day-by-day variation. Airway infections were excluded by microbiological

examinations from broncho-alveolar lavage specimens, as well as the modest

changes of serological examinations. In addition, because of the patient’s

tracheostomised condition, spirometry could not be performed until 12th

POD. A cuff-less tracheostomy tube with a hole, which enabled vocal training,

had been inserted until 12th POD (Fig. 1).
Zrs could be measured after the second POD, and changes in Zrs were also

assessed (Fig. 2). Between 11th and 14th POD, X5 decreased from �0.10 to

�0.22 kPa.s.L�1, and R5-R20 increased from 0.05 to 0.12 kPa.s.L�1. In the

department of thoracic surgery in Kyoto University, mean values (expressed

as mean � SD) of X5 and R5–R20 of male subjects with lung tumor (n = 79,

64.5 � 12.0 years of age) were �0.109 � 0.047 and 0.039 � 0.042 kPa.s.L�1,

respectively (unpublished data).
The findings suggested that peripheral airway condition had already dete-

riorated around 11th POD. Even without transbronchial biopsy, we considered

Fig. 1 Spirometry could not be performed until 12th POD because of the patient’s tracheos-
tomised condition. On 13th POD, tracheal stoma retainer was inserted instead of tracheost-
omy tube. After the steroid administration, FEV1 and PaO2 were improved gradually.
%FEV1 was 31.7, 36.8 and 38.5 % at pre, 12 and 24 h, respectively. PaO2/FiO2 was 287.1,
321.4 and 318.6 at pre, 12 and 24 h, respectively. PaCO2 had decreased when AR was
suspected, and increased after steroid therapy
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the symptoms as possible consequences of AR. Methylprednisolone (1000 mg/
body/day) was administered intravenously daily for 3 days. Each parameter of
Zrs clearly changed before and after the steroid administration (Fig. 2). FEV1
and PaO2/FiO2 gradually improved. In contrast, PaCO2 had decreased when
AR was suspected and increased after steroid therapy (Fig. 1).

4 Discussion

Acute lung rejection is characterized by perivascular and subendothelial mono-
nuclear infiltrates, and by lymphocytic bronchitis and bronchiolitis [4]. Physical
examination, chest radiography, spirometry and blood gas analysis are non-
specific and unreliable in identifying AR, especially during the first few weeks
post-operatively. The gold standard for diagnosing AR is histological examina-
tion of lung parenchyma acquired by multiple transbronchial biopsies [1, 4].
However, the repeated performance of these invasive investigations [5] carries a
high risk for secondary complications. Recently, Jones HA et al. reported that
18F-fluorodeoxyglucose uptake measured by positron emission tomography

Fig. 2 Each parameter of FOT exhibited clear change before and after the steroid adminis-
tration. R5 was 0.74, 0.44 and 0.33 kPa.s.L�1 at pre, 12 and 24 h, respectively. R20 was 0.62,
0.40 and 0.30 kPa.s.L�1 at pre, 12 and 24 h, respectively. X5 was �0.22, �0.16 and
�0.14 kPa.s.L�1 at pre, 12 and 24 h, respectively. R5–R20 was 0.12, 0.04 and 0.03 kPa.s.L�1

at pre, 12 and 24 h, respectively. The alteration of respiratory impedance was accompanied
with that of CRP, PaCO2 and clinical symptoms
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(18FDG-PET) discriminated between airway infection and rejection in lung
transplant recipients with no radiological abnormalities and it was suggested
that a high 18FDG-PET signal was indicative of infection, but not rejection, in
lung transplant recipients [12]. However, the subjects must be transported to
perform the procedure, and it is impossible to check them continuously and
repeatedly. An ideal marker should be obtainable non-invasively; measurable
repeatedly; easy, and quick; sensitive and specific; and inexpensive. Assessment
of respiratory mechanics is also non-specific for that purpose.

FOT, due to its simplicity for assessing respiratory mechanics, should com-
plement clinical features for rapid recognition of AR and infection. In the
present case, changes in R5, R5–R20 and X5 indicated the changes of periph-
eral airway conditions, which might have been related to the early phase of AR.
Furthermore, changes of X5 and R5–R20 were detected 2 days before the
patient‘s demonstrated clear symptomatology. These could have been consis-
tent with the pathological features of AR.

This is only a single case report and statistical differences in the FOT
parameters between pre and post steroid administration cannot therefore be
demonstrated. Furthermore the relationship between histopathology and
respiratory impedance spectra has not been well studied. Further studies are
necessary to evaluate the sensitivity and specificity of the Zrs parameters for
identifying the relation between histopathology and lung mechanics. However,
due to its non-invasive and minimal cooperative characters, this technique has
been established as a tool for assessment of airway narrowing and peripheral
capacitive behavior, especially in clinical research in infants, young children and
senile subjects [7, 13, 14, 15]. This less invasiveness can also allow us to
investigate the respiratory impedance both in paralyzed and non-paralyzed
subjects [16]. In addition, the observation of respiratory impedance might be
more relevant when combined with another investigation like 18FDG-PET.

In conclusion, the FOT has potential for monitoring and evaluating lung
mechanical properties in critically ill patients, such as lung transplant recipients,
who cannot perform forced breathing maneuvers.
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Part III

Exercise and O2 Transport



Muscle Microcirculatory O2 Exchange in Health

and Disease

David C. Poole and Timothy I. Musch

Abstract Much of our understanding of blood-muscle O2 and substrate
exchange is predicated on the presumption that, in resting muscle, a substantial
proportion of the capillary bed does not sustain red blood cell (RBC) or plasma
flux. According to this notion, with contractions, more capillaries are
‘‘recruited’’ (i.e., begin flowing) and increasedmetabolic demands are supported
by blood-myocyte O2 and substrate flux in these newly recruited capillaries.
This scenario is attractive because additional exchange vessels are added, and
radial intercapillary diffusion distances reduced, as demands increase – but is it
correct? The compelling weight of evidence gathered over the last 3 decades
using intravital microscopy, phosphorescence quenching and near infrared
spectroscopy (NIRS) techniques challenges conventional ‘‘wisdom’’ and indi-
cates that the majority of capillaries support RBC flux at rest. Thus, at the onset
of contractions blood-myocyte O2 and substrate flux must increase in vessels
that were already flowing at rest. This concept forces a radical revision of the
control of blood-myocyte O2 and substrate flux. This revision is essential if we
are to understand the control of microcirculatory O2 and substrate flux in
health and resolve the mechanistic bases by which these processes are compro-
mised in diseases such as chronic heart failure.

1 Introduction

From rest-to-exercise skeletal muscle metabolic rate may increase upto two
orders of magnitude [1]. As rhythmic contractions are sustained primarily
through oxidative metabolism the ability to distribute blood flow and deliver
O2 and substrates [glucose and free fatty acids (FFA)] within and among active
skeletal muscles is of paramount importance. Since the seminal microscopy
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studies of August Krogh nearly a century ago the notion of ‘‘capillary
recruitment’’ has been invoked to explain increased blood-muscle O2 flux at
the onset of contractions [2]. This notion is founded on the tacit presumption
that many capillaries in resting muscle do not sustain red blood cell (RBC) flux
and that these capillaries then initiate RBC flux with contractions.

Krogh used high pressure India ink perfusions of resting and contracting
muscle to demonstrate that many more capillaries contained ink after contrac-
tions [2]. Obvious limitations of this procedure, which were acknowledged by
Krogh, included vascular and myocyte distortion and the clumping together of
India ink particles which may have preferentially blocked terminal arterioles in
the resting condition when their caliber was the smallest. Despite these short-
comings, textbook authors [e.g., 3, 4] and contemporary researchers [e.g., 5–8]
use these observations, and Krogh’s O2 diffusion model developed from them,
to explain fundamental physiological phenomenon in resting and contracting
muscles including: (1) Recruitment of additional capillary surface area. (2)
Increased blood-muscle O2, glucose and FFA fluxes. (3) Decreased capillary-
mitochondrial diffusion distances.

It is certainly logical that, if there were a substantial reserve capacity for
blood-myocyte flux at rest, during exercise when the muscles’ energetic
demands increased, that reserve would be recruited. However, evidence is
presented herein that conflicts with the existent dogma that, in exercising
muscle(s), increased blood-myocyte flux results solely or primarily from the
initiation of RBC and plasma flow in previously non-flowing capillaries.
Rather, the position is taken that, if RBC and plasma flow already exist in
most capillaries in resting muscle (and much recent evidence indicates that this
is so), increased blood-myocyte flux (i.e., phenomena 1–3 above) during exer-
cise must occur within already-recruited capillaries. This position forces con-
sideration of new models for blood-myocyte exchange in exercising muscle and
reveals important clues into the mechanistic bases for microvascular dysfunc-
tion in chronic disease(s) (Fig. 1)

Notwithstanding the above, the motto of The Royal Society ‘‘Nullius in
Verba’’ (Take nobody’s word for it, see it for yourself) exhorts the scientist to
challenge dogmatic adherence to ideologies especially when they conflict with
rigorous scientific observations. It is pertinent that the most ardent supporters
of ‘‘capillary recruitment’’ do not actually observe capillaries in their experi-
ments [8] – a practice that has drawn acerbic criticism from eminent micro-
scopists such as Eugene Renkin [9]. Instead, their conclusions are based upon
assumptions that often regard a capillary as a simple switch that is either on or
off [e.g., 6, 7].

It is the purpose of this review to present: (1) compelling direct evidence for
RBC flux in the majority of capillaries in resting muscle – which precludes the
possibility of substantial recruitment of previously non-flowing capillaries dur-
ing exercise. (2) Recent NIRS evidence that supports little de novo capillary
recruitment from rest-to-exercise. (3) Quantitative support that maintenance of
RBC flux in the majority of resting muscle is feasible. (4) Putative explanations
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for apparently contrary evidence. (5) A novel model that accounts for increased

blood-myocyte flux without the necessity for de novo capillary recruitment

(Fig. 1).

2 RBC Flux in the Majority of Capillaries in Resting Muscle

In conscious rats at rest systemic indicator infusions reveal that almost all

capillaries in the muscles examined (diaphragm, soleus, vastus lateralis) evi-

denced perfusion within 7 s [i.e., < 1 circulation, ref. 10]. This observation is

supported by an extensive array of intravital microscopy studies of rat extensor

Fig. 1 Putative mechanisms that can account for the increase of blood-myocyte O2 (and
substrate) flux, from rest-exercise, within existent RBC flowing capillaries without the neces-
sity for ‘‘recruitment’’ of previously non-flowing capillaries. (1) Elevation of RBC numbers
(hematocrit) within capillaries. (2) Substantial elevation of blood flow (RBC flux) within
originally very low flow capillaries means that capillaries that were unimportant for blood-
myocyte flux at rest become important during exercise. (3) IncreasedRBC velocity and greater
fractional O2 extraction mean that additional capillary surface area along the length of the
capillary becomes important for blood-myocyte flux. (4) There is the possibility that the
endothelial cell surface layer (thought to be crucial in lowering capillary hematocrit below
systemic) is modified under high flow conditions. (5) The precipitous fall in intracellular PO2

increases the blood-myocyte gradient and also desaturates myoglobin potentially elevating its
ability to transport O2 and therefore intracellular diffusing capacity for O2
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digitorum longus [11], diaphragm [12] and spinotrapezius [13, 14] as well as
hamster sartorius and cremaster [15], rabbit tenuissimus [16] and cat sartorius
[17] muscles which demonstrate that > 80% of capillaries support RBC flux
under resting conditions.

Intravital microscopy techniques have been criticized based upon the surgery
required to visualize the muscle of interest, whether all capillaries within the
optical field are visible and the necessity for anesthesia. Each of these concerns
has been systematically countered as follows: Careful measurements in vasodi-
lated [18] and contracting [14] muscles demonstrated that no more capillaries
became visible under hyperemic conditions when additionally ‘‘recruited’’ capil-
laries would be obvious. Bailey et al. [19] showed that surgical preparation of
the spinotrapezius muscle requisite for intravital microscopy did not alter blood
flow (radiolabelled microspheres) or the precise matching of blood flow to
metabolic rate (microvascular PO2) at rest or during contractions. Regarding
anesthesia, the similarity of findings between conscious and anesthetized ani-
mals suggests that the majority of the capillaries in resting muscle support RBC
flux [10–15, 17]. Additional evidence that smooth muscle function is preserved
under anesthesia – which counters the argument that it is a loss of vasomotor
tone which accounts for > 80% of capillaries supporting RBC flux – is that
muscles of anesthetized animals preserve their blood flow to metabolism
(O2 uptake) ratio of �6:1 [20] as found in animals and humans performing
voluntary exercise [1].

3 NIRS Evidence Supports Little De novo Capillary Recruitment

from Rest-Exercise

If one were to accept the notion of substantial capillary recruitment at exercise
onset, for example from 15 to 90%, muscle hemoglobin concentration [Hb]
would be expected to increase a minimum of 6-fold (and probably much more
due to augmented capillary hematocrit). Near infrared spectroscopy (NIRS)
interrogation of the exercising human quadriceps reveals that the actual
increase of [Hb] is a very modest <30% [21] which may be achieved via
augmented capillary hematocrit within capillaries that support RBC flux at
rest [22] without de novo recruitment of capillaries.

4 RBC Flux in Most Resting Muscle Capillaries

is Mathematically Feasible

The exemplar 70 kg human in whom 45% of body mass (31.5 kg) is muscle has
an estimated muscle blood flow of �1 L/min (corresponding to 5.4 trillion
RBC/min) [3, 4]. Accepting that capillary length and density vary among
muscles 1,000 mm and 300/mm2 are reasonable mean values. If we consider
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that 80% [as in the rat, refs. 13, 14, 23] of these 8.9 billion muscle capillaries
sustain RBC flux �12 RBC/capillary/s is calculated. This value compares very
closely to that actually measured in the rat spinotrapezius muscle [i.e., 15–20
RBC/capillary/s, ref. 14] and suggests that maintenance of RBC flux in the
majority of muscle capillaries at rest is not quantitatively unreasonable in
humans.

5 Putative Explanations for Apparently Contrary Findings

Experimental evidence for ‘‘capillary recruitment’’ has largely avoided critical
examination because of the overall belief in the concept. Although there are
serious problems with the interpretation of histological studies [e.g., 8, 24] in the
interests of brevity only intravital microscopy studies are dealt with here.
Paramount among many important considerations are: (A) Anesthetized ani-
mals may be hypovolemic and hypotensive which invokes a reflex vasoconstric-
tion in muscle. This arteriolar vasoconstiction can be extreme and reduce the
proportion of flowing capillaries. When relieved by superfusion of vasodilatory
substances there is the appearance of capillaries being recruited. (B) If surgical
exteriorization is not performed extremely carefully, so as to avoid blunt
trauma or stretching, the delicate capillaries can be damaged and RBC flux
ceases [23]. (C) Mean O2 pressures within resting muscle are maintained at
extremely low levels (< 20 mmHg). Experimental conditions that are hyperoxic
relative to this cause reflex vasoconstriction which stops RBC flux in capillaries
that would otherwise be flowing at rest. Subsequent lowering of the hyperoxic
PO2 into the normal range (or below) then gives the appearance of capillary
‘‘recruitment’’[5, 8].

6 Conclusions

In physiologically well-controlled, stable preparations that are not damaged,
overly stretched or hyperoxic the vast majority of capillaries support RBC flux.
Thus, in response to elevations of metabolic rate that occur with contractions
the increased blood flow presents primarily as an elevated RBC flux (and
hematocrit) within already flowing capillaries (i.e., the concept of longitudinal
recruitment as shown in Fig. 1) [14, 25, 26]. In healthy muscle(s) of young
individuals this process elevates convective and diffusive O2 delivery so rapidly
that microvascular O2 pressures are maintained close to (or above) resting
values for the first few seconds of contractions despite immediate and rapid
increase in muscle O2 utilization [27]. This is crucial because if muscle O2

delivery is adequate, it places the site of limitation for O2 uptake dynamics
within the mitochondrial respiratory chain [28]. In marked contrast to the
situation in healthy muscles, chronic disease such as heart failure (and also
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diabetes) severely reduce the proportion of capillaries supporting RBC flux in

muscle at rest and during contractions [29]. This scenario reduces both con-

vective and diffusive O2 delivery and microvascular O2 pressures fall transiently

far below those in healthy muscles [30]. As the speed of muscle O2 delivery

becomes limiting both muscle and pulmonary gas exchange and their kinetics

are impaired [28]. Without an appreciation of in vivo capillary hemodynamics,

and the realization that recruitment of previously non-RBC flowing capillaries

is not fundamental to increasing blood-myocyte O2 and substrate flux from

rest-exercise, resolution of the mechanistic bases for microvascular/muscle

dysfunction in disease is severely compromised.
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Arteriolar Vasomotor Control and Contractile

Performance During Fatiguing Tetanic

Contractions in Rat Skeletal Muscle: Role

of Sympathetic System

Tadakatsu Inagaki, Takashi Sonobe, David C. Poole, and Yutaka Kano

Abstract Using a fatiguing stimulation protocol designed specifically to
enhance sympathetically-mediated vasoconstrictor tone, we explored the tem-
poral profile of the evoked vasoconstrictor response, evaluated the presence of
sympatholysis, and assessed the role of a1-adrenergic receptor-mediated vaso-
constriction on muscle performance. Spinotrapezius muscles of Wistar rats
were exteriorized and stimulated tetanically (100 Hz, 4–7 V, stimulus duration
700 ms) every 3 s for 2.5 min under control and prazosin (1 mM) superfused
conditions. The extent and time course of diameter changes in arterioles (2A)
and venules (2V) were determined after each of 10 discrete sets of muscle
stimulation at 5-min intervals. A significant decrease of luminal diameter was
observed in arterioles after tetanic contractions at 8–10 sets (8 sets: �34.4%,
9 sets: �39.4%, 10 sets: �38.6% vs pre-contraction at each set, p < 0.01).
Prazosin significantly reduced but did not abolish the contraction-induced
vasoconstriction. In both conditions, there was no reduction of venules dia-
meter observed. Tetanic contractions force at the final 10th set was significantly
decreased to 29.3 � 11.9% from pre-fatigue conditions, while tetanic contrac-
tions with prazosin force production was maintained at 70.4 � 14.2% at the
10th set. We conclude that in sequential bouts of contractions there was a
progressively greater degree of arteriolar (but not venular) vasoconstriction
which was attenuated substantially by prazosin.

1 Introduction

Blood flow to the tissue is determined by the interaction of perfusion pressure
and vascular tone. The immediate rise in blood flow at onset of muscle con-
traction is attributed to the muscle pump function [1] and rapid vasodilation [2].
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During and after exercise, vascular tone in the skeletal muscle microcirculation
represents a dynamic balance between sympathetic vasoconstriction and locally
released vasodilator substances [3]. Although muscle blood flow increases in an
exercise intensity-dependent manner, muscle sympathetic nerve activity also
increases in the same manner [4]. It is believed that local vasodilator responses,
at least to some degree, override the sympathetic vasoconstrictor activity [5].
Despite this functional sympatholysis sympathetic vasoconstriction may con-
strain the increase of muscle blood flow during exercise [6, 7]. However, it has
not been established whether such increases of sympathetic nerve activity or
alternatively reduced functional sympatholysis mediates the attenuated vaso-
dilator response observed during muscle fatigue evoked by repeated bouts of
tetanic contractions. Therefore, the purpose of the present study was to explore
the role of functional sympatholysis on vasomotor control during and following
isometric tetanic contractions in the rat spinotrapezius muscle. Specifically,
using a stimulation protocol designed to increase sympathetically-mediated
vasoconstrictor tone in combination with a1-adrenergic blockade (prazosin),
we tested the hypothesis that fatiguing contractions would alter the vasocon-
striction-vasodilation balance towards vasoconstriction. Further, removal of
this vasoconstriction would increase arteriolar diameter and reduce fatigue in
this preparation.

2 Methods

Male Wistar rats (9–13 week of age, Japan SLC) were used in this study. All
procedures were approved by the University of Electro-Communications Insti-
tutional Animal Care and Use Committee. Animals were anaesthetized with
sodium pentbarbital (70mg/kg i.p.) during surgery. The right carotid artery was
cannulated (PE50) for the subsequent monitoring of blood pressure. The right
spinotrapezius muscle was prepared for in vivo microscopic observation as
previously described [8]. During all procedures, the exposed muscle surface
was kept moist by superfusing with Krebs-Henseleit buffer solution at 378C.
For the contraction protocols, two partially insulated fine silver electrodes were
placed at proximal and distal end of the spinotrapezius muscle, and connected
to an electrical stimulator (model-3F46, NEC). After the surgical preparations,
the rat was placed on a 378C glass hotplate. Then, the anesthesia was changed to
urethane (4 g; a-chloralose, 25 g; Urethane, 100 ml; Polyethylene Glycol 200,
2 ml/kg, i.p.) from pentobarbital. Arterial pressure was monitored throughout
the experiment using a pressure transducer (Nihon Koden). To measure muscle
force during contractions, the wire horseshoe attached to the spinotrapezius
muscle was connected by fine wire to a strain gauge. Mean arterial pressure and
Torque (0–10 mN �m, scale) measurements were recorded using a Chart5 via
Mac Lab/8s (A/D Instruments). The microcirculation of the spinotrapezius
muscle was transilluminated and observed under an intravital microscope
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using a �10 objective lens. The microscopic images were captured by a
high-sensitivity charge-coupled device digital camera (DP70, Olympus).

Animals were allowed to stabilize for 15–30 min after completion of the
surgical procedure. Each spinotrapezius muscle was subjected to 10 discrete sets
of isometric muscle stimulation in a similar manner to that described previously
[8]. Stimulations (rectangular pulses of 6–8 V intensity, 4 ms pulse width) were
delivered by electro-stimulator via stimulus isolation units. This stimulation
condition activates the sympathetic nerve [9]. Each set consisted of the muscle
being stimulated tetanically at resting sarcomere length (100 Hz, stimulus
duration 700 ms, 2.6- to 2.7-mm sarcomere length) every 3 s for 2.5 min
(i.e., 50 contractions) under (1) control (n = 7) and (2) prazosin superfused
conditions (n = 6).

Vasculature images of first- or second-order arterioles and venules were
obtained in the resting muscles and every 5 s for the first minute, every 30 s
for the next 4 min and at 5 min intervals after each of 10 discrete sets of muscle
contractions. Captured images were analyzed after the experiments using
ImageJ software (National Institutes of Health). Microvascular diameter mea-
surements were reproducible to within 1 mm. The captured area included the
branch of each vessel, andmean vessel diameters reported represent the average
diameter at 0, 50, 100 mm distance from each branch. To investigate the role of
sympathetic nerve activity during muscle fatigue, the selective a1-adrenergic
receptor antagonist prazosin (1 mM, dissolved in KHB), was added to the
superfusion solution.

A two-way repeated-measures ANOVA and Bonferroni post hoc test was
used for arteriole vs. venule and control vs. prazosin superfused conditions. A
one-way repeated-measures ANOVAandBonferroni post-hoc test was used for
relative force comparison. Measured values are presented as means � SE.
Significance was established at p < 0.05.

3 Results

Mean arterial pressure during the resting period was 111� 4mmHg and did not
change during muscle contractions in either the control or prazosin condition.
Figure 1 shows the changes of relative tetanic force. In the control condition,
tetanic force decreased 20–40% within a set, and at the final 10th set it was
significantly decreased to 29.3 � 11.9% of initial force. While the prazosin
superfused condition also indicates decreasing tetanic force within a set, there
was a marked reduction in the attenuation of tetanic force production through-
out 10 sets of contractions (70. 4 � 14.2% of pre-fatigue conditions at the final
10th set).

The time courses of change in arteriolar and venular inner diameter for each
condition during recovery are shown Fig. 2. In the control condition, arteriolar
vasoconstriction immediately after muscle contractions was observed at the
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10th sets (�38.6% vs. pre contraction at each set, p < 0.01). Also, a significant
decrease of luminal diameter was observed in arterioles after 8th set (�34.4%)
and 9th set (�39.4%). The time constant (t) of diameter recovery at the 5th and
10th sets was 25 � 7 s and 46 � 13 s, respectively. On the other hand, in the
prazosin condition during contractions (time ‘‘0’’ in Fig. 2), arteriolar diameter
did not decrease progressively as seen in control. In neither control nor prazosin
conditions, did venular inner diameter change significantly.

4 Discussion

The principal finding of this investigation was that repetitive, fatiguing muscle
contractions evoke a progressive vasoconstrictor response that is blocked by the
selective a1-adrenergic receptor antagonist prazosin. Specifically, significant
decreases of arteriolar luminal diameter were observed in arterioles after 8–10
sets of contractions under control conditions, presumably reflecting a dimin-
ishing sympatholysis, which was largely abolished by prazosin. Moreover,
a1-adrenergic receptor blockade significantly reducedmuscle fatigue suggesting
an important role for sympathetically-mediated vasoconstriction in impairing
muscle performance in this preparation (Fig. 1). It has long been recognized
that studying the interaction between functional vasodilation and sympathetic
vasoconstriction is fundamental to understanding blood flow control during
exercise. Although the local vasodilator responses to a certain degree override
the sympathetic vasoconstrictor activity (functional sympatholysis) during

Fig. 1 Change of relative tetanic force during contraction protocols. Force normalized to
initial denotes the average of first and last 5 contractions of sets 1, 5, and 10 from control and
prazosin conditions. Values are means � SE (control: n = 4, prazosin: n = 5). Significance
compared with initial value for each condition: *p < 0.01
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exercise, as fatigue increases, sympathetic vasoconstriction may become more

pronounced and thus sympathetic receptor blockade may attenuate the asso-

ciated vasoconstriction and also the muscle fatigue. Saito et al. [7] showed that

muscle sympathetic nerve activity enhanced during fatigue induced with more

than 25% of maximal voluntary contraction. Jacobs and Segal [10] reported

that post-contraction vasodilation was attenuated with muscle fatigue in the

feed artery and proximal arterioles. These previous findings and the results of

the present investigation suggest that the competing balances of local vasodi-

lator responses and sympathetic vasoconstriction shift in favor of vasoconstric-

tion with muscle fatigue.
In the prazosin condition, the vasoconstriction was attenuated but not abol-

ished completely. Sympathetic vasoconstriction is mediated by activation of

both postjunctional a1- and a2-adrenergic receptors [11]. Recently, it was

suggested that a1- and a2-adrenergic receptor responsiveness to infusion of

selective a1- and a2-adrenergic receptor agonists does not decline during

Fig. 2 Time course of arteriolar and venular inner diameter changes during recovery after 1, 5,
and 10 sets of contractions under control and prazosin superfused condition. Values of vessel
inner diameter are normalized to each pre-contracting baseline diameter. In the control
condition and prazosin-superfused condition, relative arteriolar and venular diameter
changes are shown in a, b and c, d respectively. Values are means � SE (control: n = 7,
prazosin: n= 6). Significant decrease of luminal diameter immediately after muscle contrac-
tions compared with pre-contraction diameter: *p < 0.01
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prolonged mild-intensity exercise [12]. Furthermore, muscle contraction-induced

impairment of a2-vasoconstriction can augment muscle blood flow [13]. Thus,

further investigationwill be required to identify any sympathetic vasoconstriction

during muscle fatigue that arises from the a2-adrenergic receptor.
The protocol of this study did not affect venous vessel diameter following

muscle contractions and this finding is consistent with previous reports that

venous vessels are not under sympathetic control [14]. Also, this observation

suggests that there was little or no change of muscle internal pressure, and any

associated mechanical alterations of the vasculature, after contractions.
In summary, using a fatiguing stimulation protocol designed specifically to

enhance sympathetically-mediated vasoconstrictor tone, we explored the tem-

poral profile of the evoked vasoconstrictor response, evaluated the presence of

sympatholysis, and assessed the role of a1-adrenergic receptor-mediated vaso-

constriction on muscle performance. The principal findings were as follows: (1)

muscle fatigue was reduced significantly by a1- adrenergic receptor blockade

with prazosin, (2) in sequential bouts of contractions there was a progressively

greater degree of arteriolar (but not venular) vasoconstriction which was atte-

nuated substantially by prazosin. These results demonstrate that, in this pre-

paration, as muscle fatigue becomes more pronounced there is a greater sym-

pathetically-mediated vasoconstriction (i.e., partial attenuation of

sympatholysis) relief of which can improve muscle performance.
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The Influence of Passive Stretch on Muscle

Oxygen Saturation

Kevin K. McCully

Abstract Previous studies have suggested that chronic stretch might be able to
produce skeletal muscle hypertrophy. However, stretching might also restrict
blood flow, which could in turn influence any stretch-training program. This
study evaluated the influence of muscle stretch on muscle oxygen saturation
using near infrared spectroscopy (NIRS). A 16 channel NIRS probes were
placed on the medial gastrocnemius, quadriceps, and hamstring muscles of
young healthy adults. Oxygen saturation during maximal tolerated stretch
was measured and normalized with cuff-induced ischemia and reperfusion.
Oxygen saturation decreased in the gastrocnemius and quadriceps in a position
dependent fashion, but did not change in the hamstring muscles. Passive
stretching may also have a significant hypoxic component in some muscles
but not others.

1 Introduction

Near infrared spectroscopy (NIRS) has been used to evaluate changes in
oxygen saturation to skeletal muscle [1]. Recently, regional differences in oxy-
gen saturation in skeletal muscle have been reported using NIRS devices with
multiple source detector pairs [2, 3]. During plantar flexion exercise the more
distal portion of the gastrocnemius muscles demonstrates a more rapid desa-
turation, potentially related to greater changes in pennation angle [4]. These
studies show that for the gastrocnemius muscle, muscle action results in a
regionally dependent change in oxygen saturation.

Chronic stretch to maintain an increased length has been shown to have
dramatic effects on skeletal muscle [5]. Of potential clinical significance, chronic
stretch has been shown to reduce much of the atrophy associated with
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immobilization [6]. Furthermore, stretch combined with electrical stimulation
has been shown to produce greater hypertrophy than electrical stimulation
alone [5]. If chronic stretched induced ischemia, this might be another mechan-
ism for enhancing muscle hypertrophy [7–9]. The purpose of this study was to
characterize the degree of muscle desaturation with continuous stretch, and to
determine whether there were regional differences in the effect of stretch on
muscle oxygen saturation in the gastrocnemius muscle.

2 Methods

This study was approved by the University Committee on Studies Involving
Human Beings at the University of Georgia and all subjects gave informed
consent. Young healthy subjects who were moderately active by self report were
included in this study.

The subjects were placed in a supine position for 10 min prior to data
collection. The NIRS device was placed on either the medial gastrocnemius,
vastus lateralis, or biceps femoris and the occlusion cuff was placed on the
subject above the NIRS probes.

Muscle oxygen saturation during 3 min at a neutral position (90 degrees) was
followed by at least 10 min with the muscle stretched to the subjects’ self-
reported maximum stretch. The subjects reported pain ratings of 5 on a scale
of 0–10 as a result of the maximum tolerated stretch.

For the gastrocnemius muscle, short isometric contractions were performed
during the stretch to mimic a training protocol that included ischemic and
muscle contractions. The contractions did not appear to have any noticeable
effect on oxygen saturation values during the stretching period. At the conclu-
sion of the stretch, the leg was returned to the neutral position. Five minutes of
cuff ischemia followed by reactive hyperemia was used to produce minimum
and maximum oxygen saturation values for normalization of the signals. Cuff
ischemia was produced by inflating the cuff to approximately 100 mmHg over
systolic pressure (DEHokkansen Inc.). The cuff pressure was then released and
NIRS signals collected for an additional 3 min to capture the peak reactive
hyperemic response.

The NIRS measurements used a continuous light source, dual-wavelength
spectrophotometer (Cogniscope; NIM, Inc.). Two light sources and six photo
detectors were arranged to produce 8 different signals. The separation distance
between the light sources and detector pairs was 3 cm. The source detector pairs
were located in two rows covering a distance of 9.5 cm along the calf, and 5 cm
wide. Light photons migrate through the tissue and were collected by the
detectors with optical filters set at 760, 805, and 850 nm. The difference in signal
between 760 and 850 nm was used to indicate changes in oxygen saturation.
Voltage signals were converted to optical density using the Beer-Lambert Law,
and used to calculated oxygen saturation (ratio of HbO2/Hb signal). Total
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blood volume measured as the Hb + HbO2 signal was also recorded but not

presented. Oxygen saturation values were calibrated as a percentage of the

physiological range using 0% as the lowest value at the end of cuff ischemia,

and 100% as the peak value after releasing the cuff. The average response of

each gastrocnemius and biceps femoris muscles included all eight channels, and

regional differences were determined by averaging the two source detector pairs

at each longitudinal position (presented as proximal, mid proximal, mid distal,

and distal). For the vastus lateralis muscle, 16 channels were used producing

8 locations.
Data are presented as means (standard deviations). ANOVAwas used to test

for a difference in oxygen saturation between baseline and stretch for the

different positions.

3 Results

Nine subjects performed the gastrocnemius stretch protocol, while 5 subjects

performed the quadriceps and hamstring stretch protocols. Figure 1 shows an

individual response to the gastrocemius stretching protocol at two locations,

proximal and distal. The short duration isometric contractions produced small

motion artifacts, but did not appear to significantly influence oxygen saturation

values. Gastrocnemius stretching resulted in a decline in the average oxygen

saturation values relative to the baseline condition (Fig. 2). This decline in

oxygen saturation with stretch was statistically significant (F= 18.1, p< 0.001).
There was a marked difference in the magnitude of change in oxygen satura-

tion with stretch among the four positions in the gastrocnemius (Fig. 2). There

was no difference in the oxygen saturation at the neutral position prior to

stretch in the different locations (F = 0.131, p = 0.941). Individual compar-

isons showed that while the proximal position during the stretch was not

Fig. 1 Representative data for oxygen saturation at the most proximal and distal positions in
one subject during continuous stretch. Note that the distal portion appears to desaturate to a
greater extent relative to the desaturation during cuff ischemia
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different from rest, oxygen saturation values at the other three positions were
statistically different (p < 0.02 for all comparisons).

Maximum tolerated stretch produced a position-dependent decrease in
oxygen saturation in the vastus lateralis, with the most distal portions decreas-
ing oxygen saturation 36 (20) % and the proximal portions being not different
from rest. However, no changes were seen in the oxygen saturation in the biceps
femoris muscle with maximum tolerated stretch, despite similar pain ratings for
the gastrocnemius and vastus lateralis muscles.

4 Discussion

An important finding from this study is that continuous passive stretch of the
gastrocnemius muscle caused large decreases in oxygen saturation, often
approaching levels comparable to complete ischemia. The magnitude of the
decrease in oxygen saturation was highly dependent on the location (proximal
vs. distal) within the muscle. These results to the greater distal oxygen desatura-
tion that was seen byMiura et al. during plantar flexion exercise [2]. Miura et al.
[2] suggested that during plantar flexion exercise the distal portion of the
gastrocnemius muscle generates higher intramuscular pressures related to
greater pennation angles [4]. It is the higher intramuscular pressures that are
suspected of reducing blood flow. Intramuscular pressures were not measured
in this study and it is not clear if intramuscular pressures during passive stretch
reach the same levels as those during activemuscle contraction. Previous studies
in animals have suggested that muscle contractions involving shortening can
close blood vessels due to a shearing effect. However, it is not clear if shearing
could account for changes in blood flow with stretch. Poole and colleagues [10]
have suggested that stretch reduces the size of capillary diameters, which
increases resistance and reduces blood flow.

Fig. 2 Oxygen saturation
values for the different
locations in the
gastrocnemius muscle
during stretch. Rest
indicates values at 90o prior
to stretch, Stretch indicates
the values reached after
10 min. Data are presented
as means and SD. * indicates
statistically different from
baseline rest values (p< 0.05)
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A number of factors could have influenced oxygen saturation during stretch.
It is possible that passive stretch increases metabolic rate.We found no evidence
that passive stretch increased muscle activation measured with surface EMG
(data not shown). Changes in the pathlength of light with stretch might also
alter the oxygen saturation results. However, absorption changes with path-
length would be expected to occur rapidly, on the same time course as the time
to make the stretch movements, and this was clearly not seen in the data
(see Fig. 1, for example).

It is not clear how to compare the magnitude of changes in oxygen saturation
in this study to changes in muscle blood flow and diameter in previous studies.
The change in fiber length in our study might have been as high as 130% of
optimal length, based on a displacement of the heel of 2.5 cm at the smallest
angle used (61 degrees), fascile lengths of 6.6 cm and pennation angles of
24 degrees [4]. This is within the range of length changes produced in many
microvascular studies [10, 11]. Interestingly, none of the animal studies reported
complete cessation of blood flow [10, 11]. However, in at least some of our
subjects the magnitude of decline in oxygen saturation was similar to complete
ischemia. Therefore, it is possible that passive muscle stretch in humans pro-
duces greater reductions in blood flow than predicted in animal models of
stretch.

This study also found that stretching of the quadriceps (vastus lateralis)
produced a similar response to the gastrocnemius in that the distal portion of
the muscle desaturated while the proximal portion did not. This response was
variable between subjects and 2 of the 5 subjects showed no desaturation while 3
showed a very pronounced desaturation. The hamstring (biceps femoris) mus-
cle groups did not produce decreases in muscle oxygen saturation. This was not
due to different magnitudes of stretch, at least judged by the level of discomfort
caused by the stretch. The most likely explanation for this finding is that the
medial gastrocnemius is more pennated than the biceps femoris, and the greater
pennation angles induce great shear pressure on the blood vessels. The vastus
lateralis has pennation angles that are in-between.We have also noticed that the
level of muscle pressure needed to occlude blood flow is muscle lower in the
forearm (�10% of maximum contractions) compared to the biceps (�50% of
maximum contraction), data not shown. This is also consistent with known
differences in pennation angle in these muscles.

A number of different studies have suggested thatmuscle ischemia, both with
and without muscle contraction can enhance muscle hypertrophy [7–9]. Thus it
might be important to evaluate potential changes in oxygen saturation which
might occur in a stretching intervention. This study suggests that passive
stretching can have a component of muscle ischemia, and the variability in
the level of ischemia implies that it will be hard to predict how much ischemia
will occur with passive stretch.

In conclusion, this study found that passive stretch reduced oxygen satura-
tion in the gastrocemius and vastus lateralis muscles, but not the biceps femoris
muscles. The magnitude of the reduction in oxygen saturation was highly
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dependent on the location within the muscle. Thus, in order to predict the
change in oxygen saturation that occurs in the skeletal muscle with stretch, it
is necessary to make the actual measurements, and to make measurements in
more than one location.

Acknowledgements Michele King, Richard Marks, Aaron McPherson and Katherine
Scheidler assisted with data collection.
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NIRS Measurement of O2 Dynamics in

Contracting Blood and Buffer Perfused Hindlimb

Muscle

Kazumi Masuda, Hisashi Takakura, Yasuro Furuichi, Satoshi Iwase,

and Thomas Jue

Abstract In order to obtain evidence that Mb releases O2 during muscle
contraction, we have set up a buffer-perfused hindlimb rat model and applied
NIRS to detect the dynamics of tissue deoxygenation during contraction. The
NIRS signal was monitored on hindlimb muscle during twitch contractions at
1 Hz, evoked via electrostimulator at different submaximal levels. The hindlimb
perfusion was carried out by perfusion of Krebs Bicarbonate buffer. The NIRS
still detected a strong signal even under Hb-free contractions. The deoxygena-
tion signal (D[deoxy]) was progressively increased at onset of the contraction
and reached the plateau under both blood- and buffer-perfused conditions.
However, the amplitude of D[deoxy] during steady state continued to signifi-
cantly increase as tension increased. The tension-matched comparison of the
D[deoxy] level under buffer-perfused and blood perfused conditions indicate
that Mb can contribute approximately 50% to the NIRS signal. These results
clarify the Mb contribution to the NIRS signal and show a falling intracellular
PO2 as workload increases.

1 Introduction

The transport of O2 into myocytes and the regulation of respiration depend
upon an extensive series of mechanisms and influences [1]. To clarify these
mechanisms in vivo, researchers have developed non-invasive magnetic reso-
nance spectroscopy (1H-MRS) and near infrared spectroscopy (NIRS) techni-
ques [2–4]. Indeed, these non-invasive methods have shed unique insights but
have also raised controversial questions: Does the intracellular oxygen continue
to decline or plateau as workload increases? Does the NIRS signal detect Hb or
Mb desaturation? The near infrared spectroscopy (NIRS) is a powerful tool for
detecting O2 dynamics in contracting muscle in vivo, because it can detect O2
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changes with high sensitivity and time resolution. However, NIRS cannot

distinguish the contribution from Mb and Hb. Currently, most researchers

believe that the NIRS signal derives mainly from blood (Hb) [5–6]. In contrast,

recent NMR experiments have suggested that Mb contributes significantly to

NIRS signal [7].
To address these questions, we have conducted an NIRS study with buffer

perfused hindlimb. Buffer-perfused muscle avoids any Hb interference. The

NIRS signals reflect only the intracellular O2 dynamics during muscle contrac-

tion. The results indicate that NIRS detects a significant contribution fromMb

and that Mb desaturation does not reach a plateau with increased workload.

2 Materials and Methods

2.1 Experimental Animals and Protocol

Male Wistar rats (9 weeks old, 242–280 g, n = 3) were used for the present

experiment. All procedures performed in the present study were approved by

the ethics committee on Animal Experimentation of Kanazawa University.
The present experiment was consisted of two conditions: (1) under evoked

twitch contractions without buffer perfusion (normal blood-perfused condi-

tion), and (2) under evoked twitch contractions with buffer-perfusion (without

Hb interference). First of all, the rats were subjected to twitch contractions in

vivo. The evoked tension via the sciatic nerve was set at several levels of the

maximal tension (25�100%), and a constant tension was maintained during a

2-min contraction. A 10-min recovery period between series of 2-min contrac-

tions to eliminated muscle fatigue. TheNIRS signal returned to its control level,

before the next set of stimulation began.
After the in vivo stimulations, the rats were prepared for hindlimb perfusion.

Under buffer-perfused condition, the hindlimb muscle was stimulated via the

sciatic nerve as same as the condition of in vivo stimulation.
Under anesthesia with pentobarbital sodium (45mg/kg i.p.), the sciatic nerve

of the left hindlimb was connected to two parallel stainless steel wire electrodes.

The Achilles’ tendon was connected to a strain gauge with a string (MLT500/D,

ADInstrument, Australia). At the muscle’s optimum length, where the muscle

generated peak tension, the electric stimuli on the sciatic nerve elicited a series of

isometric twitch contractions. The stimulation consisted of a single square wave

(delay 10 ms, interval: 2 ms, duration: 1 ms) was controlled by the electrostimu-

lator system (Model RU-72, Nihon Koden, Japan). The stimulation was 1 Hz

of frequency for 120 s. The target tension was controlled by changing stimuli

voltage to obtain 25�75% of peak tension (4–8 volts). The twitch tension was

recorded via data acquisition system (PowerLab 8SP, ADInstrument,

Australia).
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Preparation of the isolated rat hindlimb and the perfusion apparatus were
described in the previous reports [8–10]. Figure 1 shows the system. Surgery was
modified from those in previous reports [11–13]. The inflow catheter was placed
in the descending aorta with its tip 4–5 mm proximal to the aorta bifurcation.
Initially the hypogastric trunk was occluded to evaluate whether blood flow to
the trunk region could be eliminated. Subsequently ligature was placed around
the contralateral (right hindlimb) common iliac artery. Blood flow to the tail
was eliminated by ligation at its base. Venous effluents were collected separately
from the vena cava.

Regular Krebs-Henseleit buffer contained 15 mM glucose was equilibrated
with 95% O2 + 5% CO2. A circulating water bath and temperature jacketed
reservoir and tubings maintained at 378C. A peristaltic pump maintained a
constant, non-recirculating perfusate flow. After the cannulation of the abdom-
inal aorta, the Krebs-Henseleit buffer containing heparin (2000 U/l) was per-
fused into hindlimb for 30-min to prevent clotting blood and to wash out blood
from hindlimb. Buffer was continued to perfuse the hindlimb until the end of
experiment.

The NIRS instrument (NIRO-300 + Detection Fiber Adapter Kit,
Hamamatsu Photonics, Japan) provided separate measurements of changes in
deoxygenated Hb and Mb concentrations (D[deoxy]), changes in oxygenated
Hb and Mb concentrations (D[oxy]), and changes in the sum of these two
variables as total Hb and Mb concentrations (D[total]). Since previous study
suggested that the D[oxy] was affected by the variation of blood flow compared
with D[deoxy] signal [14], the D[deoxy] signal was used as the muscle oxygena-
tion index in the present study.

Fig. 1 The illustration of buffer perfused hindquarter system
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The distance between the photodiode and the LEDwas fixed at 10mmon the

skin of m. gastrocnemius. The kinetics of D[deoxy] during evoked contraction

was mathematically evaluated by fitting the data to the single exponential

function to determine amplitude (the amplitude between baseline and the

steady-state value during the exponential component, mMcm).

2.2 Statistical Analysis

All data are expressed as means � SD. To compare measurements between

tension levels or between conditions, repeated measurement of one-way analy-

sis of variance (ANOVA) was used. Scheffé’s post-hoc test was conducted if

ANOVA indicated a significant difference. The level of significance was set at

p < 0.05.

3 Results

Buffer-perfused muscle contained no Hb. Yet, NIRS still detected a very strong

signal. The evoked twitch tension under buffer-perfusion remained constant

during stimulation but reached half the maximal tension observed under blood-

perfusion. Estimated contributions of Mb and Hb on the NIRS D[deoxy]
amplitude during contraction is shown in Table 1 At 50% of maximal twitch

tension (71.05 � 28.47 g), the amplitude of the D[deoxy] signal contains about
50% contribution from Mb (Table 1). The Mb deoxygenation (at steady state)

at 50%, 75% and 100% of maximal twitch tension obtained under buffer-

perfusion was 6.10 � 3.57, 10.35 � 6.90, 15.57 � 6.60 (mMcm) respectively,

and progressively amplified as tension level increased (p < 0.01�0.05). Pre-
liminary calibration experiments with anoxic buffer have yielded an estimate of

total Mb desaturation at maximal exercise under buffer perfused condition to

be about 50% (SmbO2). Since blood perfused muscle reaches a higher tension

and shows almost a 50% increased in amplitude, Mb should desaturate even

lower than 50%.

Table 1 Estimated Mb and Hb contribution on the NIRS D[deoxy] amplitude during con-
traction at a given tension level

Hb+Mb Mb Hb

Amplitude 26 � 11 13 � 6* 12 � 5*

Unit: mMcm, means � SD, n = 3, *: p < 0.05 vs. Hb + Mb. The ‘‘Hb + Mb’’ denotes the
amplitude under blood-perfused condition. ‘‘Mb’’ corresponds to the amplitude under buffer
perfusion. The ‘‘Hb’’ was obtained by subtracting the amplitude of ‘‘Mb’’ from ‘‘Hb+Mb’’.
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4 Discussion

According to the traditional assumption, Mb serves merely as an O2 store in

myocytes [15]. Mb releases O2 only under extremely hypoxic condition.

Based on this assumption, many researchers have attributed the NIRS signal

from muscle to Hb rather than intracellular Mb. However, NMR experi-

ments have raised questions about the predominant Hb contribution in the

NIRS experiments. 1H-NMR can detect the signals from the His F8 NH of

deoxy Mb and Hb in human skeletal muscle and can monitor directly Mb

and Hb desaturation during contraction [16, 17]. Based on a comparative

measurement of NMR and NIRS, Mb contributes significantly to the NIRS

signal [7].
Mb deoxygenation has an influence on the optical measurement such as

NIRS. Surprisingly, the Mb contributes nearly 50% to the NIRS deoxy signal

(Table 1). Researchers usually ignore the Mb contribution in human muscle

experiments [14, 18]. Previous rat hindlimb experiments that applied chemical

infusion to modify the muscle O2 uptake have suggested that 90% of the NIRS

signal comes fromHb [9]. In contrast, the present study shows a parallel change

in Mb and Hb desaturation and suggests that Mb contributes equally to the

D[deoxy] signal [7].
The present study also provides a preliminary answer to the controversial

question if Mb plays a role as an O2 store and if the O2 gradient continues to

widen as energy demand increases. Mb surely releases O2 at the onset of the

contraction, and the Mb release of O2 depends upon the O2 demand of mito-

chondria. The present result shows a progressive increase in the amplitude of

the D[deoxy] signal for both blood- and buffer-perfused conditions. The trend

does not appear to reach any plateau, and Mb desaturation increases as O2

demand rises with muscle contraction. In essence, the O2 gradient continues to

widen with increased work. The present result supports the observation that

Mb desaturation continues to deoxygenate with increasing muscle activity and

does not reach any plateau [17, 19].
Physiological significance of Mb desaturation at the onset of contraction

remains unclear. However, it is obvious that the gradient from extracellular

layer to intracellular layer must expand once Mb desaturates. The gradient

would improve the efficiency of diffusion conductance (DO2) in the muscle

tissue [20]. Even though further experiments are still required to clarify these

changes in cellular O2 during muscle contraction, our results indicate that Mb

continues to deoxygenate as work increases and contributes significantly to the

NIRS signal in exercising skeletal muscle.
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Muscle Reoxygenation Difference Between

Superficial and Deep Regions of the Muscles

During Static Knee Extension

Chihoko Ueda and Atsuko Kagaya

Abstract The purpose of this study was to test the hypothesis that differences in
vertical spatial difference in reoxygenation after exercise exists, reflecting
heterogeneity of muscle oxygenation during exercise might be due to the differ-
ence in dominantly recruited muscle fiber type. Methods: Ten healthy female
subjects performed 1 min static knee extension exercise at low (30%) and high
(60%) fraction of maximal voluntary contraction (MVC).Muscle oxygenation in
the vastus lateralis (VL) was monitored using multi channel near-infrared spec-
troscopy. Half time reoxygenation (T1/2reoxy) after exercise was calculated from
oxygenated hemoglobin in the eight channels which changed the distance between
light source and detector distances at 2,3,4,5 cm. Blood flow (BF) in the femoral
artery was measured by Doppler ultrasound. Mean arterial blood pressure (BP)
at the end of the exercise was assessed by a Finometer device. Results: BF during
exercise did not differ significantly during exercise at low and high intensity,
whereas BP was elevated at high intensity. T1/2reoxy tended to be prolonged at
high intensity. It would be due to a transition of muscle fiber recruitment from
type I toward type II fiber dominance, and/or insufficient oxygen supply for
increased demand in the muscle. T1/2reoxy in different light source and detector
distances was not different among them. Conclusion: This study demonstrated
that the reoxygenation in the superficial region did not differ from that in the
deeper region, including superficial, even when exercise intensity was high.

1 Introduction

Recent studies indicated a spatial heterogeneity in lateral direction of deoxy-
genation and reoxygenation in a single muscle [6, 7, 9, 10]. One of the studies
demonstrated that plantar flexion resulted in more deoxygenation during
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exercise and an earlier reoxygenation during recovery in the distal portion

compared with the proximal portion in gastrocremius muscle [9]. Another

study also reported that reoxygenation in VL after cycling exercise was pro-

gressively delayed from distal sites to proximal site at the same submaximal

intensities [6]. Possible reasons for such regional differences in muscle oxygena-

tion between the proximal and distal portion are differences in muscle fiber

composition, intramuscular pressure, and capillary density and so on [9]. A

previous study in human demonstrated that distribution of different fiber type

varied within amuscle, with a predominance to type II fibers at surface and type

I fibers in deeper regions of the muscle [11]. Based upon the non-uniformity of

muscle fiber composition from superficial to deeper portions of muscle, we

assumed that muscle reoxygenation should be different depending on the depth

of the region studied in the muscle. Additionally the difference in intramuscular

pressure between the superficial and deep regions [12] should be considered,

because it results in the difference in oxygen delivery and therefore reoxygena-

tion difference.
Recently, muscle oxygenation during exercise has been measured non-inva-

sively by near-infrared spectroscopy (NIRS). Recovery time of muscle oxy-

genation following the completion of exercise is used as an index of deficits of

oxygen delivery to the muscle in relation to oxygen demand of working muscle

[1, 2, 4, 8]. Therefore we supposed that surface regions of muscle have a pro-

longed recovery time of muscle oxygenation as compared with deeper regions.

The purpose of this study was to test the hypothesis that vertical spatial

difference in recovery time of muscle oxygenation exists, reflecting heterogene-

ity of muscle oxygenation during exercise is probably caused by non-uniform

fiber composition distribution.

2 Methods

Ten healthy females [age: 22.0 � 1.2 (means � SD) yr, body height: 160.4 �
4.6 cm, body mass: 55.3 � 5.7 kg] participated in this study. The subjects were

fully informed of the purpose, nature, and potential risks of the experiments

and gave their written, informed consent to participate in this study. This study

was approved by The Ethical Committee of the Japan Women’s College of

Physical Education.
Static knee extension was adopted in this study. Before the experiments, all

subjects were familiarized with the exercise equipment and the protocol. Max-

imal voluntary contraction (MVC) of knee extension was measured on the right

leg. The exercise was performed in upright position with the knee joint angle set

at 90 degrees. The exercise comprised 1 min static contraction at low (30%

MVC) and high (60% MVC) intensities. The order of the contractions was

random, and separated by at least 5 min.
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Femoral arterial blood velocity in the right leg was measured by Doppler
ultrasoundmethod (Vivid7 pro, GEYokokawaMedical Systems, Japan) with a
7.5MHz transducer. The systolic and diastolic diameters in the femoral arterial
were also measured using B-mode ultrasonography. The mean diameter was
calculated based on the relative time periods of the systolic (1/3) and the
diastolic (2/3) phases of the cardiac cycle: ([systolic diameter value � 1/3] +
[diastolic diameter value � 2/3]). Mean blood velocity (Vmean) was obtained
from angle corrected, time averaged, and integrated velocity of whole consecu-
tive cardiac cycles of Doppler signals within the approximately last 5 s of each
exercise. Femoral artery blood flow (FBF) was calculated by multiplying the
cross-sectional area (area= p� [diameter/2]2) (CSA) of the femoral artery with
Vmean ; FBF (L/min) = Vmean (cm/s) � CSA (mm2) � 6 � 10–4.

Mean arterial blood pressure (BP) was measured non-invasively by photo-
electric plethysmogaraphy with Finometer (Finapres Medical Systems BV,
Netherlands). The beat-to-beat values were averaged over the last 5 s of exercise
at each intensity.

Muscle oxygenation in the VL was monitored by near infrared continuous
wave spectroscopy (NIRS, OMM-3000, Shimadzu, Japan). The NIRS probe
was placed over the thickest site of VL, and 3 cm distal part from there. The
distance light source and detector distances was set at 2, 3, 4, and 5 cm. Tissue
thickness over this position was 8.6 � 0.6 mm for the subcutaneous adipose
tissue, 20.7 � 0.9 mm for VL and 16.2 � 0.8 mm for Vastus intermedius (VI)
muscle. The NIRS signals at wavelengths of 780, 805, 830 nm were used for
calculation of changes in the concentration of oxygenated hemoglobin
(oxyHb), deoxygenated hemoglobin (deoxyHb), and total hemoglobin
(totalHb). Half time reoxygenation (T1/2reoxy) was determined as the time
required to reach the value halfway between the oxyHb level immediately
after exercise and that at peak hyperemia during recovery.

Values are represented as means � SE, unless indicated otherwise. Differ-
ences in BF, BP, and T1/2reoxy between the low and high intensities were
analyzed using the t test for paired samples. One-way ANOVA for repeated
measurements was used to compare T1/2reoxy for different light source detector
distances. A p-value of less than 0.05 was considered statistically significant.

3 Results

FBF at 30%MVC (0.45� 0.04 L/min) was not different from that at 60%MVC
(0.50 � 0.06 L/min) (Fig. 1)

BP was significantly higher at 60% MVC (95 � 3 mmHg) compared with
30% MVC (106 � 6 mmHg) (p < 0.05) (Fig. 2)

T1/2reoxy tended to be prolonged at 60%MVC as compared with 30%MVC
(p < 0.10). However there were no differences among T1/2reoxy values in
different light source detector distances (Fig. 3)
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4 Discussion

The present study examined muscle reoxygenation from the superficial to deep

region of the VL in static knee extension exercise at low and high intensities.

Results showed that T1/2reoxy tended to be prolonged at the high-intensity

exercise. This would be explained by a transition of muscle fiber recruitment

from type I toward type II fiber dominance, and/or due to insufficient oxygen

supply for increased demand in the muscle supposed from pre-sent result of BF.

BF during exercise was constant, and means that the blood supply condition

was not different between low and high intensities. This result on BF is sup-

ported by previous studies [3, 5]. The values of T1/2reoxy in this study were

smaller than that in previous references [6, 8]. It might be due to different

exercise. We used static one-legged knee extension exercise and they used

cycle ergometer exercise. Dynamic cycle exercise should induce recruitment of

larger muscle mass and increase oxygen demand of working muscle.
We could not find differences in T1/2reoxy among different light source and

detector distances. Following three possible reasons are considered; the first is

that recruited muscle fibers in this exercise are not different in proportion of

Fig. 2 Mean blood pressure
(BP) during knee extension
exercise at low (30% MVC)
and high (60% MVC)
intensities. Values are mean
� SE, n = 9. *Significant
difference between
intensities (p < 0.05)

Fig. 1 Femoral artery blood
flow (FBF) during knee
extension exercise at low
(30% MVC) and high (60%
MVC) intensities. Values are
mean � SE, n = 9. NS
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types between superficial and deep regions of the muscle. The second is that

wider light source and detector distance has included not only deep region

information but also superficial information of muscle oxygenation. The third

is that the heterogeneity of intramuscular pressure could affect on T1/2reoxy in

Fig. 3 Half time reoxygenation (T1/2reoxy) during knee extension exercise at low (30%MVC)
and high (60%MVC) intensities in different light source detector distances. Values are mean
� SE, n = 10. p < 0.1, 30% MVC vs. 60% MVC corresponding values
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the opposite direction to the heterogeneity of muscle fiber distribution. The
question remains unresolved if heterogeneity of muscle fiber composition and
blood flow distribution will cause different recovery time of muscle oxygenation
between superficial and deep regions of the muscle.

In conclusion, this study demonstrated that recovery time of muscle
oxygena-tion in deep and superficial regions did not differ from that in the
region limited to the superficial one after exercise even at high intensity.
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Arterial Oxygen Desaturation Response to

Repeated Bouts of Sprint Exercise in Healthy

Young Women

Shimpei Kuniyoshi, Yumiko Endoh, Minoru Kobayashi, and Hiroshi Endoh

Abstract The decline in arterial oxygen saturation of hemoglobin during exer-
cise has been termed exercise-induced arterial hypoxemia (EIAH). We exam-
ined whether repeated bouts of sprint exercise (SprE) would induce EIAH in
healthy young men and women. Ten men and 11 women (20.4 � 0.3 year)
performed an anaerobic power test (three bouts of 10 s cycling with 120 s
intervals) using a cycle ergometer. Arterial oxygen saturation of hemoglobin
measured by pulse oximeter (SpO2), heart rate (HR), rate perceived exertion
(RPE), and the blood lactate concentration ([La]b) were assessed at rest, during,
and 5 min after repeated bouts of SprE. Women exhibited a lower maximal
anaerobic power (MAnP) compared to men (498 � 23 vs. 759 � 22 watts,
respectively, p < 0.01). HR, RPE, and [La]b in women were comparable with
those in men throughout the test. However, the only significant decline in SpO2

after a single bout of SprE (95.5 � 0.7%) from the resting value (97.9 � 0.2%)
was observed in women, and further declines occurred following heavier SprE
(< 95%). In 8 of 11 women, mild to moderate EIAH developed, whereas only 2
men showed mild EIAH. Thus, these findings suggest that repeated bouts of
SprE might induce mild EIAH in young women but not men.

1 Introduction

EIAH has been reported in many trained young men, some older athletes, and
many habitually active women [3]. It is generally accepted that EIAH occurs at
a heavy workload approximately corresponding to the maximal oxygen con-
sumption. To our knowledge, however, most exercises to identify EIAH carried
out in previous studies lasted for several min with a fast-increment, progressive,
or constant heavy workload, i.e., the exercise mode did not simulate sprinting.
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On the other hand, some recent studies reported a high incidence of EIAH
(nearly 70%) in women during the early [7] or mid [3] follicular phase of their
menstrual cycle, slightly greater than the 50% value in highly fit men [2].

With this background, we examined whether repeated bouts of brief exercise
with a heavy workload would induce EIAH in healthy young men and women.

2 Methods

2.1 Subjects

Twenty one (10 men and 11 women; 20.4 � 0.3 year) healthy young subjects
participants of varying fitness levels between the ages 18–24 year volunteered
for this study and provided oral informed consent. In this study, we chose to
collect data throughout all phases of the menstrual cycle.

One to 3 months before the present experiment, the predicted maximal
oxygen consumption of all subjects was measured by the 20 m shuttle run
test, which is a valid indicator of maximal aerobic capacity in various popula-
tions and may be used to predict with reasonable accuracy [6]. Subject char-
acteristics and physical capacity data are shown in Table 1.

2.2 Exercise

All subjects performed theMAnP test, which comprised three bouts of SprE on

an electrically braked cycle ergometer (Powermax-V II, CombiWellness) for 10

s, with a subsequent 2 min rest interval in a thermoneutral condition (approxi-

mately 258C ambient temperature and �50% relative humidity) near sea level.

Subjects were instructed to pedal as fast as possible during the SprE regardless

of the workload. The workload on the first bout of SprE was determined based

on the sex and body weight of individuals, and the following workloads were

Table 1 Subject characteristics

Men (n = 10) Women (n = 11)

Age, yearr 21.0 � 0.6 20.0 � 0.3

Height, cm 171.0 � 1.7 157.0 � 1.1**

Body Weight, kg 65.5 � 2.5 53.4 � 2.8**

Body Fat, % 14.2 � 1.3 25.1 � 2.1**

BMI, kg�m�2 22.4 � 0.6 21.7 � 1.0

pV
.
O2max, mL �min�1�kg�1 48.2 � 1.4 40.9 � 1.4**

MAnP, watts 759 � 22 498 � 23**

Values are means� SE. BMI, bodymass index; pV
.
O2max, predicted

maximal oxygen consumption; MAnP, maximal anaerobic power.
Significantly different, ** p < 0.01 vs. men.
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automatically calculated by a built in computer based on the workload and

pedaling rate (revolutions per min) recorded during the prior bout of SprE, as

previously described [5].

2.3 Measurements

SpO2 data were obtained by pulse oximeter with a finger probe (OX-0001,

Yamagata Casio). Even though the current generation of finger probe equipped

with pulse oximeters may be more accurate than ear probe equipped models [4],

the sensors are subject to motion artifacts, which can interfere with signal

detection during heavy exercise, such as that performed in this study. Therefore,

we fixed the probe on a forefinger using elastic adhesive tape, ensuring contact

between the probe and fingertip during the test. In pilot studies, we confirmed

the absence of changes in SpO2 on hand movements.
After resting measurements, SpO2, HR (S610i, Polar), and RPE using Borg’s

(6–20) scale were assessed immediately after every bout of SprE and 5 min after

the third bout. The blood lactate concentration ([La]b) was also determined

immediately after the third bout of SprE and at recovery by a portable lactate

analyzer (Lactate Pro LT1710, Arklay).

2.4 EIAH

According to the proposal by Dempsey and Wagner (1999), we adopted the

following criteria for EIAH: mild EIAH characterized as SpO2 of 93–95%,

moderate EIAH as 88–93%, and severe EIAH as less than 88%.

2.5 Statistics

All data are represented as the mean � SE. The significance of differences

between men and women regarding morphological and physical capacity data

was assessed using Student’s unpaired t-test. Differences between men and

women for SpO2, HR, RPE, and [La]b were assessed by a two-way analysis of

variance (ANOVA) with repeated measures. When an interaction was encoun-

tered, a functional one-way ANOVA for each sex was conducted to determine

differences within sex, and the Bonferroni post-hoc test was performed to

determine differences between men and women in the various pairwise compar-

isons. Pearson’s correlation coefficient was employed to determine the relation-

ship between physical capacity data and the minimum SpO2 on the repeated

bouts of SprE. For all analyses, significance was set at p < 0.05.
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3 Results

Mean power outputs on the first bout of SprE in men and women were 651� 29
and 367 � 28 watts, respectively, which were clearly lower than those on
subsequent bouts of exercise: 797 � 24 and 490 � 25 and 726 � 30 and 489 �
22 watts on the second and third bouts of SprE, respectively. Women exhibited
a significantly lower MAnP compared to men (Table 1).

Table 2 summarizes the effects of repeated bouts of SprE on HR, RPE, [La]b,
and SpO2. Changes in HR, RPE, and [La]b for women were comparable with
those formen throughout the test, suggesting that similar relativeworkloadswere
used for each sex in this study. Although SpO2 showed similar values in both
sexes during the initial resting period, the only responding declines in SpO2 were
observed in women immediately after the first bout of SprE, and further declines
occurred following heavier exercise, whereas there were no significant changes in
SpO2 in men. The differences in SpO2 between men and women were completely
abolished at recovery. It is worth noting that mild to moderate EIAH developed
in 8 of 11 women (n = 4 in each category), whereas only 2 men were ranked as
showing mild EIAH and the other 8 men were considered to be non-responders
who maintained a higher SpO2 of over 95% throughout the test.

To demonstrate the effects of physical capacity on the arterial oxygen
desaturation response to the repeated bouts of SprE, several correlation ana-
lyses were performed. We identified a significant correlation between the mini-
mum SpO2 and MAnP when data for both men and women were pooled
(r = �0.58, p = 0.006). In contrast, the predicted maximal oxygen consump-
tion was not correlated with the minimum SpO2.

4 Discussion

The major finding of this study was that the repeated bouts of SprE might
induce mild EIAH in young women but not in men.

Table 2 HR, RPE, [La]b, and SpO2

Rest 1st SprE 2nd SprE 3rd SprE Recovery

HR, bpm Men 73.2 � 0.2 140.2 � 0.4 149.0 � 0.4 151.6 � 0.5 93.8 � 0.2

Women 75.3 � 0.2 133.6 � 0.7 149.5 � 0.8 148.8 � 0.5 94.1 � 0.2

RPE Men 13.8 � 0.6 16.1 � 0.3 17.5 � 0.5

Women 13.9 � 0.5 15.3 � 0.5 16.7 � 0.5

[La]b, mM Men 3.4 � 0.5 12.4 � 1.1 12.9 � 1.1

Women 2.8 � 0.2 10.9 � 0.8 10.7 � 0.7

SpO2, % Men 98.2 � 0.2 96.9 � 0.4 97.3 � 0.4 97.1 � 0.5 97.6 � 0.2

Women 97.9 � 0.2 95.5 � 0.7$ 94.7 � 0.8*, $$ 94.9 � 0.5**, $$ 97.5 � 0.2

Values are means � SE. HR, heart rate; RPE, rate perceived exertion; [La]b, blood lactate
concentration; SpO2, arterial oxygen saturation of hemoglobin; SprE, sprint exercise. Significantly
different, * p < 0.05, ** p < 0.01 vs. men. Significantly different, $ p < 0.05, $$ p < 0.01 vs. rest.
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SpO2 may be reduced during heavy exercise, not only because of a reduction
in the PaO2 but also due to a pH and temperature induced rightward shift of the
oxyhemoglobin (HbO2) dissociation curve [1]. Although these factors could
have some effects on our results, the increase in the [La]b response to the
repeated bouts of SprE were comparable in both sexes, as well as other physio-
logical responses, and the percentages of mean power output in MAnP during
the repeated bouts of SprE were somewhat lower in both sexes (average 90% of
MAnP) than in men (average 95% of MAnP), suggesting that the decrease in
pH caused by the repeated bouts of SprE in women was unlikely to be greater
than in men. In addition, the exercise duration (10 s) would be too brief to cause
a marked elevation in the core temperature. Taken together, the repeated bouts
of SprE performed by both sexes in this study might have an equal effect on the
rightward shift of the HbO2 dissociation curve.

Metabolic activities during intermittent exercise, such as repetition- or
interval-mode exercise, must be maintained at a high level until the completion
of the final bout of exercise, similar to the state during continuous endurance
exercise. Recent studies [3, 8] suggested that a smaller vital capacity, reduced
airway diameter, and a smaller diffusion surface in women compared to age and
height matched men could lead to the gender based difference in the EIAH
response to continuous exercise with a fast-increment, progressive workload.
Thus, these anatomical and functional factors related to pulmonary limitation
in women could be lead to EIAH in this study.

Although the mechanisms for EIAH represented in this study are unclear,
they would necessarily include ventilation-perfusion inequality, diffusion lim-
itation, and also the possibility that certain individuals may have had a lower
breathing response (maybe due to diaphragmatic fatigue), i.e., less hyperventi-
lation, than others in late exercise/immediate recovery. Further study is
required to clarify potential mechanisms leading to the altered SpO2 response
to the repeated bouts of SprE in women.

We showed a significant negative correlation betweenminimumSpO2 during
the repeated bouts of SprE and MAnP. Our finding indicates that individuals
with lower anaerobic capacity might be at high risk of EIAH response to
repeated bouts of SprE.
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The Effect of Endurance Training on Resting

Oxygen Stores in Muscle Evaluated by Near

Infrared Continuous Wave Spectroscopy

Takayuki Sako

Abstract The purpose of this study was to examine the effects of endurance

training (ET) on resting oxygen store (r-O2mus) using near infrared contin-

uous wave spectroscopy (NIRCWS), and the validity of using this method for

the evaluation of resting muscle oxygen consumption (r-VO2mus) in a training

study. Ten female subjects were tested in the following study. All subjects were

physically active, but did not participate in any regular training besides this

study. The subjects were fully informed of the risks and gave their consent

before the start of the experiments. For ET subjects cycled for 40 min at

60–70%VO2peak, three times a week, for 4 weeks. Before and after the period

of ET, VO2peak and r-O2mus for the vastus lateralis muscle were measured.

r-O2mus was defined as the amount of O2 consumed by the muscle, which was

determined from r-VO2mus measured by NIRCWS (HEO200, Omron) during

arterial occlusion induced by a pneumatic tourniquet. In order to verify the

measurements using NIRCWS, oxygen consumption for both the whole body

(40%-VO2) and vastus lateralis muscle (40%-VO2mus) were measured at pre

and post ET. 40%-VO2mus was calculated from the ratio of the declining rates

of Hb/MbO2 immediately post-exercise and during rest (r-VO2mus). As a

result, VO2peak significantly increased after ET. r-O2mus also significantly

increased (p < 0.05). Neither 40%-VO2 nor 40%-VO2mus changed following

ET. Therefore these findings suggest the increase in r-O2mus calculated from

r-VO2mus reflects an increase in resting oxygen stores in the trained muscle.

Under the condition when resting muscle oxygen consumption is unchanged,

NIRCWS can be a useful non-invasive tool for measuring muscle oxygen

stores.
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1 Introduction

Near infrared continuouswave spectroscopy (NIRCWS) iswidely applied to various
fields, suchasbasic science, exercisephysiology, and sportsmedicine, sinceNIRCWS

can evaluate the changes in Hb/MbO2 and total Hb/Mb concentration in a non-
invasive manner and at a high time resolution. The amount of Hb/MbO2 that
decreases during arterial occlusion at rest reflects the amount of oxygen consumed
inmuscle, and canbe expressed as the oxygen store (r-O2mus) [1, 2]. In otherwords,
the oxygen store ismainly related to the number of arterioles andvenules, density of
capillaries which are perfused and contain HbO2, andMbO2 concentration at rest.
Measuring these functional parameters non-invasively offers the advantage to
evaluate oxygen delivery under physiological conditions, which has been typically
assessed in histological studies in non physiological conditions.

Since NIRCWS cannot determine the absolute value of Hb/MbO2 content,
Hamaoka et al. [2] proposed a ‘‘physiological calibration’’ evaluated by the
difference of Hb/MbO2 levels between the resting value and the minimum value
during arterial occlusion. They also proposed a method to evaluate exercising
muscle oxygen consumption from the decline rates of Hb/MbO2 during arterial
occlusion relative to the resting value [2, 3]. Using these methods, we can
compare the oxygenation level and oxygen consumption at various exercise
levels among different subjects.

This non-invasive method offers many benefits in human studies, but may
prove difficult to apply to training studies where changes in resting muscle
oxygen consumption (r-VO2mus) could occur following the training period.
The purpose of this study was to examine the effects of endurance training (ET)
on r-O2mus using NIRCWS, and the validity of using this method for the
evaluation of r-VO2mus in a training study.

2 Methods

Ten female subjects (21.4 � 1.2 years) were tested in the following study. All
subjects were physically active, but did not participate in any regular training
besides this study. The subjects were fully informed of the risks and gave their
consent before the start of the experiments.

All exercise testing and training were performed on a cycle ergometer (AERBI-
KE75XLII, COMBI, Japan), which provided work load control independently of
pedaling cadence. Pulmonary gas variables were measured by a breath-by-breath
method (AE-300S, Minato, Japan). Before and after the period of ET, all subjects
performed a maximal aerobic test using a step method to determine VO2peak. ET
was conducted for 40 min at 60–70% VO2peak, three times a week, for 4 weeks.

Skeletal muscle oxygen consumption at rest (r-VO2mus) and during submax-
imum exercise (40%-VO2mus), and resting oxygen store (r-O2mus) were measured
using near infrared continuous wave spectrometer (HEO200, Omron, Japan)
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(Fig. 1). A pair of probes of NIRCWS was applied to the skin 3 cm apart over the
right vastus lateralis muscle. Both muscle oxygen consumption (VO2mus) and
resting muscle oxygen store (r-O2mus) were evaluated from the changes in Hb/
MbO2 concentration during arterial occlusion by a pneumatic tourniquet attached
proximal to NIRCWS probes. During the measurement of NIRCWS subjects were
seated on a cycle ergometer with the right foot on the pedal so the thigh is
positioned horizontally. r-O2mus wasmeasured during 10min of arterial occlusion
at rest. r-O2mus was defined as the amount of O2 consumed by the muscle, which
was determined from the decline rate of Hb/MbO2 reflecting r-VO2mus and was
expressed as the time for the stored oxygen to be consumed by r-VO2mus.
40%-VO2mus was measured during 20 s of arterial occlusion immediately after
15 min of exercise at 40%-VO2peak, and defined as the ratio to r-VO2mus
measured during arterial occlusion 10 min before starting the exercise. Oxygen
consumption for the whole body (40%-VO2) was also measured during 15 min of
exercise.

All data were expressed as means � SE. Statistical evaluation of changes
from pre-training values was done using a paired Student’s t-test. A p value of
< 0.05 was accepted as significant.

3 Results

VO2peak significantly increased from 2147.8 � 77.2 ml/min(mean � SE) to
2308.5 � 75.8 ml/min (p < 0.01) after ET (Fig. 2). r-O2mus also significantly
increased from 309.6 � 17.1 s to 354.4 � 17.5 s (p < 0.05) (Fig. 2). The body
weight significantly decreased from 54.4 � 2.4 kg to 53.6 � 2.3 kg after ET

Fig. 1 Experimental protocol and calculations of resting muscle oxygen store (left) and
muscle oxygen consumption at 40%VO2peak (right). r-O2mus, resting muscle oxygen store;
DHb/MbO2, the amount of change in Hb/MbO2 level; SR, the decline rate of Hb/MbO2 level
at rest; 40%-VO2mus, muscle oxygen consumption at 40%VO2peak; SE, the decline rate of
Hb/MbO2 level; A.O., arterial occlusion; Ex, exercise with cycle ergometer
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(p < 0.05). Figure 3 shows the average changes in 40%-VO2 and 40%-VO2mus

after ET. 40%-VO2 did not significantly change from 898.0� 177.8ml/min before

ET to 880.4� 128.7ml/min after ET. 40%-VO2mus also did not vary from 20.6�
2.1 before ET to 20.3 � 2.1 after ET. In order to examine the possibility of a

decrease in r-VO2mus causing an increase in r-O2mus, 40%-VO2mus was recalcu-

lated from the revised r-VO2mus. Revised 40%-VO2mus was significantly smaller

than the pre-training value (17.9 � 1.9 fold of r-VO2mus). It was unlikely that

40%-VO2mus would decrease after ET when compared to the pre-value, so it is

reasonable to think that r-O2mus increased after ET.

4 Discussion

The purpose of this study was to examine the effects of endurance training (ET)

on r-O2mus using NIRCWS, and the validity of using this method for the

evaluation of r-VO2mus in a training study. As a result, VO2peak significantly

increased after ET. r-O2mus also significantly increased (p < 0.05). Neither

40%-VO2 nor 40%-VO2mus changed following ET.

Fig. 2 The effect of endurance training on VO2peak (left) and resting muscle oxygen store
(r-O2mus)(right). Both VO2peak and r-O2mus significantly increased after endurance training
(ET). Values are mean�SE. Pre, value measured before ET; Post, value measured after ET.
Asterisks indicate a significant difference from the pre-training value for each parameter (* p
< 0.05, ** p < 0.01)
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To the best of the author’s knowledge, this is a first finding showing an

increase in r-O2mus after ET. There have been several human studies showing

ET increases capillary density [4–6]. Andersen et al. [4] found a 20% increase in

capillary density of muscle biopsies from the quadriceps femoris muscle after

ET. Our finding of a 14.5% increase in r-O2mus is consistent with these

previous findings. In contrast to the response of capillary density on ET, there

are many studies in which Mb concentration was unchanged after ET in

humans [7, 8]. Based on previous studies, the increase in r-O2mus observed in

this study is likely due to an increase in capillary density. This result shows the

possibility of using NIRCWS to evaluate the changes in capillary density.
In this study no change in r-VO2mus was found after ET. Most studies

investigating resting metabolic rate (RMR) have focused on the whole body.

Some studies found that ET increased RMR [9], but others did not show any

effects [10], so the effect of ET onRMR is still unclear. Although there are a few

studies that have evaluated resting muscle oxygen consumption using magnetic

resonance spectroscopy [2, 3, 11], none of them evaluated the effect of ET. No

change in r-VO2mus after ET indicates the possibility of evaluating the effects

of ET on VO2mus using NIRCWS.
r-O2mus evaluated in this study may reflect the number of the capillaries

perfused with blood at rest. To investigate the effect of ET on capillary density,

evaluating oxygen store in maximum exercise needs to be examined.

Fig. 3 The effect of endurance training on pulmonary (left) and muscle (right) oxygen
consumption at 40%VO2peak. Neither VO2 nor VO2mus changed following endurance
training (ET). Revised VO2mus was significantly smaller than the pre-training value. Values
are mean � SE. VO2mus,muscle oxygen consumption; Pre, value measured before ET;
Post,vale measured after ET; Post(Revised), value recalculated from revised r-VO2mus.
Asterisks indicate a significant difference from the pre-training value (* p < 0.05)
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5 Conclusion

These findings suggest the increase in r-O2mus calculated from r-VO2mus
reflects an increase in resting oxygen stores in the trained muscle. Under the
condition when resting muscle oxygen consumption is unchanged, NIRCWS can
be a useful non-invasive tool for measuring muscle oxygen stores.
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the English manuscript.
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Cerebrovascular Response During Heavy Upper

Body Exercise: Effect of Mode of Ventilation on

Blood Flow Velocity in theMiddle Cerebral Artery

K. Sato, A. Hirasawa, N. Tsunoda, Y. Taniguchi, and T. Sadamoto

Abstract Heavy resistance exercise may be associated with a small risk of
cerebral aneurysm rupture, subarachnoid hemorrhage, and symptoms of dizzi-
ness or outright weight-lifters’ blackout, which may be induced by a rapid
change in the cerebral blood flow. We hypothesized that these changes during
heavy exercise could be associated with the mode of ventilation. The purpose of
the present study was to elucidate the effect of the mode of ventilation on
cerebral blood flow response during heavy upper body exercise. Subjects
performed 15-s static exercises at 80% maximum voluntary contraction
(MVC) under different modes of ventilation. In this study, we observed that
heavy exercise with breath holding induced marked and rapid changes in the
cerebral blood flow velocity in the middle cerebral artery during and after
exercise as compared with that with continued normal ventilation. We also
observed that hyperventilation before exercise could largely contribute to a
lower cerebral blood flow velocity during exercise and which even extended to
the recovery phase. Our data suggested that even during heavy upper body
exercise, the mode of ventilation is very important for maintaining cerebral
circulation.

1 Introduction

Heavy resistance exercise is associated with a pronounced increase in the
arterial pressure and cerebral blood flow, which may occasionally result in
bleeding around the brain. On the other hand, symptoms of dizziness or out-
right weight lifters ‘‘black out’’ could be linked to decrease in the cerebral blood
flow during and after heavy exercise. Despite the benefits of resistance exercise
on skeletal morphology and function, heavy resistance exercise may be
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associated with a small risk of rupture of cerebral aneurysm, subarachnoid
hemorrhage, and weight lifters ‘‘black out’’ [2, 6, 7].

Change in the cerebral blood flow during heavy exercise could be associated
with the mode of ventilation, including the forced expiration against a closed
glottis (breath holding induced a Valsalva-like maneuver) and hypocapnia
induced by hyperventilation before and during exercise [1, 6, 7, 10]. A previous
study reported marked change in the mean cerebral blood flow velocity in the
middle cerebral artery (MCA Vmean) during heavy two legged extension with
concomitant Valsalva-like maneuver [7]. More recently, Romero and Cooke
[10] demonstrated that hyperventilation before exercise exacerbates the reduc-
tion inMCAVmean during leg-press resistance exercise. These studies suggested
that during heavy exercise the associated mode of ventilation may be of deter-
ministic importance for cerebral circulation. However, these investigations
focus on cerebral blood flow regulation during lower-body exercise involving
a large muscle mass. To date, there is no information regarding the effect of the
mode of ventilation on the cerebral blood flow response during upper body
heavy exercise involving a small muscle mass. In addition, the individual effects
of breath holding during exercise and of hyperventilation before exercise on
cerebral blood flow remain unclear.

Therefore, the purpose of the present study was to elucidate the effect of the
mode of ventilation on cerebral blood flow response during heavy upper body
exercise. We hypothesized that hypocapnia induced by hyperventilation before
exercise and by breath holding during exercise may cause greater reduction in
the cerebral blood flow as compared with that during continued normal
ventilation.

2 Methods

A total of 10 male field athletes (7 shot putters and 3 hammer throwers; mean
age � SD: 21.2 � 1.2 years) volunteered to participate in this study after
providing informed consent to the protocol, as approved by the ethics commit-
tee of Japan Women’s College of Physical Education.

In this study, single arm elbow flexion exercise was performed with the use of
a multifunctional dynamometer device. The exercise load selected was 80% of
the maximal voluntary contraction (MVC) force. After a 3-min resting period,
the subjects performed 15-s static exercises at 80% MVC with the following 3
different modes of ventilation (in random order): (1) continued normal ventila-
tion (EX), (2) exercise with concomitant breath holding (EX+BH), and (3) pre-
exercise hyperventilation till an end tidal partial pressure of CO2 (PET CO2) of
3.5% was achieved (HV). In HV, after a 2-min rest, the subjects were instructed
to perform voluntary hyperventilation for 1-min in order to achieve a PET CO2

of �3.5% [10]. After the 1-min hyperventilation, the subjects performed 15-s
static exercises with continued normal ventilation.
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MCA Vmean measurement was performed with an ultrasound system (Vivid
7pro; GE Yokogawa Medical Systems) equipped with a 2.0 MHz sector trans-
ducer. The MCA Vmean was defined as the time-averaged mean velocity
obtained in automatic calculation mode. Mean arterial pressure (MAP) was
measured non-invasively by photoelectric plethysmography with Finometer
(Finapres Medical Systems BV). Furthermore, we determined the stroke
volume (SV), and cardiac output (CO), from the blood pressure wave form by
using the Modelflow method. Respiratory parameters were determined with an
online system for the breath-by-breath method. The ratio ofMAP/MCAVmean

was calculated as an index of cerebrovascular resistance (CVR).
To confirm whether the parameters had actually changed as a result of

exercise as compared with the resting values, two-way analysis of variance
(ANOVA) with repeated measurements and Dunnett’s t-test were conducted.

3 Results

The MCA Vmean and CVR responses at rest, during, and after exercise are
illustrated in Fig. 1. In EX, MCA Vmean decreased (not significantly) from 36.8
to 34.9 cm �s�1 and significantly (p < 0.05) decreased further to 32.4 cm �s�1 at
1–5s after the end of exercise. The CVR gradually increases at the onset of
exercise, and returned to resting levels immediately after the end of exercise. The
PET CO2 rapidly decreased during exercise in EX.

In EX+ BH, MCA Vmean dropped sharply to below the resting revel (from
38.2 to 31.9 cm �s�1) with a subsequent overshoot to 43.4 cm �s�1 at 1–5 s after
the end of exercise. The CVR significantly (p < 0.05) increased at the onset of
exercise, and rapidly returned to resting levels immediately after the end of
exercise. The CO significantly (p < 0.01) decreased until just after the end of
exercise (from 9.2 to 5.6 l �min�1), with a subsequent overshoot until 10 s after
the end of exercise (to 10.4 �min�1).

Hyperventilation before exercise reduced theMCAVmean from 35.2 cm�s�1 at
rest to 28.4 cm�s�1 at 5 s before the start of exercise. In contrast to both the EX
and EX+BH, theMCAVmean gradually increased until the end of exercise (from
28.4 to 33.0 cm�s�1) and subsequently decreased to 30.9 cm�s�1 at 1–5 s after the
end of exercise. During hyperventilation, the CVR significantly (p< 0.05)
increased and this increase continued during and after the end of exercise. Before
exercise, PET CO2 significantly (p < 0.05) decreased to 27.7 mmHg with hyper-
ventilation and was 27.5 l/min immediately before the start of exercise. PET CO2

values during exercise were significantly (p < 0.05) lower than the resting values.
After the end of exercise, PET CO2 gradually returned to the baseline.

The results can be summarized as follows: (1) the magnitude of reduction in the
MCAVmean during exercise was larger in EX+BH than inEX, (2) EX+BHalso
caused a rapid overshoot of MCA Vmean after exercise, and (3) in HV, the hypo-
capnia induced by hyperventilation before exercise produced amarked reduction in
theMCAVmean before andduring exercise, andwhich remained even after exercise.
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4 Discussion

It is well known that Pa CO2 is important for the regulation of cerebral blood

flow and CVR [4, 9, 10]. We suggested that the decrease in MCA Vmean during

and after the end of exercise in EXmight be related to Pa CO2, whichmay reflect

PET CO2. The time constant for MCA Vmean responses to a step decrease PET

CO2 is�6 s, whereas the response to a step increase in CO2 takes�14 s [8]. This

Fig. 1 Cerebrovascular responses at rest, during, and after heavy exercise. (a) MCA Vmean,
Mean middle cerebral artery blood flow velocity and (b) CVR, Cerebrovascular resistance
index
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seems to suggest that the observed time delay betweenMCAVmean and PETCO2

may have contributed to the lowest MCA Vmean during the recovery period in
the EX.

The expiratory strain during a Valsalva-like maneuver might reduce blood
flow to the brain [6, 7]. Forced expiration against a closed glottis increases
intrathoracic pressure and central venous pressures and marked reduces in SV
and thus CO. Previous studies indicated that CO is an important determinant of
cerebral blood flow during exercise [3, 5, 7, 9]. However, our data suggested
relationship between CO and MCA Vmean was not simple under this situation.
Furthermore, the rapid increase in the CVR at the onset of exercise may also
contribute to the change in MCA Vmean and the increase in the CVR may be
induced by sympathoexcitation due to heavy exercise and/or the reduction in
CO and Pa CO2. The increase in the CVR during EX + BH suggested vaso-
constriction of the peripheral branches of the MCA. On the other hand, over
shooting of the MCA Vmean immediately after the end of exercise may be
induced by rapid decrease in CVR, with rapid recovery of CO and Pa CO2.

In theHV trials, reducedMCAVmean occurred in conjunction with increased
CVR. This reduction in MCA Vmean before, during, and after exercise was
attributable to the reduction in Pa CO2. These results indicate that the increase
in CVR was probably associated with vasoconstriction of the cerebral blood
vessels.

In summary, our data suggested that even during upper body heavy exercise
involving small muscle mass, the mode of ventilation was very important for
maintaining cerebral circulation. We think that the combination of hyperventi-
lation before heavy exercise and breath holding during exercise is the worst
scenario from the perspective of cerebral circulation. It may be that continued
normal ventilation during heavy upper body exercise may be safer, in that it
helps to avoid rapid changes in the cerebral blood flow and CVR that may in
turn cause symptoms of dizziness or outright weight lifter’s ‘‘black out’’ and
intracranial hemorrhage [7].
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Unchanged Muscle Deoxygenation Heterogeneity

During Bicycle Exercise After 6 Weeks

of Endurance Training

Ryotaro Kime, Masatsugu Niwayama, Masako Fujioka, Kiyoshi Shiroishi,

Takuya Osawa, Kousuke Shimomura, Takuya Osada, Norio Murase,

and Toshihito Katsumura

Abstract The purpose of this study was to examine the changes in muscle oxygen
saturation (SmO2) level and its heterogeneity after 6 weeks of endurance training
using multi-channel near infrared spatially resolved spectroscopy (NIRSRS). Nine
healthy subjects participated in this study (Male ¼ 6, Female ¼ 3, age: 27 �
5 years, height: 168.7 � 7.4 cm, weight: 62.4 � 12.4 kg). The subjects performed a
30 W ramp incremental bicycle exercise test until exhaustion before and after
endurance training. The NIRSRS probe was attached to the left vastus lateralis
muscle along the direction of the long axis. The subjects performed bicycle exercise
for 30 min/day, 3 days/week for 6 weeks. The work rate during training was set at
60% _VO2peak and increased every 5% _VO2peak when the subjects could maintain the
work rate three times consecutively. After training,

.
VO2peak was significantly

increased (Pre: 42.7 � 9.9 ml/kg/min, Post: 52.3 � 7.2 ml/kg/min, p < 0.001)
and the mean SmO2 within measurement sites at _VO2peak was significantly
decreased (Pre: 56.1 � 1.1 %, Post: 53.3 � 2.2 %, p < 0.05). Conversely, the
heterogeneity of the SmO2 during exercise was not changed by training. These
results suggest that the functional heterogeneity of O2 balance did not change due
to endurance training, and the O2 balance heterogeneity may not interfere with O2

exchange in the activating muscle in healthy individuals.

1 Introduction

We have previously reported that muscle deoxygenation level at exhaustion was
negatively correlated with peak oxygen uptake (peak VO2), and the results
suggest that O2 availability may be enhanced in higher oxidative capacity
muscles. Basically, blood flow increases in relation to local metabolic rate [1],
and the O2 balance is distributed heterogeneously in a singlemuscle [2, 3, 4]. The
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nonuniform distribution of O2 balance may interfere with O2 exchange in the
activating muscle [5]. We hypothesized that muscle oxygen extraction may be
enhanced by endurance training, and the adaptation will lead to muscle oxygen
saturation (SmO2) distribution in the activating muscle being more homoge-
neous at higher work rates as nonuniformO2 balance distribution may interfere
with O2 exchange in the activating muscle. There have been no studies reporting
the changes in muscle deoxygenation heterogeneity by endurance training in an
exercising muscle. Therefore, we examined the changes in muscle oxygen
saturation (SmO2) level and its heterogeneity after 6 weeks of endurance train-
ing using multi-channel near infrared spatial resolved spectroscopy (NIRSRS).

2 Methods

2.1 Subjects

Nine healthy untrained volunteers (six males and three females, age: 27� 5 year
height: 168.7 � 7.4 cm,weight: 62.4 � 12.4 kg) participated in this study. All
subjects were briefed about the experimental protocol, and written informed
consent was obtained before the experiment. The institutional review board of
the Tokyo Medical University approved the research protocol.

2.2 Experimental Design

The peak oxygen uptake (
.
VO2peak) and SmO2 distribution in the vastus lateralis

(VL) muscle were determined before and after 6 weeks of endurance training.
As for the endurance training, the subjects performed bicycle exercise for
30 min/day, 3 days/week for 6 weeks. The work rate during training was set
at 60%

.
VO2peak and increased every 5%

.
VO2peak when the subjects could

maintain the work rate three times consecutively.
The subjects performed an incremental bicycle exercise until exhaustion

to determine the
.
VO2peak and muscle deoxygenation heterogeneity in the VL

muscle. During the test, pulmonary
.
VO2 and carbon dioxide production

(VCO2) were assessed breath-by-breath with an online metabolic system
(AE-300Minato, Japan). Pedal frequency of 60 rpmwasmaintained by keeping
time with a metronome.

2.3 Multichannel NIRSRS System

We used two wavelength light-emitting diode NIRSRS (ASTEM Co, Japan).
The probe of the present system consisted of two light sources and one photodiode
detector, and the optode distance was 20 and 30 mm, respectively. The measure-
ment probes were attached to the left VL muscle along the direction of the long
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axis. The eight measurement probes were arranged vertically and the most distal
site was channel 1 and themost proximal site was channel 8. As leg length is shorter
in females than in males, the seven measurement probes were used to cover the left
VL muscle in the female subjects (Fig. 1). The SmO2 was derived from the relative
absorption coefficients obtained from the slope of light attenuation over a distance
measured at two focal points from the light emission. The relative absorption
coefficients are converted to relative concentrations of oxygenated and deoxyge-
nated-Hb. Therefore, this device can essentially calculate tissue oxygen satura-
tion.A previous study has reported that fat layer thickness affects SmO2 [6]. In
contrast, Niwayama et al. [7] recently reported that the SmO2 can be quantified by
the correction of fat layer thickness effects and the specifications of the NIRSRS

were fully described. In this study, we measured fat layer thickness on each
measurement site in VL muscle to correct these effects using an ultrasound device
(LogiQ3, GE-YokokawaMedical Systems, Japan) by placing an ultrasound probe
on the same sites as the NIRSRS probes had been placed. The SmO2 at rest and at
VO2peak were defined as the SmO2 averaged over the last 5 s of each period.

Relative Dispersion (RD) of StO2 was calculated as RD¼ (SD/Mean) * 100

( % ) as an index of heterogeneity.

2.4 Statistics

All data are expressed as means � SD. All parameters during exercise were

compared among pre- and post-endurance training by using a paired t-test.

Fig. 1 NIRSRS probes (left) and the probe position (right)
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Also, the RD at rest and VO2peak were compared using a paired t-test. The
level of significance was set at p � 0.05.

3 Results

TheVO2peakwas significantly enhanced by 6weeks of endurance training (Pre: 42.7
� 9.9 ml/kg/min, Post: 52.3 � 7.2 ml/kg/min, 22.5 % up-regulation, p < 0.001).
At rest, the SmO2of eachmeasurement site in theVLwas not significantly different
before or after training (Pre-T: 70.0 � 8.2 %, Post-T: 71.5 � 4.6 %, mean � SD).
In contrast, the SmO2 at VO2peak was significantly lower after training at increas-
ingly proximal sites, but not at the distal sites (Fig. 2). Also, the mean SmO2 in the
VLmuscle was significantly lower after training (Pre-T: 56.1� 9.9%, Post-T: 52.7
� 11.9%, p< 0.05). The RD (an index of heterogeneity) was significantly lower at
rest than VO2peak at both pre- and post-training (p < 0.05). The RD was not
significantly different betweenpre- andpost-training at each rest periodorVO2peak,
respectively (Fig. 3). Fat layer thickness was not significantly different after endur-
ance training (Pre-T: 4.70� 1.78 cm, Post-T: 4.56� 1.65 cm, mean� SD).

Fig. 2 SmO2 in VLmuscle at
VO2peak before and after
endurance training. *: p <
0.05, **:p < 0.01

Fig. 3 Relative dispersion
(RD) of SmO2 in VL muscle
before and after endurance
training
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4 Discussion

We investigated changes in SmO2 and its distribution in VL muscle at rest and
during bicycle exercise at VO2peak by 6 weeks of endurance training using the
multi-channel NIRSRS system. This study reveals that muscle deoxygenation in
VLwasmore enhanced at VO2peak, but the muscle deoxygenation heterogeneity
in VL was unchanged by endurance training. Recently, some PET studies have
demonstrated that muscle O2 extraction was higher and muscle blood flow
heterogeneity in the exercising muscle was lower in endurance-trained men
[2, 3], but not during dynamic exercise because of movement artifacts. In
addition, there has been no intervention study to determine whether muscle
deoxygenation heterogeneity is reduced by endurance training. This is the first
study reporting unchanged muscle deoxygenation heterogeneity in a single
muscle during bicycle exercise by endurance training.

Some studies have reported that muscle O2 extraction was enhanced after
endurance training as demonstrated by a lower venous femoral PO2 during
exercise [8]. Therefore, it is suggested that O2 extraction may be improved in the
activating muscle due to endurance training.

In this study, the SmO2 in the VL muscle was significantly enhanced after 6
weeks of endurance training, especially at proximal sites, but not at distal sites.
One of the reasons may be due to the small sample size. In addition, as the SmO2

was already significantly lower at distal sites than proximal sites during exercise at
pre-training, the difference in muscle deoxygenation change between distal and
proximal sites post-training might be due to the inability to further deoxygenate.

The RD was significantly lower at rest than VO2peak at both pre- and post-
training. This implies that the dynamic O2 balance between muscle VO2 and O2

supply is more uniform at rest than during bicycle exercise.
We hypothesized that SmO2 distribution in the activating muscle would be

more homogeneous at higher work rates after endurance training [9]. However,
SmO2 distribution in the VL muscle during exercise was not significantly
different between pre- and post-training, even though a previous study demon-
strated that the muscle blood flow heterogeneity in the exercising muscle was
lower in endurance-trained men [2]. The different results in these studies may be
explained by the differences of muscle group measurement, measurement depth
and measurement devices. As the muscle deoxygenation heterogeneity in the
activating muscle was not significantly different after endurance training, O2

balance distribution in the activating muscle may not be related to whole body
oxidative capacity in healthy individuals.

In conclusion, after 6 weeks of endurance training, the SmO2 in VL muscle
was significantly enhanced, especially at increasingly proximal sites. In con-
trast, the SmO2 distribution in VL muscle during exercise was not significantly
different between pre- and post-training.
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Comparison of Muscle O2 Dynamics at Different

Sites of the Forearm Flexor Muscles During

Incremental Handgrip Exercise

Masako Fujioka, Ryotaro Kime, Shunsaku Koga, Takuya Osawa,

Kousuke Shimomura, Takuya Osada, Norio Murase, and Toshihito Katsumura

Abstract This study investigated heterogeneity of muscle O2 consumption
(diffusive m-VO2) and muscle oxygenation difference (m-O2 difference) within
the forearm flexor muscles using multi-optical fibers near-infrared continuous
wave spectroscopy (NIRcws) during incremental exercise. Nine healthy male
subjects performed incremental dynamic handgrip exercise until exhaustion.
The workload was increased by 5% maximal voluntary contraction (MVC)
every 1 min, starting at 10% MVC. The NIRcws probes (10 channels) were
placed on the right forearm flexor muscles to monitor muscle oxygenation. The
diffusive m-VO2 and the m-O2 difference were evaluated at each exercise stage.
The diffusive m-VO2 at the medial site was significantly greater than the lateral
site at 25% MVC (p < 0.05). Similarly, m-O2 difference at the medial site
increased significantly over the lateral site (p < 0.05), whereas there were no
significant differences in diffusive m-VO2 or m-O2 difference between the
proximal and distal sites. These results in forearm muscle were different from
the previous study which found that there were longitudinal differences in
muscle VO2 in the femoral muscle.

1 Introduction

Previous studies demonstrating the heterogeneity of muscle perfusion and
muscle O2 consumption (VO2) during exercise in humans have been evaluated
using positron emission tomography (PET) [1, 2]. However, the device is
expensive and only produces low time resolution. In addition, the PET device
cannot obtain information during dynamic exercise because of movement
artifacts. On the other hand, near-infrared continuous wave spectroscopy
(NIRcws) measures the balance between O2 supply and O2 utilization in
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human skeletal muscle during dynamic exercise. Recently, the NIRcws system
has been developed to evaluate muscle deoxygenation distribution using multi-
optical fibers NIRcws (multichannel NIRcws). There have been a number of
reports of heterogeneity of muscle O2 kinetics during exercise [3, 4]. However,
no studies have examined the relationship between heterogeneity of muscle O2

dynamics and muscle VO2 in the forearm muscle.
Therefore, the aim of this study was to investigate the heterogeneity of

muscle O2 consumption (diffusive m-VO2) and muscle oxygenation difference
(m-O2 difference) within the forearm flexor muscles using multichannel
NIRcws during incremental exercise.

2 Methods

2.1 Subjects

Nine healthy male subjects (age: 26 � 5 years, height: 170.9 � 5.3 cm, weight:
64.2� 6.2 kg, mean� SD) participated in this study. Written informed consent
was obtained after the purpose, experimental protocol, and potential risks were
explained to the subjects.

2.2 Experimental Protocol

The subjects performed incremental dynamic handgrip exercise until exhaus-
tion. The right hand rested on a handgrip ergometer with the upper arm at heart
level. The work load was increased by 5% maximal voluntary contraction
(MVC) every 1 min, starting at 10%MVC, and the frequency was one contrac-
tion per 2 s. A recovery period was taken for 1 min after each exercise stage and
transient arterial occlusion was performed for the initial 30 s to evaluate
diffusive m-VO2.

2.3 Multichannel NIRcws

Muscle oxygenation was measured using multichannel NIRcws (NIRO-200
with multifibers adaptor (MFA), Hamamatsu Photonics K. K.). The changes
of oxygenated Hb/Mb ( Doxy-Hb/Mb), deoxygenated Hb/Mb ( Ddeoxy-Hb/
Mb) and Dtotal-Hb were calculated continuously from resting baseline by use
of the changes in light absorbance at different wavelengths. The basic principle
of this NIRcws device was reported in a previously published paper [5]. In this
study, three different-wavelength laser diodes (775, 810, and 850 nm) were used
as the light emitter. The NIRcws probe (10 channels, 2 emitters and 8 receivers)
(Fig. 1) was placed on the right forearm flexor muscles. The distance between
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each emitter and receiver was 3.0 cm. The E2 of the NIRcws probe was placed
on the forearm flexor muscles as determined by intersection of a line extending
�30% of the length between the ulnar head and the humeral epicondylus
medialis.

Because the NIRcws signal is affected by adipose tissue, it is impossible to
compare the optical densities of Doxy-Hb/Mb between individuals. Therefore,
the diffusivem-VO2was determined by the rate of muscle deoxygenation during
arterial occlusion immediately after the end of each exercise stage [6]. The rate
of decrease in Hbdiff reflects the difference between Doxy- and Ddeoxy-Hb/Mb
([Hbdiff] ¼ [Doxy-Hb/Mb]�[Ddeoxy-Hb/Mb]) [7]. The diffusive m-VO2 was
expressed relative to that of the resting value. The m-O2 difference was also
calculated by oxygenation difference between the start and the end of each
exercise stage, and was expressed relative to the resting value during arterial
occlusion for 1 min. The difference in Dtotal-Hb which was reflected in blood
volume was calculated between the start and the end of each exercise stage
(Dtotal-Hb difference).

The fat thickness under each optode site was measured by B-mode ultra-
sound Doppler method (model LOGIQ3, GE-Yokogawa Medical Systems).

2.4 Statistics

All data are expressed as means � SD. Diffusive m-VO2 and m-O2 difference
were compared between the proximal and distal sites, and the medial and lateral

Fig. 1 The NIRcws probe (10 channels, 2 emitters and 8 receivers) was placed on the right
forearm flexor muscle. The emitter and the receiver of the optodes, and the measurement sites
were represented by E, CH and S, respectively. The sites were defined as the mean value of S6,
S7, S8 and S9 for the proximal site, S2, S3, S4 and S5 for the distal site, S3, S4, S6 and S8 for
the medial site, and S2, S5, S7 and S9 for the lateral site
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sites by using a two-way ANOVA, with site and work load as the main effects.
Any significant (p< 0.05) interactions were further analyzed with the Bonferroni
post hoc test. For Dtotal-Hb difference and fat thickness, a one-way ANOVA
was used to determine significant differences. All parameters at exhaustion were
compared among different sites and different exercise intensities by using a
paired t-test. The level of significance was set at p < 0.05.

3 Results

The diffusive m-VO2 during exercise at the medial site was significantly greater
than the resting value (p < 0.05) (Fig. 2a). Also, the diffusive m-VO2 at the
medial site was significantly greater than the lateral site at 15 and 25% MVC
(Fig. 2a). Similarly, m-O2 difference at the medial site increased significantly
over the lateral site (p < 0.05) (Fig. 2b). On the other hand, there were no
significant differences in diffusive m-VO2 or m-O2 difference between the
proximal and distal sites.

The Dtotal-Hb difference was significantly greater at the medial site than the
lateral site at 10% MVC (p < 0.05) (Fig. 2c). Moreover, the Dtotal-Hb differ-
ence at the medial site was significantly greater at 10%MVC compared with 15
and 20% MVC (p < 0.05).

Fat layer thickness, which affects the absolute value of hemoglobin concen-
tration, was not significantly different under each optode site.

4 Discussion

The main finding of this study was that the diffusive m-VO2 and m-O2 differ-
ence at the medial site of the forearm flexor muscles was significantly greater
than the lateral site. On the other hand, there were no significant differences in
diffusive m-VO2 or m-O2 difference between the proximal and distal sites. In
previous studies, the proximal region of the vastus lateralis (VL) was better
oxygenated than the distal region of VL during knee extension exercise [3].
Miura et al. [4] reported the distal portion of the medial head of the gastro-
cnemius showed greater deoxygenation and larger decrements in NIR-blood
volume during dynamic plantar flexion compared with the proximal portion.
However, these reports have not compared oxygenation between medial and
lateral sites of the muscle. Although the O2 dynamics at the forearm muscle in
this study were different from the previous study which found that there were
longitudinal differences in muscle VO2 in the femoral muscle, the diffusive
m-VO2 and m-O2 difference at the medial site was significantly greater than
the lateral site.

The Dtotal-Hb at each site was not corrected by fat thickness because there
were no significant differences of fat thickness between each optode site. The
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Dtotal-Hb difference at the medial site was significantly greater than the lateral

site at 10% MVC (p < 0.05) (Fig. 2c). The Dtotal-Hb difference at the medial

site was significantly greater at 10% MVC compared with 15 and 20% MVC

(p < 0.05). These results suggest that the blood volume at the medial site was

decreased at higher work loads. In addition, the diffusive m-VO2 and m-O2

difference at the medial site were significantly greater than the lateral site.

Therefore, these results at the medial site suggest that the muscle VO2 increase

was greater than the muscle O2 supply. It has been reported that intramuscular

pressure has been shown to reduce muscle blood flow during exercise [8].

Moreover, Miura et al. [4] hypothesized that differences in muscle O2 status in

Fig. 2 Changes in diffusive
m-VO2 (a), m-O2 difference
(b), and Dtotal-Hb
difference (c) between
medial (¤) and lateral sites
(�). *Significantly different
from the resting value,
p < 0.05. ySignificantly
different from the lateral
site, p < 0.05. zSignificantly
different from the prior
intensity, p < 0.05.
#Significantly different from
10%MVCat themedial site,
p < 0.05
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this muscle would reflect regional variations in pressure or stress development
that are likely a function of its complex architecture. These results imply that
the muscle O2 supply at the medial site may have been decreased due to high
intramuscular pressure in this study.

In conclusion, the diffusive m-VO2 and m-O2 difference at the medial site of
the forearm flexor muscles was significantly greater than the lateral site during
the incremental handgrip exercise. These results suggest that one of the expla-
nations for different O2 dynamics at the different sites is due to a decrease in
muscle O2 supply.
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Blood Flow and Arterial Vessel Diameter Change

During Graded Handgrip Exercise in Dominant

and Non-dominant Forearms of Tennis Players

Atsuko Kagaya, Fumiko Ohmori, Shizuyo Okuyama, Yoshiho Muraoka,

and Kohei Sato

Abstract The training effect on exercise-induced maximal blood flow remains
unclear. The purpose of this study was to clarify the difference of exercise-
induced blood flow, blood flow velocity and vessel diameter of brachial artery
in dominant and non-dominant forearms of tennis players during graded hand-
grip exercise. Ten female tennis players aged 20.1 � 0.1 years. (mean � SD)
performed 30-s static handgrip exercise in the supine position with either the
dominant or non-dominant hand by increasing load at 30-s intervals until
exhaustion. Brachial arterial blood flow velocity (Doppler ultrasound method)
did not differ between both limbs, whereas the vessel diameter (2-D method)
was significantly larger in the dominant limb during diastole both at baseline
(p < 0.01) and after exercise (p < 0.05), but no difference was found during
systole. As a result, the blood flow was significantly higher (p < 0.05) in the
dominant limb during post-exercise condition. Muscle thickness of the forearm
muscles andmaximal handgrip strengthwere significantly higher in the dominant
limb. Thus, the effect of training on exercise-induced blood flow specific to the
dominant limb was confirmed during post-exercise due to the enlarged vessel
diameter during diastole of cardiac cycle. The dimensional change in the vascu-
lature specific to the dominant side will be included in the training effects
associated with the dimensional muscular changes in the dominant forearm.

1 Introduction

Maximal metabolic vasodilation capacity is enhanced due to training [2, 3, 14].
Cross-sectional study on blood flow in the dominant and non-dominant limbs
of tennis players also indicated an increased blood flow in dominant limb used
in tennis [7, 14]. However, it is unclear if these training effects are applicable to
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exercise-induced maximal blood flow, because the sympathetic vasoconstric-
tion occurred during exercise and the blood flow during exercise did not reach a
level of maximal metabolic vasodilation [9, 16].

Blood volume per unit time is determined by the cross-sectional area of vessel
and blood flow velocity. Previous studies indicated that muscle vasculature was
adjusted to training or disuse of the muscle [3, 4, 8, 13]. Despite that structural
adaptation of vasculature has been reported at baseline, a training effect on
vascular dimension during exercise remains to be studied.

The purpose of this study was to clarify the effects of training on blood flow
and structure of the conduit artery during static exercise (muscle action). For
this purpose, the blood flow velocity and vessel diameter of the brachial artery
were determined in dominant and non-dominant forearms of tennis players
during and after each load of graded handgrip exercise.

2 Methods

Subjects; Ten female tennis players aged 20.1 � 0.1(mean � SD) years old par-
ticipated in the study. They were recruited from the collegiate tennis team, which
won 4th place in the national inter-collegiate tennis tournament that year. The
study was approved by the Ethical Committee on Human Subjects Research at
the JapanWomen’s College of Physical Education. All subjects provided written
informed consent after being informed about all experimental procedures, the
exercise protocol, and possible risks associated with participation in the study.

Experimental protocol and physiological measurements; Following 3-min
baseline measurements, the subject performed 30-s static handgrip exercise in
a supine position with either the dominant (right side) or non-dominant hand
on different days. The static handgrip exercise was repeated at 30-s intervals
with increasing load by 2 kgw until exhaustion. Total work index was calculated
as a sum of each work load multiplied by duration. Brachial arterial blood flow
velocity (V) and diameter (D) were obtained continuously using ultrasound
Doppler and 2-Dmethods (GE, Vivid7 Pro) and determined for 10 (baseline), 5
(during exercise) or 2–3 cardiac cycles (immediate post-exercise) each at diastole
(Dd) and systole (Ds). Brachial arterial blood flow was calculated as V*p(D/2)2

(D = 2Dd/3 + Ds/3). Blood pressure (BP) was measured on the contralateral
finger on beat-by-beat basis throughout the experiment (Ohmeda, Finapres
2300). Maximal voluntary contraction (MVC) of forearm muscles, and radial
and ulnar forearm flexor muscle thickness were measured (Aloka, SSD1000).

Data Analysis and Statistics; The group data were expressed as mean � SE,
unless otherwise indicated. Differences among the means obtained from 7 loads
and 2 limbs (dominant and non-dominant) were evaluated using two-way
analysis of variance (ANOVA). When significant differences (major effect,
interaction) were observed, a post hoc comparison was performed using Tukey’s
HSD. A P- value less than 0.05 was accepted as significant.
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3 Results

Muscle thickness of Rad and UL, MVC, highest load attained by each subject

and total work index performed until exhaustion were significantly higher in the

dominant limb.
The blood flow velocity during exercise and immediately after exercise

increased significantly (p < 0.01) with loads both in dominant and non-domi-

nant limbs. No significant differences were found between both limbs. The

diastolic and systolic vessel diameters, during exercise and immediate post-

exercise, gradually increased with time and increasing loads. A significant

major effect on diastolic diameter was obtained only for load during (p <
0.01) and post (p < 0.05) exercise. Interaction was significant (p < 0.01) for

the means of diastolic diameters, which were significantly larger in the dominant

limb at baseline (dominant; 3.4 � 0.1, non-dominant; 3.0 � 0.1 mm) and after

exercise at the highest load (dominant; 3.5 � 0.1, non-dominant; 3.2 � 0.1 mm)

(Fig. 1a). In contrast, systolic diameter did not differ either during exercise or

post-exercise between both limbs (Fig. 1b). The brachial arterial blood flow in

both limbs increased linearly related to exercise load both during (p < 0.01)

exercise and post-exercise (p < 0.01). Interaction was significant (p < 0.05) and

higher post-exercise blood flow was obtained in the dominant limb after exercise

at the highest load (p < 0.05) (Fig.1c).

Fig. 1 Diastolic (a), systolic
(b) vessel diameter and
brachial arterial blood flow
(c) at baseline, during, and
after exercise at the highest
loads in dominant (&) and
non-dominant (h) limbs. *,
**; p < 0.05, p < 0.001
between limbs
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4 Discussion

The first finding of this study was that the lateral difference in blood flow in

tennis players was detected post-exercise when muscle contraction was termi-

nated, which is consistent with the study of Sinoway et al. [15] on tennis players.

However, the blood flow during exercise did not differ between both arms in

this study. Therefore, the exercise training will induce an increase in exercise-

induced blood flow during post-exercise phase, (or relaxation phase of dynamic

exercise) and metaboreceptor mediated vasodilation [7, 14, 15]. However, this

functional adaptation would not increase blood flow during static muscle

action, probably because an elevated intramuscular pressure due to muscle

contraction [17] impedes a vasodilation in the contracting muscles.
Cross-sectional studies on vasculature demonstrated that diameters of the

conduit artery were positively associated with the level of physical activity.

Larger vessel size was observed in trained people of various sports, limited to

the trained region of the body [8, 13], whereas smaller dimension of vessel

diameter was reported in sedentary and paraplegic subjects, and in healthy

people after bed-rest or limb suspension [3, 4, 8, 13]. Longitudinal study con-

firmed the vessel expansion due to training in various arteries [6, 12, 11].

However, those studies measured the vessel diameters at baseline, and no

studies, to our knowledge, compared dimensional adaptation during exercise.

Furthermore, no study except the study of Schmidt-Trucksäss et al. [13],

considered the vascular size fluctuation with cardiac cycle; systole or diastole.

Our second new finding, therefore, was that the luminal vessel diameter of the

brachial artery during systole did not change significantly between limbs,

whereas the diameter during diastole was larger in the dominant limb. The

latter finding is consistent with the study of Huonker et al. [8], who studied

thoracic, abdominal, subclavian and common femoral arteries in trained ath-

letes including professional tennis players, but not with the study of Schmidt-

Trucksäss et al. [13]. They demonstrated that the vessel diameters were signifi-

cantly larger in athletes for both systolic and diastolic phases. The discrepancy

might be due to the difference of subjects compared in the respective studies;

dominant vs non-dominant (this study) limbs, or professional athletes vs

sedentary and paraplegic subjects [13].
The mechanism to explain an increased blood flow with training has not yet

been completely elucidated, but structural remodeling of the vasculature might

be one of the most potent mechanisms [6, 11]. As the muscle thickness of the

dominant forearm was significantly larger compared to that of the non-domi-

nant one in this study, the dimensional change in muscle due to training will be

considered to influence vascular remodeling. Other underlying mechanisms for

the increased blood flow with training will include a change in vasoactivity

because of an increased flow-mediated dilation after training [1, 5]. Considered

from the role of nitric oxide (NO) in exercise hyperemia [10], one potent

mechanismwill be an increase inNO production or sensitivity toNO. However,
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the contribution of NO to the effect of exercise training on vascular responses in

human subjects remains undecided [7]. This study suggests that the training

effect on NO-dependent vasodilation, if any, might be masked during muscle

contraction.
In conclusion, larger brachial arterial vessel diameter andmuscle thickness in

tennis players will probably be included in effects training. However, the effect

of training on exercise-induced blood flow specific to the dominant limb was

not confirmed during exercise but was detected during post-exercise due to the
enlarged vessel diameter during diastole of the cardiac cycle. The dimensional

change in the vasculature specific to the dominant side will be included in the

training effects associated with the dimensional muscular changes in the domi-

nant forearm.
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Changes in Perfusion Related to Muscle Length

Affect the Pressor Response to Isometric Muscle

Contraction

Masaki Mizuno, Ken Tokizawa, and Isao Muraoka

Abstract To test the hypothesis that the dependence of the pressor response on
muscle length is caused by changes in perfusion, we compared the cardiovas-
cular responses to static contraction at short and long muscle lengths during
free perfusion with those during circulatory arrest. Five males performed 2-min
static knee extension exercise at 30% of maximal voluntary torque at each of
two muscle lengths at a knee angle of 408 (short) and 908 (long). The subjects
performed two trials – a free perfusion trial and a circulatory arrest trial. For
circulatory arrest, an occlusion cuff placed around the proximal portion of the
thigh was inflated to 250 mmHg 2 min before exercise. Mean arterial pressure
(MAP), minute ventilation (VE), and themuscle oxygenation index in the vastus
lateralis muscle were measured using near-infrared spectroscopy. In the free
perfusion trial, MAP and VE were significantly greater during contractions at
908 than at 408 (p< 0.05). Themuscle oxygenation index was significantly lower
during contractions at 908 than at 408 (p < 0.05). Circulatory arrest diminished
these differences. These results suggest that the relationship between muscle
length and the pressor response can be explained by changes in perfusion, which
are related to muscle length.

1 Introduction

Static muscle contraction increases mean arterial pressure (MAP) and minute
ventilation (VE). The magnitude of the pressor response is determined by
exercise intensity, muscle mass [1], the exercising limb [2], and muscle fiber
type [3]. The muscle length also affects the pressor response during isometric
muscle contraction [4]. Ng et al. [4] showed that the pressor response during
knee extension is greater at a knee angle of 908 (long muscle length) than at a
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knee angle of 408 (short muscle length). However, the mechanisms underlying
these different pressor responses associated with muscle length are not under-
stood fully.

Muscle contraction induces changes in the muscle architecture [5], which
could contribute to differences in muscle perfusion or oxygen delivery and
hence modulate the pressor response at different muscle lengths. To test our
hypothesis that the pressor response to static contraction at different muscle
lengths is related to changes in perfusion caused by the different muscle
lengths, we compared the cardiovascular responses to static contraction at
short and long muscle lengths under conditions of free perfusion and circula-
tory arrest.

2 Methods

Five healthy active and untrained males volunteered to participate in this
study (age 23.2 � 2.6 year; height 173.0 � 5.4 cm; weight 70.4 � 7.5 kg;
mean � SD). Before the experiment, each subject was informed of all aspects
of the study and signed an informed consent document. The study was
approved by the local ethics committee and conformed to the Declaration of
Helsinki.

Subjects performed 2-min static knee extensor exercise in a seated position at
a knee angle of 408 and 908 at 30% of maximal voluntary contraction (MVC).
The MVC torque at each exercise was assessed using the Cybex II isokinetic
dynamometer (Lumex Inc., Ronkonkoma, NY, USA) before the study began.
The average of three attempts was taken as the subject’s MVC. The two
exercises were conducted under free perfusion and circulatory arrest on differ-
ent days in a random order. In the circulatory arrest trial, an occlusion cuff
placed around the proximal portion of the thigh was inflated to 280 mmHg
2min before the start of exercise, and the cuff pressure was maintained until the
end of exercise.

Blood pressure was measured with a finger cuff using an optomechanical
photoplethysmographic method (2300 Finapres, Ohmeda, Englewood, CO,
USA). The monitoring finger cuff was placed around the middle finger of the
left hand and supported at the level of the heart. Heart rate (HR) was deter-
mined using standard ECG leads (model OEC-8108, Nihon Kohden, Tokyo,
Japan). VE was monitored using a metabolic cart system (AE-280S, Minato
Medical Science, Osaka, Japan).

To provide an indicator of muscle oxygenation, the change in optical
density (OD) of oxygenated hemoglobin (O2Hb) was measured at 1 Hz
using a commercially available device (OM-200; Shimadzu, Kyoto, Japan)
in near-infrared continuous-wave spectroscopy mode (NIRS). The NIRS
probe was placed on the belly of the vastus lateralis muscle. The light
emitter–detector distance of the device was 40 mm. This apparatus uses
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three wavelengths of near-infrared light to measure changes in OD in O2Hb
and deoxygenated hemoglobin (HHb). The changes in the concentrations of
O2Hb and HHb were calculated according to the following equations:

D½O2Hb� ¼ �1:631�Abs780þ 0:683�Abs805þ 1:605�Abs830

D½HHb� ¼ �1:970�Abs780� 0:314�Abs805� 1:195�Abs830

where Abs780, Abs805, and Abs830 are the absorbance changes at the near-
infrared light wavelengths of 780, 805, and 830 nm, respectively. The equations
had been determined experimentally by the manufacturer. The change in OD
for total hemoglobin (total Hb) was calculated by summing the changes in OD
of O2Hb and HHb. The D[O2Hb] and D[HHb] (where D represents the change
and the brackets denote the concentration) were calculated with respect to an
initial arbitrarily set value equal to zero and are expressed in arbitrary units.
The sum of the two variables, D[O2Hb+HHb], reflects the change in the ‘‘total
Hb volume’’ in the muscle region of interest, whereas the difference between the
two variables, D[O2Hb�HHb], reflects an ‘‘oxygenation index.’’

The pennation angle of the vastus lateralis muscle was measured during
contraction of the knee extensors at the two knee angles using a real-time
ultrasonic apparatus (SSD-2000, 7.5 MHz, Aloka Co., Japan) on the other
experimental day for four subjects. The ultrasonic transducer was placed on the
skin over the muscle at position equivalent to 50% of the muscle length (i.e.,
halfway between the origin and insertion.

The data are expressed as means � SE. A repeated measure two-way
ANOVA was used to analyze the main effects of knee angle and time. Signifi-
cance was accepted at p < 0.05.

3 Results

The MVC of the knee extensors was significantly greater at a knee angle of 908
than at a knee angle of 408 (908, 220.4 � 17.9 N�m; 408, 153.7 � 15.7 N�m).
The pennation angles of the vastus lateralis muscle were 11.9 � 0.88 (resting
condition) and 14.1 � 0.58 (during contraction) at a knee angle of 908, and
16.6 � 1.58 (resting condition) and 19.9 � 1.18 (during contraction) at a knee
angle of 40 8.

Figure 1 shows the changes from baseline of MAP, HR, VE, and the
oxygenation index during exercise under free perfusion. The absolute base-
line values did not differ significantly between the 408 and 908 knee angles
(MAP: 97.0 � 9.1 vs. 94.7 � 8.2 mmHg; HR: 73.5 � 2.3 vs. 71.1 � 10.1 bpm;
VE: 8.8 � 1.0 vs. 9.2 � 2.0 L/min, respectively). During muscle contraction,
MAP, HR and VE gradually increased more at a knee angle of 908 than at
408, although HR did not differ statistically between the two knee angles. The
mean percent changes of each parameter at 2 min of exercise were greater at a
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knee angle of 908 than at 408 (MAP: 56.1 � 5.0 vs. 43.4 � 3.8 %; HR: 32.9 �
8.1 vs. 17.1 � 7.0%; VE: 94.2 � 14.8 vs. 57.0 � 16.2%). The oxygenation

index in the exercising muscle gradually decreased more at a knee angle of 908
than at 408. Figure 2 shows the changes from baseline of MAP, HR, VE, and

the oxygenation index during exercise under circulatory arrest. The absolute

baseline values did not differ significantly between exercise at a knee angle of

408 and 908 (MAP: 105.2 � 9.8 vs. 101.1 � 11.2 mmHg; HR: 76.7 � 11.0 vs.

72.2 � 9.8 bpm; VE: 9.5 � 0.9 vs. 9.3 � 1.3 L/min, respectively). MAP, HR,

VE, and the oxygenation index did not differ significantly during exercise

at the two knee angles. The mean percent changes of each parameter at 2 min

of exercise did not differ at a knee angle of 408 and 908 (MAP: 52.5 � 7.3 vs.

58.9 � 4.5%; HR: 28.1 � 7.4 vs. 36.8 � 7.1%; VE: 51.2 � 2.4 vs. 55.6 �
10.4%, respectively).

Fig. 1 The changes from baseline of mean arterial pressure (MAP), heart rate (HR),
ventilation (VE), and oxygenation index during exercise under free perfusion. The closed
symbols show the responses at a knee angle of 908, and the open symbols show the
responses at a knee angle of 408. Insets: individual data of each parameter at 2 min of
exercise
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4 Discussion

We compared the pressor response during static knee extensor contraction at
two different knee angles under free perfusion with that under circulatory
arrest. We found a significant difference in the pressor response between the
two knee angles under free perfusion but no significant difference between the
two knee angles under circulatory arrest.

Ng et al. [4] showed that the pressor response of the knee extensors is
greater at a knee angle of 908 than at 408. Our results obtained under free
perfusion are consistent with the results of Ng et al. and show that the pressor
response is related to the muscle length during static contraction. We showed
further that the difference in the pressor response at different knee angles

Fig. 2 The changes from baseline of mean arterial pressure (MAP), heart rate (HR),
ventilation (VE), and oxygenation index during exercise under circulatory arrest. The
closed symbols show the responses at a knee angle of 908, and the open symbols show
the responses at a knee angle of 408. Insets: individual data of each parameter at 2 min of
exercise
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disappeared under circulatory arrest. These findings shed light on the

mechanisms underlying the difference in pressor response at different muscle

lengths.
During physical exercise, the cardiovascular centers receive neural input

from higher brain centers (central command) and contracting muscles (exer-

cise pressor reflex). Central command refers to activation of the cardiovas-

cular centers by the descending central neural pathways involved in the

initiation of somatomotor activity [6]. HR during exercise is affected mainly

by central command [7]. In the present study, HR did not differ significantly

between knee angles under free perfusion, suggesting that central command

contributes little to the difference in the pressor response at different knee

angles.
The exercise pressor reflex, which arises from the contraction-induced

stimulation of muscle afferents, is believed to be evoked by mechanical and

metabolic stimuli in the exercising muscles [8]. The MVC of the knee extensors

was greater at a knee angle of 908 than at 408, indicating that greater tension in

the exercising muscle was elicited at the 908 knee angle. Therefore, the muscle

mechanoreflex could be the cause of the greater pressor responses at a knee

angle of 908 under free perfusion. However, the pressor response did not differ

between knee angles under circulatory arrest, although the MVC values under

circulatory arrest were unchanged from those under free perfusion. This indi-

cates that the muscle mechanoreflex has little effect on the pressor response at

different knee angles.
The muscle metaboreflex is evoked by metabolic stimuli, which signal a

mismatch between the blood and oxygen supply to and demand in the

exercising muscles. The oxygenation index decreased more in the exercising

muscle under free perfusion at a knee angle of 908 than at 408. Oxygenation

status reflects the balance between oxygen delivery and utilization, and the

decrease in oxygenation index represents an augmentation of oxygen

demand. The greater decrease in oxygenation during static contraction at a

knee angle of 908 might cause greater activation of the muscle metaboreflex

compared with contraction at a knee angle of 408, which may enhance the

pressor response. This is supported by the lack of significant difference in the

oxygenation index and pressor response between the two knee angles under

circulatory arrest. The pennation angle of the vastus lateralis muscle is

greater at a knee angle of 408 than at 908. The change in muscle architecture

caused by the change in the muscle length probably causes differences in

muscle perfusion.
In conclusion, the different pressor responses during static contraction

between the short and long muscle length could be explained by changes in

perfusion related to the muscle length.
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Decreased Muscle Oxygenation and Increased

Arterial Blood Flow in the Non-Exercising Limb

During Leg Exercise

Kiyoshi Shiroishi, Ryotaro Kime, Takuya Osada, Norio Murase,

Kousuke Shimomura, and Toshihito Katsumura

Abstract We evaluated arterial blood flow, muscle tissue oxygenation and
muscle metabolism in the non-exercising limb during leg cycling exercise. Ten
healthy male volunteers performed a graded leg cycling exercise at 0, 40, 80, 120
and 160 watts (W) for 5 min each. Tissue oxygenation index (TOI) of the non-
exercising left forearm muscle was measured using a near-infrared spatially
resolved spectroscopy (NIRSRS), and non-exercising forearm blood flow
(NONEXFBF) in the brachial artery was also evaluated by a Doppler ultrasound
system. We also determined O2 consumption of the non-exercising forearm
muscle (NONEX

:
VO2mus) by the rate of decrease in O2Hb during arterial occlusion

at each work rate. TOI was significantly decreased at 160 W (p < 0.01) com-
pared to the baseline. The NONEX

:
VO2mus at each work rate was not significantly

increased. In contrast, NONEXFBF was significantly increased at 120 W (p <
0.05) and 160 W (p< 0.01) compared to the baseline. These results suggest that
the O2 supply to the non-exercising muscle may be reduced, even though

NONEXFBF increases at high work rates during leg cycling exercise.

1 Introduction

To maintain adequate O2 supply to active muscles during exercise, nonactive
tissue circulation plays an important role in the systemic blood regulation.
Several investigations regarding non-exercising forearm blood flow (NONEXFBF)
during leg exercise, however, are controversial. Tanaka et al. [1] and Green et al.
[2] observed an increase in NONEXFBF in proportion to the work rate during a
graded leg cycling exercise. In contrast, Taylor et al. [3] and Bevegard et al. [4]
demonstrated decreases in NONEXFBF during leg cycling exercise at high work
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rate for relatively short duration (5 min). These divergent findings may be due to
the difference in exercise protocols such as duration and work rate.

At the muscle tissue level, a recent study demonstrated that the decrease in
oxygenation in the non-exercising armmuscle during graded leg cycling exercise
has been observed during high intensity exercise [5]. The study suggested that
the decrease in muscle oxygenation resulted from a decrease in blood flow in the
tissue. However, no study to date has determined whether the change in blood
flow in the conduit artery and skeletal muscle oxygenation of non-exercising limb
are similar during leg exercise. Therefore, the purpose of this study was to
examinemuscle saturation and blood flow of the conduit artery in non-exercising
limb during graded leg cycling exercise.

2 Methods

2.1 Subjects

Ten healthy male subjects participated in this study (age; 22 � 2, height; 169.1 �
4.5, weight; 67.0� 8.6, mean� SD). All subjects had no systemic illness, were not
taking any medications, and were nonsmokers. The subjects were physically active
but not conducting intense exercise. All subjects gave their informed consent.

2.2 Exercise

Each subject performed a leg cycling exercise using an electronically braked
bicycle ergometer (Ergomed 903, Ergomed Inc., Sweden). The bicycle erg-
ometer was modified for recumbent leg cycling exercise, and the non-exercising
upper limb (left) was supported by an arm-rest at heart level to avoid shaking of
the limb. A 2-min baseline recording followed by a graded leg cycling exercise
was performed. The work rate started with 0 watt (W), and increased every
5 min by 40 W with pedaling rate at 60 rpm until volitional exhaustion. In this
study, we analyzed ten subjects who were able to reach the end of the work rate
at 160 W, but were not able to continue performing additional work rates
(200 W) for more than 1 min.

2.3 Measurements

Heart rate (HR) from electrocardiograms, pulmonary oxygen uptake (AE-300,
Minato, Japan), and arterial blood pressure (2300, Finapres, Ohmeda, Engle-
wood, CO USA) from the middle finger (left) were continuously measured.
Mean arterial blood pressure (MABP) was calculated as one-third of the pulse
pressure plus diastolic pressure (Fig. 1).
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To determine oxygenation of the non-exercising forearm muscle, we used a
near-infrared spatially resolved spectroscopy (NIRSRS) (NIRO-200, Hama-
matsu Photonics K. K., Hamamatsu, Japan). This oximeter has a probe of a
near-infrared light emitter and the two detectors at wave lengths of 775, 810
and 850 nm. The separation distances between the emitter and the detectors
are 3.5 and 4.0 cm respectively. The probe was placed over the mid-belly of the
left finger flexor muscles. This oximeter enables us to measure average tissue
O2 saturation called the tissue oxygenation index (TOI, %) using a multi-
distance approach. Muscle oxygen consumption of the non-exercising left
finger flexor muscle (nonexVO2mus, fold of resting) was estimated from the
declining rate of O2Hb volume measured by the oximeter with temporary
arterial occlusion of the upper arm. We also monitored electromyography
(EMG) activity to ascertain that no muscle contraction was observed in the
forearm flexor muscles.

Blood samples (5 mL) for lactate concentration ([La]) were taken from
the middle finger tip of the right hand and analyzed by an amperometric
microvolume test strip lactate meter (Lactate Pro LT-1710, ARKRAY,
USA).

The NONEXFBF was measured on the left brachial artery using a high-
frequency ultrasound machine (LogiQ3, GE-Yokokawa Medical Systems,
Japan) equipped with a 7.7 MHz linear array transducer. The transducer was
placed at the distal one-third of the brachial artery, 1–2 cm proximal to the

Fig. 1 Experimental protocol and measurements. Tissue oxygenation index (TOI), forearm
blood flow (NONEXFBF) in the brachial artery, and blood pressure (BP) of the left non-
exercising limb were continuously measured at rest and during exercise. Arterial occlusion
(AO) on the upper arm was performed over the last 30 s of each exercise work rate for
evaluating muscle oxygen consumption. At the end of each work rate, blood samples were
drawn from the right finger tip for lactate concentration ([La])
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antecubital fossa at heart level. Mean blood flow velocity measurements were

performed with the insonation angle of the ultrasound beam at less than 608.
The cross-sectional area of the vessel was calculated as pr2, where r is the radius
of the vessel. NONEXFBF was calculated from the mean blood velocity and the

diameter of the brachial artery. Vascular conductance of the non-exercising

forearm (NONEXVC) was calculated as NONEXFBF/MABP.

2.4 Data Analysis and Statistics

The parameters of TOI, NONEXFBF, blood pressure, HR and pulmonary oxy-

gen uptake were continuously measured at rest and during exercise. These

valuables were averaged for 1 min at rest and for 30 s from 1 min before the

end of each exercise work rate. Arterial occlusion for non-exercising muscle

oxygen consumption was performed from the last 30 s at each exercise work

rate. Blood samples for lactate concentration were collected at rest and imme-

diately after each exercise work rate.
All measured values are expressed as means � standard deviation (SD). The

statistical differences among values were tested using one-way measures

ANOVA. When a significant difference was found, multiple comparisons

were conducted using a Dunnett’s test to compare between values at baseline

and each work rate. p < 0.05 was regarded as significant.

3 Results

The work rates of 0, 40, 80, 120, and 160Wwere equivalent to 26.5� 3.2, 33.2�
2.5, 79.7 � 3.2, 69.0 � 5.0, and 90.5 � 6.1 of their peak oxygen consumption

(%VO2peak), respectively. HR and VO2pul linearly increased. MABP increased

with exercise work load. The results of MABP were 90.9� 3.5, 106.3� 4.9 (p<
0.01), 110.3 � 4.1 (p < 0.01), 117.5 � 4.2 (p < 0.01), 129.7 � 5.5 (p < 0.01), and

132.5� 5.6 mmHg (p< 0.01) at baseline, 0, 40, 80, 120, and 160W respectively.

[La] started to accumulate at 120 W and increased significantly at 120 W (p <
0.01) and 160 W (p < 0.01).

There was no EMG activity during exercise. Figure 2 shows the changes in

NONEXTOI (A) and NONEXVO2mus (B) during the exercise. The TOI was not

changed until the work rate of 120 W but significantly deceased at 160 W from

the baseline (61.4 � 4.5% vs 51.0 � 5.7%; p < 0.01). NONEXVO2mus did not

change during the exercise.
Figure 3 shows NONEXFBF (A) and NONEXVC (B) during the exercise. The

NONEXFBF increased on a curve and showed a significant increase at 120 W

(p < 0.05) and 160 W (p < 0.01). The NONEXVC was significantly augmented at

160 W (p< 0.05) from the baseline.
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4 Discussion

We simultaneously measured non-exercising muscle oxygenation by NIRSRS

and limb blood flow by Doppler ultrasound during graded leg cycling exercise.

The main findings of this study were that non-exercising muscle TOI decreased
significantly at the higher work rates (160 W), even though NONEXFBF sig-

nificantly increased at higher work rates (120 and 160 W).
TOI reflects the local balance between O2 supply and O2 consumption. In

this study, since NONEXVO2mus at each work rate was not significantly increased
from the baseline, the decreased TOI may reflect a reduction in O2 supply to the

non-exercising forearm muscles. One possible explanation is that muscle
sympathetic vasoconstriction was augmented at the higher work rates. Ogata

et al. [5] examined sympathetic vasoconstriction in the non-exercising forearm
muscle using NIRS during ramp leg cycling, and demonstrated similar results

Fig. 3 Non-exercising forearm blood flow (a), and vascular conductance (b) during a graded
leg cycling exercise. Asterisks indicate significant difference from baseline (Rest) (*p < 0.05,
**p < 0.01)

Fig. 2 Non-exercising forearm muscle tissue oxygenation index (TOI) (a), and oxygen con-
sumption (b) during a graded leg cycling exercise. Asterisks indicate significant difference
from baseline (Rest) (**p < 0.01)
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that oxygenated hemoglobin in the non-exercising forearm muscle began to
decrease at high work rates. Muscle metaboreflex-evoked increases in muscle
sympathetic activity during exercise are strongly associated with glycogenolysis
and the consequent cellular accumulation of hydrogen ions in the contracting
muscles [6]. We measured [La] as an indicator of the metabolic condition, and
observed that the [La] increased significantly at 120 and 160 W work rates.
Thus, the metabolites in active muscles could stimulate chemoreceptors and
augment the consequent sympathetic vasoconstriction.

On the other hand, NONEXFBF and the NONEXVC showed a progressive
increase during the exercise. These results were in accordance with a study by
Tanaka et al. [1] that demonstrated a similar increase in NONEXFBF and the
shear stress during graded leg cycling exercise. One mechanism underlying this
increase in blood flow may be due to the enhancement of nitric oxide release.
Gleen et al. [2] demonstrated an endothelium-derived nitric oxide increase in

NONEXFBF during leg cycling exercise. The brachial artery is the conduit artery
for O2 supply not only to muscle but also skin, bone, and other tissue. It was
reported that skin blood flow was increased in proportion to the increase in
internal temperature during leg cycling exercise [7]. These results lead to
another possibility that increased NONEXFBF may be caused mainly by an
increase in the skin blood flow. Considering these results, muscle O2 delivery
to the non-exercising muscle probably decreases, even though the NONEXFBF
increased at high work rate during graded leg cycle exercise.
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Effects of Acute Hypoxia on the Inflection Point

of Muscle Oxygenation

TakuyaOsawa, Ryotaro Kime, Toshihito Katsumura, andMasayoshi Yamamoto

Abstract The purpose of this study was to investigate the effects of acute

hypoxia on the inflection point of muscle oxygenation (IPMO) using near-

infrared spectroscopy during incremental bicycle exercise. Eight male subjects

(age: 22 � 2 years) performed two ramp incremental bicycle exercise tests until

exhaustion under each normoxic and hypoxic (FIO2: 0.12) condition. Pulmon-

ary gas exchange and locomotor muscle oxygenation were continuously mea-

sured. IPMO was determined as the attenuated point of muscle deoxygenation.

Muscle oxygenation level was significantly lower in hypoxia than normoxia

throughout the tests. IPMO was found in both conditions, and _VO2 at IPMO

was significantly decreased in hypoxia. However the percent rate of _VO2peak

between normoxia and hypoxia was not significantly different. These results

suggest that IPMO was not associated with absolute exercise intensity, but

relative exercise intensity.

1 Introduction

Acute hypoxia decreases endurance performance. Some studies have reported

the changes of various physiological responses [1, 2, 3]. However, the mechan-

ism is still not fully understood, especially little is known about how acute

hypoxia influences muscle responses during exercise.
One of the methods for understanding muscle responses is using near-infra-

red spectroscopy (NIRS). This can continuously monitor muscle oxygenation

(MO) during exercise. MO decreases non-linearly during incremental exercise

and has an inflection point (IPMO) at high exercise intensities [4, 5, 6]. However

the effects of acute hypoxia on MO kinetics and on IPMO are unclear.
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The purpose of this study was to investigate the effects of acute hypoxia on
MO kinetics and IPMO using NIRS during incremental bicycle exercise.

2 Methods

2.1 Subjects

Eightmale volunteers participated in this study [age, 22� 2 years; height, 173.3�
6.6 cm; body mass, 65.4 � 5.8 kg, mean � S.D.]. Before the experiment, all
procedures and any potential risks were explained to each subject and an
informed consent document was signed before participation. This study was
approved by the local ethics committee and all work was performed in accor-
dance with the Declaration of Helsinki.

2.2 Experiment Design

The subjects performed two ramp incremental exercise tests to exhaustion in an
environmentally-simulated room (Espec engineering; Japan) under normoxic
or hypoxic (FIO2 = 0.12) conditions in random order. After calibrating NIRS
signals (see below) and breathing in each gas mixture at rest for at least 15 min
to equilibrate body gas stores of O2 andCO2 [7], the subject underwent the ramp
incremental exercise tests. The protocol followed a warm-up (WU) exercise at
10 W for 4 min, increased at a ramped rate of 20 W/min to exhaustion. An
electro-magnetically braked cycle ergometer (75XL2, Combi, Japan) was uti-
lized, and pedaling frequency was kept at 60 rpm.

2.3 Measurements

Pulmonary ventilation (VE) and O2 uptake ( _VO2) were determined breath-by-
breath by a computerized metabolic cart (model Vmax29c, Sensor Medics,
USA). Expiratory flow measurements were performed by a mass flow sensor
(hot wire anemometer). Ventilation threshold (VT) was calculated by V-slope
methods [8]. Heart rate (HR) was determined from the ECG signal. Arterial
blood O2 saturation (SpO2) was non-invasively, continuously monitored by
pulse oximetry (OLV-3100, Nihon Kohden, Japan) from the first or second
finger. To obtain accurate values, we simultaneously measured and confirmed
the pulse data.

Changes in oxy-(O2Hb) and deoxy-(HHb) hemoglobin concentrations were
measured with continuous wave near-infrared spectroscopy (NIRO 200,
Hamamatsu photonics, Japan). The optode was placed on the lower third of
the vastus lateralis muscle (VL), and the interoptode space was 4 cm. Penmarks
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were made over the skin to indicate the optode site before and after the tests to

place the optode in the same location in both tests. The fat layer thickness under

the optode site was 3.4 � 0.7 mm, measured by ultrasonography (ECOCEE

SSA-340A, Toshiba, Japan).
The changes in total hemoglobin (THb) were calculated by summing the

changes in O2Hb and HHb. The changes in muscle oxygenation (MO) were

calculated using the difference betweenO2Hb andHHb. To evaluate differences

of MO between subjects, MO was expressed as relative (%MO) by arterial

occlusion [9] in normoxia before exposure to each condition. 100%MO was

calculated as the averaged MO value when each subject lay on a bed in

normoxic conditions for 10 min. 0%MO was calculated as the minimum MO

value during arterial occlusion.%MOwas continuously measured until the end

of each exercise test. Although NIRO 200 provides tissue oxygen index (TOI)

using spatially resolved near infrared spectroscopy, we did not use TOI in this

study because TOI is influenced by fat layer thickness.
An inflection point of muscle oxygenation (IPMO)was identified as a slowed

decrease ofMOduring high intensity exercise, and was calculated by the change

of MO in a previous study [6]. To establish an objective criterion, IPMO in this

study was mathematically determined by computer. Piecewise linear regression

analysis was automatically applied to plots of MO vs. power output, and then

the intersection between two regression lines was determined as IPMO. The

calculated range was from VT to exhaustion since our purpose was to estimate

IPMO in high intensity. The similar analysis was used by a previous study

calculating electromyographic threshold [10]. Figure 1 shows an example of the

mathematical determination of IPMO in one subject.

Fig. 1 Example of the
mathematical determination
of an inflection point of
muscle oxygenation (IPMO)
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2.4 Statistical Analyses

All data are averaged to 15 s, and represented as means � S.E. Statistical

analyses were performed using the statistical package SPSS for Windows (ver-

sion 12.0; SPSS, Chicago, IL). For each physiological parameter, a paired t-test

was used between normoxia and hypoxia. To compare both THb and %MO

values during the same absolute and relative intensity exercise, a two-way

repeated ANOVA, with FIO2 and power output as the main effects, was used

to determine significant differences. A paired t-test was used when significant

FIO2 effect was found. Values of p < 0.05 were considered significant.

3 Results

Peak power output, peak O2 uptake ( _VO2peak) and peak HR were significantly

reduced under hypoxia compared to normoxia. SpO2 in hypoxia were signifi-

cantly lower throughout the tests.
The averaged values of THb significantly increased fromWU to VT, but did

not change from VT to _VO2peak in either condition. There was no significant

difference between either condition. %MO decreased non-linearly in both

conditions as the exercise intensity increased. Significant differences between

normoxic and hypoxic conditions were found at both the same absolute and

relative exercise intensities (Fig. 2).

IPMO were found in both conditions. %MO at IPMO in hypoxia (32.6 �
3.9%) was significantly lower than in normoxia (52.7� 3.8%). Also _VO2peak at

Fig. 2 Averaged relative muscle oxygenation (%MO) in normoxia and hypoxia. *Significant
difference in same absolute intensity between normoxia and hypoxia, p < 0.01. #Significant
difference at exhaustion between normoxia and hypoxia, p < 0.01
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IPMOwas significantly decreased in hypoxia (normoxia: 39.9� 2.3 ml/kg/min,

hypoxia: 31.8 � 1.0 ml/kg/min). However the percent rate of _VO2peak

(% _VO2peak) was not significantly different in both conditions (normoxia: 75.7

� 2.0 %, hypoxia: 78.5 � 1.4%).

4 Discussion

MO level indicates the balance between local O2 delivery and consumption. In

the same absolute exercise intensities, since leg O2 consumption was not influ-

enced by hypoxia, the differences of %MO between normoxia and hypoxia

were likely attributed to O2 delivery. Similarly, as the relative exercise intensity

increased, the differences of MO values between both conditions were also

greater. These results were in accordance with previous studies [3, 11]. These

results suggest that acute hypoxia further unbalanced the locomotor muscle

oxygenation even at the same relative exercise intensity. However, there are

contrasting reports to our findings about the effects of acute hypoxia on MO

level [12, 13]. Some of the explanations include differences in inspiratory O2

fraction, working muscle volume and exercise protocol.
Some authors [3, 4] have reported that IPMO indicated a slowdown or a

plateau in muscle deoxygenation, but few studies have reported on the mechan-

ism for this. One of the interpretations is to reach maximal oxygenation extrac-

tion [4]. Another is that the increased O2 demand at the respiratory muscle

limits O2 use from the locomotor muscle [6]. Acute hypoxia decreased _VO2 at

IPMO, but not % _VO2peak. Also %MO at IPMO in hypoxia was significantly

lower. These results suggest that IPMO is not associated with MO level and

muscle O2 consumption, but is associated with peripheral fatigue and aerobic

capacity [2].
We have demonstrated that acute hypoxia decreased %MO during exercise

and _VO2 at IPMO, but did not influence _VO2peak at IPMO. These results imply

that the MO level is influenced by both O2 delivery and consumption, and that

IPMO is associated with relative exercise intensity.
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Part IV

O2 Microenvironment in Cancer



No Sustained Improvement in Tumor Oxygenation

After Localized Mild Hyperthermia

Debra K. Kelleher and Peter Vaupel

Abstract This study has attempted to address the controversy concerning
sustained increases in tumor oxygenation upon localized mild hyperthermia.
While some previous studies have reported transient increases, others have
reported persistent increases in tumor oxygenation, lasting for upto 2 days
after application of mild hyperthermia. In order to determine changes in
oxygenation at clinically relevant tumor temperatures, experimental tumors in
rats underwent localized hyperthermia at either 40, 41.88C or 438C for 1 h using
water-filtered infrared-A irradiation. Oxygenation was continuously measured
before, during and upto 60min after hyperthermia in the tumors of anesthetized
rats using oxygen-sensitive catheters. The data obtained indicate that localized
hyperthermia can lead, on average to an improved tumor oxygenation,
although this improvement is generally transient and no longer evident 1 h
after heating. Since clinically relevant increases in oxygenation enduring
beyond the heating period were rarely seen, it would appear that an improve-
ment in the efficacy of oxygen-dependent cancer therapy is unlikely to be
achieved in the post-hyperthermia period.

1 Introduction

Since 1980, Vaupel and colleagues have repeatedly shown that localized
hyperthermia can improve tumor oxygenation [1, 2]. In these early studies, in
which 428C hyperthermia was applied for 60 min, the mean tumor pO2

increased transiently (upon low thermal doses) but then dropped rapidly reach-
ing values below the baseline, with a minimum being seen during a 1 h post-
hyperthermia observation period. In a further study [3], 408C hyperthermia for
30min led to an improvement in tumor oxygenation during the whole treatment
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period. These tumor oxygenation changes were found to reflect comparable
associated alterations in tumor perfusion upon heating. Later studies by other
groups reported persistent improvements in the tumor oxygenation status for
upto 1–2 days followingmild hyperthermia [4–7]. As a result of these conflicting
reports there is some controversy concerning the role of hyperthermia in treat-
ment schedules where hyperthermia is combined with oxygen-dependent thera-
pies such as radiotherapy, chemotherapy or radiochemotherapy, since oxygen-
related sensitizing effects of hyperthermia cannot be generally understood on
the basis of the available studies.

Generally, in clinical studies in which hyperthermia enhanced the efficacy of
radio-/chemotherapy, tumor temperatures could generally only be raised to
40–428C. Application of high dose hyperthermia (> 428C) has been seen to be
hardly achievable in clinical studies, so that results seen in the available pre-
clinical studies using higher temperatures may not be relevant to the clinical
setting.

This present study has attempted to address the controversy of tumor
oxygenation changes during and after hyperthermia by continuously monitor-
ing tumor oxygenation in experimental rat tumors undergoing hyperthermia at
either 40, 41.88C or 438C.

2 Methods

Tumors were implanted subcutaneously (0.4 ml cell suspension containing
approx. 104 cells/ml) onto the hind foot of male Sprague-Dawley rats (body
weight 200–300 g). Tumors reached a volume of 0.6–2.0 ml approx. 1 week after
implantation, when treatment took place. During treatment, animals were
anesthetized with sodium pentobarbital (40 mg/kg, i.p., Narcoren1, Merial,
Germany), laid supine on a thermostatically controlled heating pad and the
rectal temperature maintained at 37.5–38.58C. Animals breathed room air
spontaneously.

Assessment of tumor tissue oxygenation was carried out polarographically
using a flexible O2-sensitive catheter electrode (ø350 mm, LICOX pO2, GMS,
Germany). Calibration of the pO2 electrode was carried out using room air in a
constant temperature chamber, taking into account the prevalent barometric
pressure. Tumor pO2 values were monitored continuously, with data being
recorded 10 min prior to hyperthermia, during hyperthermia, and for 60 min
thereafter.

Localized hyperthermia was performed using an infrared-A radiation
source as described previously [8]. Using a feedback control system involving
measurement of temperature in the tumor centre with needle-type thermo-
couples (ø 250 mm; type 2ABAc, Philips, Germany), tumors were heated to the
target temperature (either 40, 41.88C or 438C) over 20 min, and then maintained
at this temperature for a further 60 min. Sham-treated tumors served as controls.
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Statistical analysis of the results was carried out using the Wilcoxon test for

unpaired samples. The significance level in all cases was set at a = 5%.

3 Results

During sham treatment, tumor oxygenation remained relatively constant, with

no statistically significant changes from the initial value of approx. 20 mmHg
being seen. Mean values for tumors in the control group are shown in Fig. 1

where the mean effects of hyperthermia at the three different target tempera-

tures on oxygenation are also shown. During hyperthermia, considerable inter-
tumor variability in the effects on oxygenation was evident at all temperatures

assessed, a phenomenon which we have also described previously [8].

During the heating-up period, the mean tumor oxygenation values increased

in all three temperature treatment groups. This improvement was maintained

for the first 10 min of the plateau phase of the 60 min treatment period, after

which the mean pO2 value decreased slowly, returning to values comparable to

those measured before commencement of the heating period by the time the

heating period was completed. The extent of the increases in the tumor pO2 is

shown in Fig. 2 in which mean values before, during and after localized

hyperthermia are compared and in Fig. 3 where these increases are seen to be

related to the target temperature used, with the largest increases occurring at

438C (maximum increase of approx. 16 mmHg) and progressively smaller

increases at 41.8 and 408C (maximum increases of approx. 12 and 5 mmHg,

respectively). These changes in the mean oxygenation were only statistically

significant during hyperthermia at 438C. Following completion of the

hyperthermia treatment, a mean temperature-dependent drop in tumor

Fig. 1 Tumor pO2 values
measured continuously
before, during and after 40,
41.88C or 438C
hyperthermia. Each data
point indicates the mean
value (� SEM) for the
number of tumors indicated.
The shaded area indicates
the time of heating
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oxygenation below values measured at the start of treatment was also evident,
with the greatest decreases (6 mmHg) occurring in the 438C treatment group.
When oxygenation increases in individual tumors 1 h after completion of
hyperthermia are considered, only 1 out of 14, 4 out of 12 and 1 out of 21
tumors undergoing hyperthermia at 40, 41.8 and 438C respectively, were seen to
show small increases in pO2.

4 Conclusions

The investigation of changes in tumor oxygenation upon hyperthermia at three
different temperatures carried out in this study showed that clinically relevant
increases in pO2 which endured beyond the actual period of heating are rarely

Fig. 2 Comparison of mean
pO2 values before, during (at
t=35min after reaching the
set temperature) and after
localized hyperthermia.
Each data point indicates
the mean value (� SEM) for
the number of tumors
indicated. * = p < 0.01

Fig. 3 Maximum pO2

increase during
hyperthermia as a function
of the mean tumor
temperature. Each data
point indicates the mean
value (� SEM) for the
number of tumors indicated
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seen, irrespective of the tumor temperature level applied. Where improvements in
tissue oxygenation were observed during hyperthermia treatment, these increases
were generally transient and limited to the 60 min heating period. If these experi-
mental results can be transferred to the clinical setting, an improvement in tumor
oxygenation in the post-hyperthermia period is unlikely to be achieved and thus an
improvement in the efficacy of oxygen-dependant cancer therapies, at least on the
basis of an improved tumor oxygenation can not be expected. Therefore, on the
basis of the results obtained in the present study, a favourable and reliable
‘‘window’’ for an application of a subsequent oxygen-dependent treatment mod-
ality such as radiotherapy or chemotherapy following hyperthermia does not seem
to exist. Since oxygenation improvements were only – if at all – evident during the
application of hyperthermia, it would appear that therapy enhancement through
effects on oxygenation may only be achievable if the oxygen-dependent treatment
modality is applied in the early phase of hyperthermia treatment. However, such a
simultaneous treatment would be difficult to apply in the clinical setting. A similar
conclusion was reached by Horsman et al. [9, 10] in studies on C3H mammary
carcinomas undergoing mild hyperthermia. Improvements in oxygenation were
seen, but again, only during the hyperthermia treatment period. Comparable
results were obtained by Sun et al. [11] who reported improved tumor oxygenation
only during and immediately after heating. In light of the decreases in oxygenation
observed following 438C hyperthermia in the present study, the application of an
oxygen-dependent therapy post-hyperthermia may in fact not be advisable where
high temperature hyperthermia has been applied and where decreases in oxygena-
tion are seen. The extent of such decreases are less pronounced with hyperthermia
at lower temperatures (41.8 and 408C), so that a detrimental effect is less likely at
the mild hyperthermia temperatures usually achieved in the clinical setting, but
nevertheless, an improvement in the radio-/chemotherapy efficacy as a result of
improved tumor oxygenation is not to be expected.
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HIF-Mediated Hypoxic Response is Missing

in Severely Hypoxic Uterine Leiomyomas

Arnulf Mayer, Michael Hoeckel, Angelika von Wallbrunn, Lars-Christian Horn,

Alexander Wree, and Peter Vaupel

Abstract Results from our laboratory have put a question mark on the exis-
tence of a direct quantitative relationship between tumor hypoxia and HIF-
mediated protein expression in cancers of the uterine cervix. In the present
study, this subject has been further explored by the analysis of HIF-related
marker expression in a benign tumor entity – uterine leiomyomas – using
immunohistochemistry, western blotting and RT-PCR. The oxygenation status
of 17 leiomyomas was assessed bymeans of intraoperative polarographic needle
electrode measurements. Results show that these tumors are severely and uni-
formly hypoxic, but do not induce HIF-1a, HIF-2a, glucose transporter
(GLUT)-1 or carbonic anhydrase (CA) IX. Furthermore, this downregulation
of the HIF-system was not caused by an overexpression of the hypoxia-induci-
ble prolyl hydroxylase domain proteins (PHDs) 2 and 3. Compared with
normal myometrium, leiomyomas also show a poorer vascularization. Con-
versely, leiomyosarcomas show abundant expression of HIF-related markers
despite a similar microvascular density. In conclusion, these results indicate that
the strong activation of theHIF system observed in solidmalignant tumorsmay
be mechanistically linked to their transformed phenotype, rather than being a
physiological reaction activated in a pathological context.

1 Introduction

Solidmalignant tumors frequently contain heterogeneously distributed hypoxic
tissue areas [1]. Stabilization of hypoxia-inducible factor (HIF)-1a in these
microenvironments leads to the transactivation of proteins involved in angio-
genesis, cell survival/proliferation, invasion and metastasis. These proteomic
changes make a significant contribution to the malignant phenotype [2].
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However, recent data published by us and others [3, 4] disagree with a direct
quantitative relationship between the extent of tumor hypoxia and hypoxia-
related marker expression. This discrepancy may – at least in part – be attribu-
table to the influence of malignancy-associated molecular changes, e.g., an
inappropriate activation of growth-factor related signaling pathways. An
impact of these events on the HIF-system is well-established in vitro, but their
in vivo relevance is still incompletely defined. Hence, we needed to identify a
benign but hypoxic tumor entity. We show here that leiomyomas, benign
tumors with a very low tendency for malignant transformation, are severely
and uniformly hypoxic and thus represent an ideal study system for the in vivo
activity of the HIFs without the interference of malignancy-associated signal-
ing. Although current dogma claims that activation of HIF-mediated proteome
changes occur in all cell types under hypoxia, we demonstrate that the HIF-
system is in fact inactive in leiomyomas.

2 Methods

Intratumoral oxygen tension (pO2) measurements were performed with the
Eppendorf histography system (Eppendorf, Hamburg, Germany) according
to the standard procedure first described in 1991 [5]. This procedure was
performed after informed written consent was obtained from each patient.
The study was approved by the medical ethics committee of the University of
Leipzig Medical Center. The pO2 measurements in 17 premenopausal women
with sporadic uterine leiomyomas were performed during surgery before any
manipulation of the uterus. Furthermore, pO2 was also assessed in the normal
myometria of 6 premenopausal women who received surgery for gynecologic
diseases other than leiomyoma, and in one leiomyosarcoma. Patients under-
went general anesthesia, whereby the inspiratory oxygen content was reduced to
21% during the short term pO2 measurement procedures.

Representative tissue samples including the electrode tracks were collected
from all 17 measured leiomyomas during surgery. Expression of selected mar-
kers was also analyzed in 9 leiomyosarcomas. Among these, 8 cases were taken
from archived paraffin material for which oxygenation data were not available.
Both oxygenation status and marker expression were assessed in one
leiomyosarcoma.

Antibodies against HIF-1a, HIF-2a, CA IX, PHD2 and PHD3 were
obtained from Novus Biologicals (Littleton, CO). All other antibodies were
purchased from DAKO (Glostrup, Denmark).

Immunohistochemistry (IHC) methods and the image analysis procedure for
the estimation of the intercapillary density (ICD) have been described in detail
recently [6]. PHD-2 and PHD-3 were detected using the ImmPRESSTM

polymerized reporter enzyme staining system from Vector Laboratories
(Burlingame, CA).
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Western blotting: 25 mg of lysates of MCF-7 breast cancer cells (positive

control) or cryospecimens of leiomyomas/normal myometrium were separated

by SDS-PAGE and electroblotted to PVDFmembranes. The primary antibody

against HIF-1a was detected using a goat anti-rabbit secondary antibody

conjugated to horseradish peroxidase (Santa Cruz Biotechnology, CA).

Bands were developed using ECL (GE Healthcare) and images were captured

with a CDD camera (LAS-3000, Fujifilm, Japan).
Real-time polymerase chain reaction was performed using SYBR green I dye

with ROX according to the manufacturer’s protocol (ABgene, Thermo Fisher

Scientific, Hamburg, Germany) in a total volume of 25 ml. Real-time PCR was

conducted on anABI7300 system using the following parameters: denaturing at

958C for 15 s, 40 cycles at 958C for 15 s and at 608C for 1 min. Beta-actin was

used as an internal control and each assay included probes and calibration

samples in triplicate. Data analysis was carried out using ABI data analysis

software. To control the specificity of amplification products, primer inhibition

plots and melting curve analyses were performed. Primer efficiencies were

found to be above 90% in all cases and inspection of dissociation curves

confirmed negligible levels of primer self-hybridization. Data analysis was

carried out using the 2�DDCt method with ABI data analysis software. Data

are presented as the n-fold change (RQ) in gene expression normalized to an

endogenous reference gene (b-actin) and relative to the untreated control

(normoxic MCF-7 cells). For details of the method see [7].

3 Results

In 17 leiomyomas, a grand median pO2 of 1 mmHg (range 0–5 mmHg) was

found. Individual oxygen partial pressures within each tumor varied between 1

and 50 mmHg. Fifty percent of these benign tumors had a range of pO2 values

of less than 6mmHg. Themedian pO2 of the leiomyosarcomawas 2mmHg. For

normal myometria, the grand median pO2 was 9 mmHg (range 5–20 mmHg),

which was significantly higher than that of the leiomyomas (p < 0.0001). A

comparison of the distribution of the pO2 values of normal myometrium (n¼ 6)

and leiomyomas (n¼ 17) showed that only 4% of the measurements were found

in the lowest class (0–2.5 mmHg) in the normal myometrium, whereas�73% of

the readings in leiomyomas were in this category indicating very severe hypoxia.
Modal ICD was assessed in 15 out of 17 leiomyomas and ranged from 43 to

158 mm. Significantly higher median pO2 values (p¼ 0.006) were found in

tumors with a modal ICD below the median (86 mm). ICD values in 9

leiomyosarcomas ranged from 61 to 283 mm (median 68 mm). The median

value of the modal ICD in normal myometrium was 42 mm (range 29–62 mm),

i.e., significantly smaller than in the leiomyomas (p¼ 0.0001) and leiomyosar-

comas (p¼ 0.0001).
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Immunohistochemistry for HIF-1a/-2a, CA IX and GLUT-1 was performed

in the leiomyomas, leiomyosarcomas and normal myometria. All 17 leiomyomas

and all normal myometria were negative for HIF-1a and HIF-2a as well as for

CA IX and GLUT-1. Additionally, PHD-2/-3 expression was assessed in 17

leiomyomas. Expression of PHD-2 was absent from the vast majority of cells.

Only in some cases, a few smooth muscle cells scattered throughout the tumors

were positive and aweak cytoplasmic expressionwas also observed in endothelial

cells. PHD-3 expression in leiomyomas was limited to a weak cytoplasmic signal.
Absence of HIF-1a expression in leiomyomas was confirmed by western

blotting of protein extracts from cryospecimens of 3 leiomyomas and 3 normal

myometria (Fig. 1, panel a). Positive control MCF-7 cells showed low HIF-1a

Fig. 1 (a) Analysis of HIF-1a expression in normoxic (21%O2) and hypoxic (1%O2)MCF-7
cells and cryospecimens of leiomyoma and normal myometrium by western blotting (upper
panel). b-actin was used as a loading control (lower panel). (b) Quantification of GLUT-1,
HIF-1a and HIF-2amRNA by RT-PCR in hypoxic (MCF-H) MCF-7 cells, normal myome-
trium (MM) and leiomyomas (M) relative to normoxic (MCF-K) MCF-7 cells
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expression under normoxia and a strong induction under hypoxic conditions
(1% O2 for 24 h). Very low levels of HIF-2a were detectable in hypoxic MCF-7
cells, while the protein was undetectable in leiomyomas and normal myometria.

RT-PCR showed similar HIF-1a levels in MCF-7 cells, leiomyomas and
normal myometria. Levels of HIF-2a mRNA were slightly higher in the tissue
extracts than in MCF-7 cells. As expected, a strong induction of GLUT-1 could
be demonstrated in hypoxicMCF-7 cells (Fig. 1, panel b). Surprisingly, GLUT-1
expression was detected in leiomyomas and normal myometrium, conflicting
with the complete absence of GLUT-1 expression at the protein level.

4 Conclusions

Benign uterine leiomyomas exhibit extremely low pO2 values. Despite this
severe hypoxia, markers of the hypoxic response (HIF-1a/HIF-2a, GLUT-1
and CA IX) were completely absent on the proteome level. Bands seen at a
molecular weight¼ 250 kD in theHIF-1awestern blot are too large to represent
tissue specific isoforms. They most certainly represent unspecific binding of the
primary antibody in the tissue extracts. In contrast, hypoxia-associatedmarkers
were found to be abundantly expressed in leiomyosarcomas. These findings are
in agreement with those of an earlier study by Zhong et al. [8], who showed the
absence of HIF-1a expression in 12 benign tumor specimens. Likewise, Younes
et al. [9] assessed the expression of GLUT-1 in a wide array of normal (and
cancerous) tissues and found leiomyomas, as well as several other benign tumor
entities, to be negative. To our knowledge, the expression of CA IX or HIF-2a
has previously not been investigated in leiomyomas. Expression of HIF-1a has,
however, been demonstrated in leiomyomas from patients with the rare syn-
drome of hereditary leiomyoma and renal cell cancer (HLRCC, [10]). The
pathogenetic basis of this disease is an inactivating mutation of the enzyme
fumarate hydratase, which leads to accumulation of fumarate. This metabolite
inhibits prolyl hydroxylases and consequently leads to HIF-1a stabilization
secondary to decreased proteasomal degradation [11].

The RT-PCR results of our study show that the downregulation of the HIF-
system in leiomyomas does not take place at the mRNA level. HIF-1a mRNA
in leiomyoma tissue was only slightly lower than in MCF-7 cells. HIF-2a
mRNA was even elevated in leiomyomas although the protein was clearly not
detectable by western blotting or IHC. GLUT-1 mRNA abundance in leio-
myomas was low compared to hypoxic MCF-7 cells but higher than in the
normoxic breast cancer cells. Again, the absence of GLUT-1 protein expres-
sion, as assessed by IHC, is unequivocal.

Since prolyl hydroxylase domain-containing proteins (PHDs) -2 and -3,
which initiate proteasomal HIF-degradation, are themselves hypoxia-inducible
genes [12], we considered an overexpression of PHDs as a possible explanation
for the absence of HIF-1a/-2a expression in chronically hypoxic leiomyomas.
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According to Stiehl et al. [13], PHD-2 and PHD-3 levels may remain elevated

even after downregulating endogenous HIF-1a. However, IHC showed that

protein levels of PHD-2 and -3 are generally very low in leiomyomas, a finding

that is not compatible with a generalized suppression of HIFs by accelerated

PHD-mediated proteasomal degradation.
Oxygenation data were only available for one leiomyosarcoma, which was

hypoxic. While our study found a significantly lower vascularization in leio-

myomas compared with normal myometrium, no such difference existed

between leiomyomas and leiomyosarcomas. These results indicate that the

microenvironmental conditions in leiomyoma vs. leiomyosarcoma are too

similar to explain the striking differences regarding the activity of the HIF-

system. This was unexpected since the induction of HIF-1a and its target genes

is generally perceived as being a physiological reaction to hypoxia, occurring

independently of malignant transformation. Since our data neither support

downregulation of the HIF-system at the mRNA level nor increased PHD-

mediated proteasomal degradation, we may have to consider translational

control as a candidate mechanism for the explanation of our findings. Indeed,

a recent study pointed towards a significant impact of the mammalian target of

rapamycin (mTOR) – a central regulator of mRNA translation – on the activity

of the HIF-system [14]. Importantly, mTOR activity may be inhibited by

hypoxia and other kinds of microenvironmental deficiencies. The inhibition

of mTOR by hypoxia may be at least partially independent of HIF-1a [15]. It is

conceivable – and compatible with the data presented in this study – that the

HIF-system may be downregulated secondary to mTOR inhibition in certain

(normal or benign) tissues. Conversely, upregulation of a variety of components

of the mTOR signaling network are a hallmark of malignancy. Further studies

are required to assess the relevance of these mechanisms.
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5. Höckel M, Schlenger K, Knoop C, et al. (1991) Oxygenation of carcinomas of the uterine
cervix: evaluation by computerized O2 tension measurements. Cancer Res 51:6098–6102

404 A. Mayer et al.
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FRET-Like Fluorophore-Nanoparticle Complex

for Highly Specific Cancer Localization

Jianting Wang, Michael H. Nantz, Samuel Achilefu, and Kyung A. Kang

Abstract Fluorophore mediated bio-signal retrieval has been extensively used
in molecular imaging. However, only a limited number of fluorophores can be
used for humans and their quantum yield is usually low. Another important
issue is emitting fluorescence at the disease site, with a minimal non-specific
emission at any other sites. Artificial quenching and enhancing of fluorescence
was found to be possible by manipulating the distance between a fluorophore
and a certain type of nanometal particle. Utilizing this unique property, we have
designed a novel, FRET-like, fluorophore-nanoparticle complex. The complex
emits fluorescence conditionally only at a disease site at an enhanced level. As a
model system, our complex is designed to target breast cancer. As an initial step
for developing this cancer locator, fluorescence alteration was studied when a
spacer at various lengths is placed between a nanogold particle and a safe
fluorophore.

1 Introduction

Fluoropohore mediated, molecular imaging is highly beneficial for understand-
ing mechanisms of various biomolecular functions. For in vivo bioimaging,
such as cancer detection or diagnosis, the fluorohpore must be non-toxic.
Fluorophores with excitation and emission in a near infrared (NIR) range
have advantages over those in a visible range. They can be better differentiated
from the naturally occurring fluorescence in tissue and NIR penetrates deeper
into tissue [1, 2]. Fluorophores with high quantum yield is highly desirable,
especially for detecting small and/or deeply seated tumors. In order for a
molecular imaging to be highly effective, the fluorescence contrast should be
maximized at the tumor site, with a minimal non-specific emission. A smart
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approach is, therefore, using an entity with conditional emission, similar to
Förster resonance energy transfer (FRET).

Since fluorophores emit fluorescence when their electrons are excited by
photons, their fluorescence may be altered when they are placed within a strong
surface plasmon polarion field (SPPF) of nano sized metal particles (NMPs).
Gold, silver, and platinum are exemplary metals possessing strong SPPF [3].
When the NMP’s electrons couple with excited electrons of a fluorophore, an
instantaneous electron attraction occurs, altering the energy states of the elec-
trons involved in fluorescence emission. The level of this alteration depends
upon the strength of the SPPF where the fluorophore is placed, and the field
strength depends upon the metal type, NMP size, and distance from the NMP
surface [4, 5, 6, 7, 8]. If a fluorophore is placed within a very strong SPPF, most
electrons of the fluorophore, including the ones for fluorescence emission, are
attracted to the NMP, resulting in fluorescence quenching. If the fluorophore is
at a particular distance from the NMP, and attracts the electrons participating
in self-quenching, then the fluorescence is enhanced.

This interesting property of NMPs on a fluorophore can be effectively
utilized for artificial fluorescence alternation. Utilizing nanogold particles
(NGPs), we are currently developing a FRET-like, highly breast cancer specific,
fluorescent contrast agent. The design of this novel agent is as follows: the NGP
surface is treated with hydrophilic bio-polymer, and conjugated with cancer
targeting molecules. The fluorescence of the fluorophore is manipulated by
placing double spacers (one long and one short) between the fluorophore and
NGP, and it is specially designed to be conditionally emitted only at a particular
tumor site, at an enhanced fluorescence level.

Indocyanine Green (ICG, MW 775) is one of a few FDA-approved fluor-
ophores. Its excitation and emission peaks are at 780 and 830 nm (both inNIR),
respectively. Its quantum yield (QY) is only 0.0028 in the saline buffer and 0.012
in blood [9]. ICG does not have functional group for conjugation. Achilefu’s
group has developed an ICG derivative, Cypate, with two carboxylic acid
groups [10].

As an initial step for developing this novel cancer locator, quenching and
enhancement of Cypate fluorescence by NGPs were studied, and the result is
presented here.

2 Materials, Instruments and Methods

Nanogold colloids (NGPs; 5 and 10 nm in citric and tannic acids) and
Protein A conjugated NGP (NGP-PA) were from Ted Pella (Redding, CA,
USA). L-glutathione (LG; Sigma/Aldrich; St. Louis, MO, USA) was immobi-
lized on theNGP surface by the protocol developed by our research group [7, 8].

Cypate was covalently immobilized on the surface of the NGPs via LG
(NGP-LG) or PA (NGP-PA) using the protocol established by our group [6].
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N,N’ Dicyclohexylcarbodiimide (DCC; Sigma) was used to catalyze the reac-
tion. First, dissolve Cypate and DCC separately in a minimal amount of
ethanol (< 50 ml). Mix the Cypate and DCC solutions at a molar ratio of 1:12,
and immediately transfer them to NGP-LG or NGP-PA solution. Stir the
mixture of Cypate and NGP-LG at room temperature for 30 min. For Cypate
and NGP-PA, stir at 48C for 5 h.

All samples (Cypate with and without NGP) were in a 0.001 M PBS, and
Cypate concentration was 30 mM, at which Cypate has maxium fluorescence
[11]. Fluorescence of samples was measured in 96-well EIA/RIA plate (Corn-
ing, New York, USA) using a fluorometer (Spectra Gemini XPS; Molecular
Devices Corp.; Sunnyvale, CA,USA). The excitation and emission wavelengths
used in our study were 780 and 830 nm, respectively.

3 Results and Discussion

3.1 Free Cypate Fluorescence by Free NGP Colloids

First, the fluorescence alteration of free Cypate by free NGPs (surfactant,
tannic acid, MW¼ 1516) by NGPs was studied. This study result may be
valuable also for fluorophore mediated biosensing [6, 7, 8] 5 and 10 nm NGPs
at a weight (wt) concentration range of 0�60 mg/ml were applied to 30 mM
Cypate solution, and the fluorescence was observed (Fig. 1). It should be noted
that NGP molar concentration in this range is much less than Cypate concen-
tration (30 mM), i.e., NGP concentration is the limiting condition.

As can be seen in the figure, for both NGP sizes, at concentrations greater
than 6 mg/ml, the fluorescence was quenched, and the quenching level increased
with the increase in NGP concentration. At the same wt concentration, 5 nm
NGPs showed greater quenching than those at 10 nm, probably because the
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number of 5 nm NGPs is 8 times greater than that of 10 nm NGP, and the total

surface area is about 2 times larger. Also, due to its smaller size, 5 nm NGPs

should have much great mobility than that of 10 nm, resulting in greater

probability for Cypate to be near the NGP.
At very low concentrations (< 6 mg/ml), the NGPs enhanced the fluores-

cence. This phenomenon may be explained by Fig. 2. For free NGPs and

fluorophores, when the fluorophore concentration is fixed, the distances

between NGP and fluorophore is determined by NGP concentration. Cypate

is negatively charged in 0.001 M PBS. NGPs are positively charged and nega-

tively charged citric and, therefore, tannic acid ions are adsorbed on their

surface. At a higher NGP concentration [Fig. 2(a)-three NGPs], the distance

between NGP and Cypate is shorter and, thus, more Cypate molecules are near

the NGP surface, resulting in more fluorescence quenching. When the NGP

concentration is very low [Fig. 2(b)-one NGP], the average distance between

Cypate and NGP is longer, and the fluorescnece is either slightly enhanced or

unaffected.

3.2 Fluorescence Change by NGP-Short Spacer

The next was to study the fluorescence when Cypate was conjugated onto NGP

surface (e.g. in bioimaging). LG (MW¼ 307) was used as the short spacer, and

its length was previously estimated to be 1 nm by our group [7, 8]. The

fluorescence was observed when Cypate was conjugated to 5 and 10 nm

NGPs via LG, at an NGP concentration range of 0�60 mg/ml (Fig. 3).
At all concentrations, the fluorescence decreased. In general, for higher

concentration of NGP, more fluorescence was quenched. At the same wt

concentration, 5 nm NGPs have binding sites (LG molecule numbers) twice

that of 10 nm NGPs. However, they quenched fluorescence less, probably

because of the difference in SPPF strength for the different NGP size (i.e.,

higher field strength for a larger particle size).

Fig. 2 Schematic diagram for fluorescence of free Cypate with (a) high and (b) low NGP
concentration in solution
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For 5 nm NGPs, at a very low concentration (< 6 mg/ml), the quenching
effect did not increase with the increase in NGP concentration, probably
because only a portion of Cypate was conjugated to NGPs and most of Cypate
was present in a free form in the solution.

3.3 Fluorescence Change by NGP-Longer Spacer

To study the fluorescence change by NGP with a longer spacer, Protein A (PA;
MW 40�60 kD) was used as the spacer (Fig. 4). Since PA is a globular protein
and we did not know how the protein is conjugated on the NGP surface, it was
difficult to estimate its length as a spacer, although one of our simulation results
estimates it to be approximately 5 nm (not published). The ratios of PA to NGP
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were 4:1 and 16:1 for 5 and 10 nmNGPs, respectively. NGPs at a concentration

range of 20�250 mg/ml were applied to Cypate solution (Fig. 4).
The fluorescence of Cypate was enhanced extensively by both 5 and 10 nm

NGPs. The enhancement was greater for a higher NGP concentration, espe-

cially for 10 nm NGPs. At the same weight concentration range, a 5 nm NGP
has binding sites (PA molecule numbers) 2 times more than a 10 nmNGP does.
However, it enhances fluorescence less than 10 nm NPG does, confirming the
difference in the SPPF strength for different sized particles.

4 Conclusions

Utilizing the SPPF of NMPs, artificial fluorescence alteration of Cypate (NIR
fluorophore) was achieved. With manipulating the distance between an NGP
and a fluorophore by placing a molecular spacer between them, upto 90%
percent of fluorescence quenching and 500% of enhancement were achieved.
The level of quenching and enhancement are currently being optimized to
develop a novel, FRET-like, fluorophore-nanoparticle complex for higly spe-
cific breast cancer localization.

Acknowledgments Authors acknowledgeU.S. Army (DoD) Breast Cancer Program (BC074387)
for the financial support.
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Design of Novel Hypoxia-Targeting IDO Hybrid

Inhibitors Conjugated with an Unsubstituted

L-TRP as an IDO Affinity Moiety

Hitomi Nakashima, Kazuhiro Ikkyu, Kouichiro Nakashima, Keiichiro Sano,

Yoshihiro Uto, Eiji Nakata, Hideko Nagasawa, Hiroshi Sugimoto,

Yoshitsugu Shiro, Yoshinori Nakagawa, and Hitoshi Hori

Abstract We presented here design, syntheses and inhibitory activities of novel
hypoxia-targeting IDO hybrid inhibitors conjugated with an unsubstituted
L-Trp as an IDO affinity moiety without inhibitor 1MT, such as L-Trp-TPZ
hybrids 1 (TX-2274), 2 (UTX-3), 3 (UTX-4), and 4 (UTX-2). TPZ-monoxide
hybrids 1 and 3were good competitive IDO inhibitors, while TPZ hybrids 2 and
4 were uncompetitive IDO inhibitors. Among them TPZ-monoxide hybrid 1

have the strongest IDO inhibitory activity. It suggests that TPZ-monoxide
hybrids 1 and 3 are able to bind the active site of IDO, TPZ hybrids 2 and 4

are able to bind the enzyme-substrate complex. We proposed the possible
mechanism of action of TPZ hybrid 2 that may first affect as a hypoxic
cytotoxin, and then metabolized to TPZ-monoxide hybrid 1, which may do as
an IDO inhibitor more effectively than its parent TPZ hybrid 2.

1 Introduction

Indoleamine 2,3-dioxygenase (IDO) catalyzes the initial and rate limiting
step of L-tryptophan (L-Trp) catabolism in the kynurenine pathway [1]. IDO
is expressed in many neoplasms, and plays a role in immunosuppression [2, 3].
IDO is activated only in reductive or hypoxic conditions, because the heme iron
of the active site is easily oxidized to its inactive form [4]. Hypoxic neoplastic
cells indicate chemo- and radioresistances and also cause neoplasm’ progression,
invasion and metastasis [5]. Previously we focused on the mode of activation
of IDO only in hypoxic and reductive conditions to design hypoxia-targeting
IDOhybrid inhibitors, which constituted an IDO inhibitor 1-methyl-L-tryptophan
(1MT) and hypoxic cytotoxin tirapazamine (TPZ) [6], such as TX-2236, TX-2235,
TX-2228 and TX-2234 [7]. They were good hypoxia-targeting IDO inhibitors.
1MT-TPZ hybrids inhibited IDO uncompetitively. Thus, it suggests that
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1MT-TPZ hybrids were able to bind the only enzyme-substrate complex, not to
bind the active site.We presented here design, syntheses and inhibitory activities of
novel hypoxia-targeting IDO hybrid inhibitors conjugated with an unsubstituted
L-Trp as an IDOaffinitymoiety such as L-Trp-TPZhybrids 1 (TX-2274), 2 (UTX-
3), 3 (UTX-4), and 4 (UTX-2).

2 Materials and Methods

2.1 Syntheses of L-Trp-TPZ Hybrids

Syntheses were done in our laboratory as previously described [7]. All chemicals
were of a reagent grade and commercially available. Melting points were deter-
mined on a Yanaco melting point apparatus (M.P.- J 3 model). 1HNMR spectra
were obtained on a JEOL JNM-EX400 spectrometer at 400 MHz. IR spectra
weremeasured inKBr pellets on a Perkin-Elmer spectrumRX1-T1 spectrometer.
Fast atom bombardment mass spectra (FABMS) and high-resolution mass
spectra (FABHRMS) were measured on a JEOL JMS-DX-303 instrument.
Elemental analyses were performed with a Yanaco CHN Corder (MT-5).

[4-(1-oxido-1,2,4-benzotriazin-3-yl)aminobutyl]-(2S)-N-tert-butoxycarbonyl-
2-amino-indole-3-yl-propanamide (1; TX-2274). Boc-L-Trp 6 (13 mg, 0.04 mmol)
andHOBt (7mg, 0.05mmol) and amine 8 (10mg, 0.04mmol) were dried in vacuo
for 30 min. After CH2Cl2 (3 mL) was added to the reaction mixture, DIPCDI (7
mL, 0.05 mmol) was added and the reaction mixture was stirred at room tempera-
ture for 25 h. The solvent was evaporated and the residue was purified by column
chromatography by eluting with a gradient of 75% EtOAc/hexane to 10%
MeOH/EtOAc gave 1 (17.4 mg, 78%) as a yellow powder: mp 181–184 8C; 1H
NMR (CDCl3) d 8.27 (d, J = 8.9 Hz, 1H, 8-H), 7.84 (d, J = 8.5 Hz, 1H, 7-H),
7.76 (d, J=8.1 Hz, 1H, Ar), 7.70 (ddd, J= 8.5, 7.0, 1.4 Hz, 1H, 6-H), 7.64 (d, J
= 7.8 Hz, 1H, Ar), 7.61 (d, J = 8.1 Hz, 1H, Ar), 7.15 (t, J = 7.8 Hz, 1H, 5-H),
7.06–7.10 (m, 2H, Ar), 3.07–3.37 (m, 4H, CH2 � 2), 1.42 (s, 9H, t-Bu), 1.27–1.32
(m, 4H, CH2 � 2), 1.29 (d, J = 6.34 Hz, 2H, CH2); IR (KBr) 3308, 2934, 1684,
1643, 1572, 1495, 1414, 1360, 1170, 761 cm�1; HRMS (FAB+) calcd for
C27H33N7O4 (M+H)+m/z 520.2665. Found 520.2673; Anal. Calcd for
C27H33N7O4: C, 62.41; H, 6.40; N, 18.87. Found: C, 62.54; H, 6.66; N, 19.09.

[4-(1,4-dioxido-1,2,4-benzotriazin-3-yl)aminobutyl]-(2S)-N-tert-butoxycarbonyl-
2-amino-indole-3-yl-propanamide (2; UTX-3). Boc-L-Trp 6 (45 mg, 0.15 mmol)
and HOBt (25 mg, 0.17 mmol) and 14 (53 mg, 0.15 mmol) were dried in vacuo
for 30 min. After CH2Cl2 (5 mL) was added to the reaction mixture, DIPCDI
(26 mL, 0.19 mmol) and DIEA (78 mL, 0.45 mmol) were added and the reaction
mixture was stirred at room temperature for 24 h. The solvent was evaporated
and the residue was purified by column chromatography by eluting with a
gradient (0–10%) of MeOH/EtOAc gave 3 (48.8 mg, 61%) as a red
powder: mp 159–162 8C; 1H NMR (CDCl3) d 8.34 (d, J ¼ 8.5 Hz, 1H, 8-H),
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8.27 (d, J¼ 8.0 Hz, 1H, 5-H), 7.91 (t, J¼ 7.2 Hz, 1H, 7-H), 7.54 (d, J¼ 7.4 Hz,
1H, 6-H), 7.32–7.42 (m, 2H, Ar), 7.18 (s, 1H, Ar), 7.05–7.07 (m, 2H, Ar),
3.05–3.49 (m, 4H, CH2 � 2), 1.43 (s, 9H, t-Bu), 0.88–1.26 (m, 4H, CH2 � 3);
IR (KBr) 3349, 2930, 1680, 1657, 1594, 1526, 1414, 1367, 1181, 768 cm�1;
HRMS (FAB+) calcd for C27H33N7O5 (M + H)+ m/z 536.2614. Found
536.2660.

[5-(1-oxido-1,2,4-benzotriazin-3-yl)aminopentyl]-(2S)-N-tert-butoxycarbo-
nyl-2-amino-indole-3-yl-propanamide (3; UTX-4). Reaction of 6 and 9 in the
presence of HOBt, stirred for 3 h gave 3 (84 mg, 87%) as a yellow powder: mp
175–1798C; 1H NMR (CDCl3) d 8.28 (d, J ¼ 8.5 Hz, 1H, 8-H), 7.72 (d, J ¼
7.8 Hz, 1H, Ar), 7.68 (t, J¼ 8.4 Hz, 1H, 6-H), 7.61 (d, J¼ 8.0 Hz, 1H, 5-H), 7.41
(d, J ¼ 7.8 Hz, 1H, Ar), 7.30 (t, J = 7.2 Hz, 1H, 7-H), 7.10–7.19 (m, 3H, Ar),
3.35–3.44 (m, 2H, CH2), 3.23–3.35 (m, 2H, CH2), 1.53–1.64 (m, 6H, CH2 � 3),
1.48 (s, 9H, t-Bu), 1.24–1.28 (m, 2H, CH2); IR (KBr) 3342, 2934, 1683, 1656,
1572, 1496, 1419, 1358, 1170, 758 cm�1; HRMS (FAB+) calcd for C28H35N7O4

(M+H)+ m/z 534.2817. Found 534.2829; Anal. Calcd for C28H35N7O4: C,
63.02; H, 6.61; N, 18.37. Found: C, 63.39; H, 6.71; N, 18.24.

[5-(1,4-dioxido-1,2,4-benzotriazin-3-yl)aminopentyl]-(2S)-N-tertbutoxycar-
bonyl- 2-amino-indole-3-yl-propanamide (4; UTX-2).Reaction of 6 and 15 in the
presence of HOBt and DIEA, stirred for 23 h gave 4 (106.6 mg, 92%) as a red
powder: mp 201–2038C; 1H NMR (CDCl3) d 8.36 (d, J¼ 9.0 Hz, 1H, 8-H), 8.33
(d, J ¼ 8.8 Hz, 1H, 5-H), 7.91 (t, J ¼ 7.9 Hz, 1H, 7-H), 7.69 (d, J ¼ 7.3 Hz, 1H,
Ar), 7.53 (t, J¼ 7.7 Hz, 1H, 6-H), 7.39 (d, J¼ 7.4 Hz, 1H, Ar), 7.07–7.19 (m, 3H,
Ar), 3.49–3.51 (m, 2H, CH2), 3.32–3.37 (m, 1H, CH), 3.06–3.17 (m, 2H, CH2),
1.50–1.62 (m, 6H, CH2� 3), 1.43 (s, 9H, t-Bu), 1.05–1.20 (m, 2H, CH2); IR (KBr)
3346, 2934, 1678, 1657, 1600, 1498, 1415, 1367, 1181, 768 cm�1; HRMS (FAB+)
calcd for C28H35N7O5 (M+H)+m/z 550.2778. Found 550.2782; Anal. Calcd for
C28H35N7O5: C, 61.19; H, 6.42; N, 17.84. Found: C, 60.96; H, 6.30; N, 17.80.

2.2 IDO Inhibitory Activity

Purified recombinant human indoleamine 2,3-dioxygenase (rhIDO) was sup-
plied by Dr. Sugimoto [1]. The inhibition assay was performed as previously
described [7].

3 Results

3.1 Synthesis

The synthetic procedure is shown in Scheme 1. Amines 8 and 9were conjugated
to Boc-L-trp 6 to give the corresponding TPZ-monoxide hybrids 1 (TX-2274)
and 3 (UTX-4). The conjugation reactions of 14 and 15 with Boc-L-Trp 6 were
carried out by similar procedures to TPZ-monoxide hybrids to give the corre-
sponding TPZ hybrids 2 (UTX-3) and 4 (UTX-2).
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3.2 IDO Inhibitory Activity

IDO inhibitory activities (inhibitory constant: Ki) of L-Trp-TPZ hybrids were

determined using a Lineweaver-Burk plot using rhIDO. The Km value for

L-tryptophan was 44 mM, the Ki values of all the L-Trp-TPZ hybrids tested

are shown in Table 1. All L-Trp-TPZ hybrids have more or less IDO inhibitory

activities: Ki values of 1, 15.3 mM 2, 438 mM, 3, 267 mM, 4, 179 mM, while their

parent compounds TPZ and Boc-L-Trp 6 showed no IDO inhibitory activities.

Scheme 1 Syntheses of L-Trp-TPZ hybrids. Reagents and conditions: (a) (Boc)2O, 1 M
NaOH aq., H2O: 1,4-dioxane = 1:2, rt. (b) alkyldiamine, Et3N, CH2Cl2, rt. (c) Boc-L-trp 6,
DIPCDI, HOBt, CH2Cl2, rt. (d) (CF3CO)2O, CH2Cl2, rt. (e) 35% H2O2, (CF3CO)2O,
CH2Cl2, rt. (f) 28% NH3 aq., MeOH, rt. (g) Boc-L-trp 6, DIPCDI, HOBt, DIEA, CH2Cl2, rt

Table 1 IDO inhibitory activity

Compounds Ki (mM) Inhibitory mechanism

TPZ N. I.a

6 (Boc-L-Trp) N. I.a

1 (TX-2274) 15.3 Competitive

2 (UTX-3) 438 Uncompetitive

3 (UTX-4) 267 Competitive

4 (UTX-2) 179 Uncompetitive
aNot Inhibited.
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Among them tested, TPZ-monoxide hybrid 1 was the strongest IDO inhibitor.
These TPZ hybrids 2 and 4 were uncompetitive inhibitors as well as 1MT-TPZ
hybrids [7] developed previously, while TPZ-monoxide hybrids 1 and 3 were
competitive inhibitors as shown in Fig. 1.

4 Discussion

We designed hypoxia-targeting novel IDO hybrid inhibitors without inhibitor
1MT, such as an unsubstituted IDO-substrate L-Trp-TPZ hybrids 1 (TX-2274),
2 (UTX-3), 3 (UTX-4) and 4 (UTX-2). Among them, L-Trp TPZ hybrid 1

showed the most potent IDO inhibitory activity. Furthermore, TPZ-monoxide
hybrid 1 has stronger IDO inhibitory activities than 1MT and 1MT-TPZ
hybrids. TPZ-monoxide hybrids 1 and 3 showed competitive inhibition, both
were able to bind the active site of IDO. Whereas TPZ hybrids 2 and 4 showed
uncompetitive inhibition, they were able to bind to the enzyme-substrate com-
plex as well as 1MT-TPZ hybrids [7]. According to these data, to use IDO
substrate L-tryptophan without modification such as N-methylation of indole
moiety, an effective IDO inhibitor can be developed. Especially hybrid 1 is a
promising example of substrate hybrid inhibitors.

We showed that 1MT-TPZ hybrids TX-2235 and TX-2234 had higher
hypoxia-selective cytotoxicities than TPZ itself [7], we expect TPZ hybrids 2

and 4 also have hypoxia-selective cytotoxicities. Thus, we proposed that TPZ
hybrids 2 undergo one-electron reduction to be its metabolite compound 1

which worked as an IDO inhibitor more effectively than 1MT-TPZ hybrids.
We succeeded the design of novel hypoxia-targeting IDO hybrid inhibitors
based on our previous report [7].
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Phosphorescence-Assisted Microvascular O2

Measurements Reveal Alterations of Oxygen

Demand in Human Metastatic Colon Cancer

in the Liver of Superimmunodeficient NOG Mice

Kan Handa, Mitsuyo Ohmura, Chiyoko Nishime, Takako Hishiki,

Yoshiko Nagahata, Kenji Kawai, Hiroshi Suemizu, Masato Nakamura,

Masatoshi Wakui, Yuko Kitagawa, Makoto Suematsu, and Kosuke Tsukada

Abstract We aimed to examine metabolism of human cancer in vivo and
utilized superimmunodeficient NOG mice as an experimental model of hepatic
metastasis, where human colon cancer cell line HCT116 transfected with Venus,
the mutant GFP was injected intrasplenically. The mice were pretreated with
Pd-porphyrin to quantify local O2 tension through intravital phosphorescence
assay. In this model, a majority of metastatic foci occurred in periportal regions
but not in central regions. At 1 week after the transplantation, a PO2 drop in
periportal regions was minimal without any notable decrease in microvascular
blood flow. Under these conditions, there was a negative correlation between
the size of metastatic foci and the lobular O2 consumption, suggesting that the
tumor O2 consumption is smaller than that in the residual liver. At 2 weeks,
portal PO2 was significantly smaller than controls, while the central PO2 was
not comparably decreased, indicating that metastatic foci increased the O2

consumption, while the residual liver decreased it. These results suggest meta-
static tumors derived from human colon cancer exhibit notable aerobic meta-
bolism during their developmental process, compromising respiration of the
rest of the tissue regenerated during tumor development.

1 Introduction

Liver failure caused by disseminated metastasis through portal circulation is
one of the most serious clinical complications of the colon cancer, while
mechanisms for derangement of the liver homeostasis of energy metabolism
under the tumor-bearing conditions remain largely unknown. We established a
metastasis model by injecting human colon cancer cell line (HCT116) into the
spleen of superimmunodeficient NOG mice, which allows formation of
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macroscopic metastasis in the liver with high reproducibility. Using this model,
we attempted to examine microvascular flow velocity and O2 concentrations in
and around metastatic cancer lesions by multimodal intravital microscopy
equipped with phosphorescence decay method. These results led us to suggest
that metastatic tumors derived from human colon cancer exhibit notable aero-
bic metabolism during their developmental process, subsequently compromis-
ing respiration of the rest of the liver tissue that is regenerated during the tumor
development.

2 Materials and Methods

2.1 The Model for Hepatic Metastasis of Human Colon Cancer

The experimental protocols for this study were approved by the Experimental
Animal Committee of Keio University School of Medicine. NOG mice are
double homozygous for severe combined immunodeficiency (scid) mutation
and interleukin-2 receptor g chain (IL-2Rg) allelic mutation (gnull). In NOG
mice, most immune cells including dendritic cells as well as T, B and NK cells
are depleted. NOGmice showed high engraftment rates compared toNOD/scid
mice [1]. To visualize microfoci of metastasis, human colon cancer (HCT116)
cells were transfected with cDNA of the fluorescent protein, Venus, a generous
gift from Dr. Atsushi Miyawaki in Riken (Wako-city, Saitama, Japan) [2]. A
vector containing both the green fluorescence protein, Venus and the Genetecin
resistance gene were constructed. Forty-eight hours after transfection of
HCT116 cells with the Venus gene, selection with the antibiotic Genetecin
(1.0 mg/ml; Invitrogen) was started to select Genetecin-resistant Venus-expres-
sing cells. HCT116/venus cells were harvested with trypsin/EDTA, and resus-
pended in McCoy’s 5A. To generate liver metastasis, HCT116/venus cells were
injected into the spleen (i.sp.). For injection, the spleen was exposed through a
mini laparotomy in the left abdominal wall. After injection, splenectomy was
performed for arrest of hemorrhage.

2.2 Measurement of Blood Flow and Microvascular PO2

The portion of the liver was surgically exposed through amidline incision under
isofluranate anesthesia. The surface of the liver was observed through inver-
tedtype multimodal intravital video microscopy (IVVM). Whole blood was
collected from the donor mouse and centrifuged, washed, and labeled by
rhodamine 6G (Sigma). The fluorescence-labeled RBCs were diluted in as
much saline. A 0.1 ml suspension of RBCs was injected into the tail vein of
the mouse. The liver surface was epi-illuminated by a xenon lamp. Microscopic
images of the rhodamine labeled RBCs were recorded by a high speed video
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camera. On the other hand, we used the phosphorescence decay method to
measure oxygen tension. The Pd-meso-tetra-(4-carboxyphenyl)-porphyrin (Pd-
TCPP) used as the phosphorescence probe for the O2-dependent quenching was
dissolved (20 mg/ml) in physiological saline containing human albumin. Each
mouse was administered intravenously with a bolus of Pd-TCPP. The probe in
the microvessels was excited by using the second harmonic of a Q-switched Nd:
YAG pulse laser (532-nm wavelength, 6-s pulse width at half maximum, 1-Hz
pulse recurrence frequency, 200-nJ/pulse irradiation energy) through the objec-
tive lens of a microscope. Phosphorescence emission was detected by a photo-
multiplier tube through a long pass filter (> 620 nm). Since the phosphorescence
lifetime which was determined through the emission decay curve becomes
shorter with increasing O2 concentrations, PO2 values in periportal and peri-
central venules were calculated as reported previously [3, 4].

3 Results

Almost all cultured HCT116/venus cells expressed strong green fluorescence in
the cytoplasm. GFP fluorescence was stable for at least 8 passages in culture.
Cell growth in culture was almost equal to parental cells. HCT116/venus cells
forming metastatic foci indicating strong and uniform fluorescence in all mice
were examined at 1 or 2 weeks after the intrasplenic injection. The incidence of
metastasis formation was essentially the same between HCT116/venus and
parental cells, indicating stability of metastatic potential (Fig. 1a,b). The hepa-
tic lobule surrounded by portal venules was divided into three regions including
periportal, midzone and pericentral regions. Morphometrical analysis revealed
that a majority of metastatic foci occurred mainly in periportal regions rather
than in midzonal or pericentral regions (Fig. 1c). To note is that the distance
between portal and central venules became longer in 2 weeks than that mea-
sured in the control and 1 week groups (Fig. 1d), suggesting that the lobular size
became greater at 2 weeks after the splenic tumor injection than that observed at
1 week. We recognized that metastatic tumors had a tendency to zonal hetero-
geneity in the liver.

Figure 2a depicted alterations in PO2 in portal and central venules. As seen,
periportal PO2 was significantly decreased at 1 week, and further lowered at
2 weeks. To note is that PO2 in central venules was also significantly reduced.
Howevers, microvascular RBC velocity and flow were not greatly changed
among the groups (Fig. 2b,c). Considering metastatic foci occurred in peripor-
tal regions, the data collected from portal regions suggest that the metastatic
tumor growth appeared to stimulate O2 consumption. On the other hand,
results showing a drop of pericentral PO2 led us to inquire if hepatocytes
might change their O2 consumption in response to metastatic development.

As shown in Fig. 3, we compared differences in the relationship between the
size of individual metastatic foci and the corresponding data indicating the PO2
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gradation between portal and central venules among the data collected at

1 week, 10 days and 2 weeks after the tumor transplantation. As seen,

three groups indicated significant negative correlation. Considering that

microvascular flow did not change greatly among the groups, the results

suggested that lobules with the greater size of metastatic foci reduce their

O2 consumption.

4 Discussion

The hepatic lobules with multiple metastasis of human colon cancer down-

regulated O2 consumption. Based on the concept of Warburg’s effect [5], this

result might be theoretically reasonable, since the normal liver tissue consuming

O2 normally was replaced with the metastasis displaying anaerobic metabolism.

However, measurements in the current study are inconsistent with such a

hypothesis: At least in the current experiments, PO2 values in periportal regions

Fig. 1 Representative pictures indicating hepatic muicrometastasis of human colon cancer
cell line HCT116. (a) transparent micrograph of liver lobules. P and C denote portal and
central venules (b) fluorescent image in the samemicroscopic field. (c) Spatial heterogeneity of
the site of metastatic foci. PP: periportal region. PC: pericetral region. (d) Difference in the
lengths between portal and central venules. Note the enlargement of the lobules at 2 weeks.
*p < 0.05. mean + SE of 15 difference experiments
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where metastatic foci grow first after the cancer transplantation were signifi-

cantly lowered, suggesting that the foci greatly consume O2. On the other hand,

the data shown in Fig. 3 suggest that lobules with the greater size of metastatic

foci reduce their O2 consumption. Although our methodology was unable to

distinguish local O2 consumption of hepatocytes from that of the foci, it is not

unreasonable to hypothesize that hepatocytes in the metastasis-bearing

lobules might reduce their O2 consumption as a function of time after the

intrasplenic cancer injection. In this context, non-tumor regions of the hepatic

lobules might reduce their O2 consumption; this is consistent with the results

in Fig. 2 showing that periportal and pericentral PO2 decreases at 2 weeks were

almost comparable to those in the controls. To examine such a hypothesis,

further investigation to examine difference in glucose metabolism between

metastatic foci and hepatocytes is now underway using metabolome analyses

in our laboratory.

Fig. 2 Differences in PO2 in portal and central venules after the intrasplenic injection of
human colon cancer cell line HCT116. (a) PO2 analysis. (Control group: 47 and 38 measure-
ments at PP and PC in 4mice, 1Week group: 37 and 28measurements at PP and PC in 4 mice,
2 Weeks group: 23 and 26 measurements at PP and PC in 4 mice) (b) RBC velocity in portal
and central venules. (c): Microvascular flow velocity (For b and c: Control group: 27 and 28
measurements at PV and PV in 4 and 5 mice, respectively, 1 Week group: 40 and 27 measure-
ments at PV andCV in 7mice respectively, 2Weeks group: 46 and 37measurements at PV and
CV in 8 mice, respectively). Data show mean + SE of separate experiments. *p < 0.05 vs.
control
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Hemoglobin-Vesicle, a Cellular Artificial Oxygen

Carrier that Fulfils the Physiological Roles

of the Red Blood Cell Structure

Hiromi Sakai, Keitaro Sou, Hirohisa Horinouchi, Koichi Kobayashi,

and Eishun Tsuchida

Abstract Hb-vesicles (HbV) are artificial O2 carriers encapsulating concen-
trated Hb solution (35 g/dL) with a phospholipid bilayer membrane (liposome).
The concentration of the HbV suspension is extremely high ([Hb] = 10 g/dL)
and it has an O2 carrying capacity that is comparable to that of blood. HbV is
much smaller than RBC (250 vs. 8000 nm), but it recreates the functions of
RBCs; (i) the slower rate of O2 unloading than Hb solution; (ii) colloid osmotic
pressure is zero; (iii) the viscosity of a HbV suspension is adjustable to that of
blood; (iv) HbV is finally captured by and degraded in RES; (v) co-encapsula-
tion of an allosteric effector to regulate O2 affinity; (vi) the lipid bilayer mem-
brane prevents direct contact of Hb and vasculature; (vii) NO-binding is
retarded to some extent by an intracellular diffusion barrier, and HbV does
not induce vasoconstriction. (viii) Both RBC and HbV can be a carrier of not
only O2 but also exogenous CO. However, HbV has limitations such as a
shorter functional half-life when compared with RBCs. On the other hand,
the advantages of HbV are that it is pathogen-free and blood-type-antigen-free;
moreover, it can withstand long-term storage of a few years, none of which can
be achieved by the RBC transfusion systems.

1 Introduction

Biconcave RBCs deform to a parachute-like configuration to flow through a
narrower capillary. This profile is believed to be effective to increase the surface-
to-volume ratio and stir the intracellular viscous Hb solution to facilitate the
gas exchange. On the other hand, physicochemical analyses have revealed that
O2 unloading of Hb is significantly retarded by compartmentalization in RBC.
Why has nature selected such an inefficient cellular structure for gas transport?
Interestingly, some of the answers to this question have been revised by the
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research of blood substitutes. They are, (i) retardation and targeting of O2

unloading at microcirculation to avoid autoregulatory vasoconstriction;
(ii) reduction of a high colloidal osmotic pressure, COP, of an Hb solution to
zero, to increase blood Hb concentration; (iii) rheology control of blood, a
RBCs dispersion, to a non-Newtonian viscous fluid; (iv) prevention of extra-
vasation or excretion through renal glomeruli; (v) preservation of the chemical
environment in cells, such as the concentrations of electrolytes and enzymes;
(vi) prevention of direct contact of toxic Hbs and endothelial cell lying, and
(vii) modulation of reactions with NO as an endothelium derived relaxation
factor, EDRF. These observations reassure the importance of the cellular
structure of RBCs to design Hb-based oxygen carriers.

Hb-vesicles (HbV) are artificial O2 carriers encapsulating concentrated Hb
solution (35 g/dL) with a phospholipid bilayer membrane [1]. Concentration of
the HbV suspension is extremely high ([Hb]¼ 10 g/dL, [lipids]¼ 6 g/dL, volume
fraction, ca. 40 vol%) and it has an oxygen carrying capacity that is comparable
to that of blood. In this review paper, we summarize the characteristics of HbV
that can fulfill some of the physiological roles of the cellular RBC structure.

2 Structural Stability and Suspension Properties

Many people think liposomes are unstable capsules. However, it depends on the
lipids and the composition. In the case of RBCs, the sophisticated cytoskeleton
network structure stabilizes the cellular structure. However, hypotonic hemo-
lysis easily occurs. We confirmed that HbV are more resistant than RBCs to
hypotonic shock, freezing by liquid N2 and thawing, enzymatic attack (phos-
pholipase A2) [2], and a shear stress (1500 s�1). Moreover, it can be stored at
room temperature over 2 years [3]. In spite of such high stability, we confirmed
with animal experiments that HbV are eventually captured by reticuloendothe-
lial system (RES) and degraded promptly within 2 weeks without decomposing
(hemolysis) in blood circulation [4]. Phospholipid vesicles for the encapsulation
of Hb would be beneficial for heme detoxification through their preferential
delivery to the RES, a physiological compartment for degradation of senescent
RBCs, even at doses greater than putative clinical doses [5].

Colloid osmotic pressure (COP) is an important factor to determine blood
volume in the body. Hb solution (5 g/dL) showed the COP of 16 Torr [6].
Polymerization of Hb reduces COP depending on the resulting molecular
weight. PEG-conjugated Hb shows the largest COP, which is about 3 times
higher than blood (ca. 25 Torr) due to the highly hydrated PEG chains [7]. On
the other hand, both HbV and washed RBCs showed 0 Torr because of the
suspension of large particles: the number of total particles of HbV is less than
1/100 of the number of Hb molecules at the same Hb concentration [6]. COP
acts in opposition to hydrostatic pressure to balance the distribution of fluid
between blood and interstitial compartments [7]. COP is a colligative property,
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depending proportionally on the concentration of protein exerting the force and
specifically on themacromolecular properties of that protein. Solutions with high
COP cause significant transcapillary filtration of water in the direction from the
interstitial space into the vascular lumen. An increase in blood volume is advan-
tageous to increase cardiac output for resuscitation, though the composition of
other components of blood and tissue will also be compromised. HbV, on the
other hand, does not have an oncotic effect, and the particle should be suspended
in a plasma expander (plasma substitute, water-soluble polymer). TheCOPof the
resulting suspension is identical to that of the suspending medium.When HbV is
suspended in 5% rHSA, the suspension shows 20 Torr at any Hb concentration.
HbV can create a suspension of [Hb] ¼ 10 g/dL at the physiologic COP, that
cannot be attained easily by other chemically modified Hb solutions.

The HbV suspended in rHSA ([Hb] ¼ 10 g/dL) was nearly Newtonian [8].
Other plasma substitute polymers -hydroxylethyl starch (HES), dextran (DEX),
and modified fluid gelatin (MFG)- induced HbV flocculation, possibly by deple-
tion interaction, and rendered the suspensions as non-Newtonian with a shear-
thinning profile. These HbV suspensions showed a high storage modulus (G’)
because of the presence of flocculated HbV. However, HbV suspended in rHSA
exhibited a very low G’. The viscosities of HbV suspended in DEX, MFG, and
high-molecular-weight HES solutions responded quickly to rapid step changes in
shear rates of 0.1�100 s�1 and a return to 0.1 s�1, indicating that flocculation is
both rapid and reversible. The HbV suspension viscosity was influenced by the
presence of plasma substitutes. The HbV suspension provides a unique oppor-
tunity to manipulate rheological properties for various clinical applications.

3 The Rate of O2-Unloading, and NO- and CO-Bindings

The O2-release from flowing HbVs was examined using an O2-permeable,
fluorinated ethylenepropylene copolymer tube (inner diameter, 28 mm) exposed
to a deoxygenated environment [9]. Measurement of O2 release was performed
using an apparatus that consisted of an inverted microscope and a spectro-
photometer, and the rate of O2 release was determined based on the visible
absorption spectrum in the Q band of Hb. HbVs and human RBCs were mixed
in various volume ratios at [Hb] ¼ 10 g/dl, and the suspension was perfused at
the centerline flow velocity of 1 mm/s through the narrow tube. The mixtures of
cell-free Hb solution and RBCs were also tested. Because HbVs were homo-
geneously dispersed, increasing the volume of the HbV suspension resulted in a
thicker marginal RBC-free layer. Irrespective of the mixing ratio, the rate of O2

release from the HbV/RBC mixtures was similar to that of RBCs alone. On the
other hand, the addition of 50 vol% of acellular Hb solution to RBCs signifi-
cantly enhanced the rate of deoxygenation. This difference between the HbV
suspension and the acellular Hb solution should mainly be due to the difference
in the particle size (250 vs. 7 nm) that affects their diffusion for the facilitated O2
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transport. It has been suggested that faster O2 unloading from the HBOCs is
advantageous for tissue oxygenation. However, this concept is controversial
with regard to the recent findings, because an excess O2 supply would cause
autoregulatory vasoconstriction and microcirculatory disorders. We confirmed
that HbVs do not induce vasoconstriction and hypertension. This is not only
owing to the reduced inactivation of NO (see below) but also possibly due to the
moderate O2 release rate that is similar to RBCs.

One of the important roles of the RBC structure is the retardation of NO-
binding. However, themechanism has been controversial, whether, (i) an unstirred
layer surrounding the cell should be the diffusion barrier, (ii) cytoskeletal cell
membrane can be the diffusion barrier, or (iii) the highly concentrated Hb solution
can be the barrier. To clarify the mechanism, we analyzed HbVs with different
intracellular Hb concentrations, [Hb]in, and different particle sizes using stopped-
flow spectrophotometry [10]. In the case of different [Hb]in (1- 35 g/dl),NO-binding
is retarded at a higher [Hb]in, on the other hand, CO-binding did not show such
retardation. In the case of different particle diameter of HbV at constant [Hb]in,
35 g/dl, NO-binding is retardedwith a larger particle, while theCO-binding did not
show such changes. The computer simulations can recreate these tendencies. The
two-dimensional concentration changes of free-NO and unbound free-hemes in
oneHbVat the [Hb]inwas 1 g/dl showed thatNOdiffuses rapidly intoHbVand the
reaction proceeds quite homogeneously. On the other hand, HbV at [Hb]in¼ 35 g/
dl showed heterogeneous distribution. The concentration gradients of both NO
and heme change from the interior surface to the core. The intrinsically fast NO-
binding induces an intracellular diffusion barrier in a highly concentrated Hb
solution, but not for the slow CO-binding. We can estimate the apparent binding
rate constant of a particle encapsulating a 35-g/dl Hb with 8000-nm diameter, and
they are similar to the reported values for RBCs. The mechanism of retardation of
NO-binding is controversial, but from these data, we estimate that (i) rapid NO-
binding reaction induces intracellular diffusion barrier, (ii) cellular membrane
cannot be a barrier for gas diffusion, and (iii) a higher [Hb]in and larger size are
the factors for retardingNO-binding.However, we have to admit thatNO-binding
of HbV is much faster than that of RBC. The absence of vasoconstriction for HbV
cannot be explained with these data. We believe that small Hb would permeate
across the endothelium to reach to the site where NO is produced and transferred
to the smooth muscle. It was recently reported that dextran conjugated Hb
permeates through the endothelium. However, much larger HbV would remain
in the lumen and does not bind NO in the endothelium.

4 Resuscitation from Hemorrhagic Shock with HbV

The first attempt of HbV to restore the systemic condition after hemorrhagic
shock was conducted using anesthetized Wistar rats. After 50% blood with-
drawal, the rats showed hypotension and considerable metabolic acidosis and
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hyperventilation. They received HbV suspended in rHSA, shed autologous
blood (SAB), or rHSA alone. The HbV group restored mean arterial pressure,
similar to the SAB group, which was significantly higher than the rHSA group.
No remarkable difference was visible in the blood gas variables between the
resuscitated groups. However, two of eight rats in the rHSA group died before
6 h [11]. After removing the catheters and awakening, the rats were housed in
cages for upto 14 days. The HbV group gained body weight; the reduced Hct
returned to the original level in 7 days, indicating elevated hematopoiesis. Both
groups showed transient elevation of AST andALT at 1 day. Splenomegaly was
significant in the HbV group at 3 days because of the accumulation of HbV.
However, it subsided within 14 days. Histopathological observation indicated
that a significant amount of HbV accumulated in the spleen macrophages, and
complete disappearance within 14 days. These results indicate that HbV is
useful as a resuscitative fluid for hemorrhagic shock. Its performance is com-
parable to that of SAB. Similar experiments using beagles have shown 1-year
survival after resuscitation with HbV.

The above elevations of AST and ALT after resuscitation with HbV or RBC
indicate the systemic reperfusion injury. Recent reports on cytoprotective effects
of exogenous CO urged us to test infusion of CO-bound HbV and RBC in
hemorrhagic-shocked rats to improve tissue viability [12]. Using the similar
model, hemorrhagic shocked Wistar rats received CO-HbV, CO-RBC, O2-HbV,
or O2-RBC suspended in 5% rHSA. All groups showed prompt recovery of blood
pressure and blood gas parameters, and survived for 6 h of observation period.
Plasma AST, ALT and LDH levels were elevated at 6 h in the O2-HbV and
O2-RBC groups. They were significantly lower in the CO-HbV and CO-RBC
groups. Blood HbCO levels (26�39%) decreased to less than 3% at 6 h
while CO was exhaled through the lung. Both HbV and RBC gradually gained
the O2 transport function. Collectively, both CO-HbV and CO-RBC showed a
resuscitative effect and reduced oxidative damage to organs. Adverse and
poisonous effects of CO gas were not evident for 6 h in this experimental
model. Further study is necessary to clarify the neurological impact of a
longer observation period, though the results suggest a possible new clinical
indication.

In conclusion, HbV can mimic the functions of RBCs. However, the half-life
of HbV is much shorter than that of RBCs, and limits their use. On the other
hand, the advantages of HbV are that it is pathogen-free and blood-type-
antigen-free; moreover, it can withstand long-term storage of a few years,
none of which can be achieved by the RBC transfusion systems. We continue
further development of HbV aiming at the eventual realization and contribu-
tion to the clinical medicine.
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Safer Surgery Using Zymogen Protein C

Concentrate

Duane F. Bruley, Simon C. Mears, and Michael B. Streiff

Abstract This is the first case (November 12, 2007) of peri-operative use of

zymogen protein C (ZPC) for a heterozygote Protein C deficient (50%) patient

with heterozygosity for the prothrombin gene mutation. The surgery involved

total left hip replacement. The patient was 74 years of age and at very high-risk

for Deep Vein Thrombosis (DVT) thus possible lung emboli. He was a survivor

of Venous thrombo-embolism (VTE) in 1999.
For this case the need for increased heparin to prevent a reoccurrence of

thrombosis led to a further concern of internal bleeding and possible infection.

As proposed by the authors in previous publications the use of a ZPC concen-

trate would decrease the chance of a thrombosis, with minimum or no internal

bleeding. ZPC is activated at the endothelium cell surface and on the surface of

the platelets where and when it is needed, therefore providing a safer procedure.
This protocol was implemented by administering ZPC concentrate 1 day

prior to surgery and continuing for 10 days after. Slightly higher than normal

blood loss occurred, however, a safe procedure was achievedwithout dangerous

side effects while several additional benefits were experienced (level of PC

activity as high as 235% above normal were measured during the procedure.).

It is felt that positive effects were the result of increased blood flow and oxygen

transport to the tissues by reducing blood sludging in the microcirculation.

Further studies on Protein C dose levels will be necessary to provide econom-

ical, safe and efficacious use of Protein C products.
It is suggested that ZPC should be considered for patients with high prob-

ability of VTE which could cause thrombotic occlusion of the pulmonary and

peripheral vasculature. These phenomena can result in hypoxia and hypo

perfusion causing organ failure and death.
Our research includes a focused effort to optimize upstream and downstream

bio-processing to produce both zymogen and activated Protein C at a lower cost
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and to examine the medical indications that could benefit from amore available
and affordable Protein C product.

1 Introduction

The control of blood hemostasis is critical for tissue health, including its
oxygenation. When there is an imbalance between coagulants and anticoagu-
lants in the plasma, at least two major pathological conditions can develop.
First, if there is a deficiency of coagulants, such as factor VIII or IX, the patient
is a hemophiliac with excessive bleedingmainly in the joints. Second, if there is a
deficiency of an anticoagulant, such as protein C, a hyper-coagulable situation
develops and typically the patient suffers a deep vein thrombosis (DVT) and
venous thrombo-embolism (VTE).

This paper focuses on the hyper-coagulable case and the resulting tissue
oxygen deprivation due to blood clotting (agglutination). Dr. Melvin H.
Knisely (Life Magazine, May 1948) has been credited as the first human being
to observe in vivo the particulate matter of blood as it sludged to occlude the
microcirculation. He accomplished this in the 1930s and 40s with his invention
of the quartz rod crystal technique of illumination. He first studied normal
blood flow but then applied his technology along with colleagues from the
University of Chicago and University of Tennessee to observe the occlusion
of the microcirculation under more than a hundred disease states. His concern
about the survival of hypoxic neurons in the graymatter of the brain led to early
experiments with possible anticoagulants [4].

In the last 30 years, there has been accelerated interest in the development of
anticoagulant and antithrombotic drugs. Some examples of drugs being devel-
oped today are antithrombin drugs, biotechnology derived heparin-like drugs,
approved antithrombin agents, anti-Xa drugs, anti-TF drugs, activated protein C,
zymogen protein C (ZPC), oral heparins and GAGS, and heparinoids. Of the
many anticoagulant/antithrombotic drugs being investigated, all except ZPC
can create internal bleeding that can result in catastrophic problems. The safety
factor of ZPC results from nature’s design to activate the protein only where
and when it is needed. ZPC is a multifunctional biological that has beneficial
characteristics including anticoagulant, antithrombotic, anti-inflammatory,
and anti-apoptotic.

Protein C (PC) is the pivotal anticoagulant and antithrombotic in the human
blood coagulation cascade [12, 17]. PC is a glycoprotein with a molecular
weight of 62,000 Daltons. Human PC is synthesized in the liver as a single
chain precursor and circulates in the blood primarily as a two chain inactive
zymogen until it is activated by proteolytic cleavage. The protein is a serine
protease that requires vitamin K for normal biosynthesis. It is a member of the
vitamin K-dependent (VKD) family also consisting of coagulation proteins
factors VII, IX, proteins S, Z and prothrombin.
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ZPC is a trace protein at a concentration of 4 ug/ml in human blood [13,

15, 16]. Patients deficient in PC are at risk of DVT [8]. Venous thrombosis

is one of the most frequent complications in medical patients [3]. It is the

most common cause of death in patients undergoing major orthopedic

operations. In the United States it has been estimated that 300,000 hospi-

talizations and 50,000 deaths occur [3], and this amounts to millions and

possibly billions of dollars in medical expenses annually. Previous animal

testing [9, 10, 14, 23] and clinical trials indicate that PC is an effective

anticoagulant/antithrombotic for many medical indications without harm-

ful side effects.
Protein C deficiency is a hidden disease. It has been determined by Bertina [3]

that one in three hundred people are hereditary deficient in protein C, while

only one in sixteen thousand are symptomatic. Those who are not symptomatic,

however, are highly likely to form DVTs with possible venous thrombo-embo-

lism (VTE). To encourage an appropriate lifestyle, with minimum chances of a

DVT, it is suggested that children between the ages of twelve and fourteen be

tested for hereditary deficiency. In addition many people have acquired protein

C deficiency that can lead to the same complications. Examples of possible

acquired protein C deficient conditions [22] include pregnancy, sepsis, trauma,

and other disease states.
Protein C products presently on the market for medical use include activated

protein C (Xigris) produced by Eli Lilly & Company and zymogen protein C

concentrate (Ceprotin) is produced by Baxter Healthcare Corporation. ZPC

was approved in Europe (2002) and by the FDA in the United States (2007) for

congenital protein C deficiencies. It is possible that ZPC can be considered for

use in cases of acquired deficiency (i.e. pregnancy) as well as for hereditary

deficiencies.
At the present time heparin and coumadin are used to treat PC deficiency

and other hypercoagulable conditions. The disadvantage of these drugs is that

both have dangerous side effects. Excessive internal bleeding is amajor problem

that can result from their use, possibly causing a stroke or major organ failure.

Also, pregnant women cannot use coumadin.
Previous animal testing [9, 10, 14, 23] and clinical trials indicate that PC is an

effective anticoagulant/antithrombotic for many medical indications without

harmful side effects. Not only can it be used to treat genetically deficient

patients, but it can also be used to treat septic shock, hip and knee replacement

patients, coumadin-induced skin necrosis patients, heparin-induced thrombo-

cytopenia, patients during fibrinolytic therapy, and patients undergoing angio-

plasty or suffering from unstable angina [7]. Additionally, research has shown

that the use of safe anticoagulants could lower the rate of strokes in the US from

80,000 to 40,000 per year and save the medical industry an estimated $600

million per year [32].
Also, ZPC concentrate has been shown to be successful for the prevention

and treatment of thrombosis in individuals with inherited and acquired PC
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deficiency thus avoiding the problems associated with fresh frozen plasma
administration [11, 20, 21, 31].

ZPC can be obtained from human blood plasma [18, 28, 29, 36, 35, 38, 37],
cell culture and transgenic animal milk. Human blood plasma is a limited
source of ZPC since only approximately 12 kg PC can be produced from the
total annual blood plasma supply in the USA. Because of the difficulty of the
synthesis of ZPC with the correct biological activity, few mammalian cells can
be used via rDNA and the production is very expensive because of high sub-
strate cost and low yield. Genetic engineering of animals is an alternative
method to produce large quantities of human proteins. The Virginia Polytech-
nic Institute (VPI) and the American Red Cross (ARC) have conducted
research to produce PC at concentrations as high as l mg/ml in transgenic
swine milk [30].

2 The Surgery

Protein C deficiency and heterozygosity for the prothrombin gene muta-
tion (Factor II) are inherited thrombophilic disorders that increase the risk
of VTE by 5–10 fold and 2–3 fold, respectively, compared with unaffected
individuals. Thrombotic occlusion of the pulmonary and peripheral vascu-
lature can lead to hypoxia and hypoperfusion resulting in organ failure
and death.

To this date, heparin and its derivatives have been the anticoagulants of
choice to be used in conjunction with major surgery. This experiment involving
an elderly hypercoagulable patient utilized ZPC concentrate allowing a safer
surgical procedure [6, 5, 7]. The risk was especially high since the patient had
previous VTE. However, total hip arthroplasty in conjunction with periopera-
tive treatment with human protein C concentrate resulted in a successful clinical
experience. No surgical complications were seen after surgery. The patient was
mobilized with physical therapy. The post-operative blood loss was a little
higher than average and 3 days after surgery a duplex ultrasound showed a
small left peroneal deep vein thrombosis. The length of time the clot was present
could not be determined and prior to discharge showed no extension with no
evidence of pulmonary embolism after surgery. During the procedure the ZPC
activity level increased to as high as 235% of normal. Even with this level no
wound problems or infections developed after surgery and after 3 months, the
patient was walking without pain in the hips and lower legs.

This surgery was the first case of peri-operative use of zymogen protein C
concentrate to prevent VTE for major orthopedic surgery in a patient with
heterozygous protein C deficiency and the prothrombin gene mutation and a
history of previous idiopathic pulmonary embolism. The favorable results in
this case demonstrate that clinicians should strongly consider prophylactic use
of human protein C concentrate in highly thrombophilic patients requiring
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major surgery. Further research is warranted to determine the most effective

dose regime and exact dosing needed. The sited case used the manufacturers

(Baxter International) recommended dosing. This led to high peak values of PC

activity due to residual ZPC still in the blood stream as a result of the half-life of

ZPC in vivo and the dosing interval used. It is estimated that about one-half to

three-quarters of the ZPC used in this surgery would bemore cost effective, with

equal protection from emboli, without causing bleeds.
A predictable positive side effect that may have resulted from the use of

zymogen protein C concentrate did occur. A condition unassociated with the

hip osteoarthritis was present for at least a year prior to surgery. The patient

complained of severe pains along the outside of the shins on both legs with no

diagnosis from several medical experts. During acupuncture treatment for the

pain [39], it was noticed that blood from the shin area was black in color.

Immediately following the perioperative administration of the ZPC, the pains

in the lower legs subsided and blood from the same points along the shin was

bright red. This suggests possible blood stagnation due to sludging in the

microcirculation that was flushed by the ZPC administration. If this is true,

then use of ZPC might be beneficial in other cases of microcirculation

occlusion.

3 Production Research

It would be beneficial to future surgical patients as well as many other heredity

and acquired protein C deficient patients to develop innovative upstream and

downstream bioprocessing strategies for the low-cost, high volume production

of zymogen protein C. This would make ZPC available to a wider patient

population.
There is ongoing research to attempt achieving this goal. The three sources of

protein C that are available from upstream bioprocessing include rDNA cell

culture technology, blood plasma, and transgenic animals. Our research con-

tinues to optimize the downstream processing for these raw materials via

immobilized metal affinity chromatography (IMAC) [1, 2, 24–27, 33, 34]. The

correct combination of ion exchange, IMAC, and absorption and elution

buffers are being investigated for the optimal bio-downstream processing.

4 Conclusions

The hip surgery success is an outcome that supports the need for high volume,

low cost production of ZPC. In addition, it is already established that ZPC can

be used to benefit patients with other medical indications and therefore should

be available for wider use.
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Cerebral and Peripheral Tissue Oxygenation

in Children Supported on ECMO for Cardio-

Respiratory Failure

Maria D. Papademetriou, Ilias Tachtsidis, Terence S. Leung, Martin J. Elliott,

Aparna Hoskote, and Clare E. Elwell

Abstract Extracorporeal membrane oxygenation (ECMO) is a rescue therapy
for patients with cardio-respiratory failure. Establishing, maintaining and
weaning from ECMO may increase the risk for intracranial injury. We used a
dual channel near infrared system to monitor cerebral and peripheral tissue
oxygenation in 3 venoarterial (VA) and 1 venovenous (VV) ECMO patients
undergoing manipulations in the ECMO circuit flows. Spectral analysis was
performed on the oxyhaemoglobin data collected from these patients with the
aim of comparing oscillations at range of frequencies appearing in the two
measurement sites.

1 Introduction

Extracorporeal membrane oxygenation (ECMO) is a life support system in
children with intractable cardio-respiratory failure. It is aimed at supporting
the heart and lungs temporarily whilst giving them a chance to recover. As
ECMO is used in patients who are otherwise likely to die, the results focus on
survival. However, 28–52% of these patients show abnormal neuro-imaging
related both to pre-ECMO events and to the ECMO procedure itself [1]. There
are 2 forms of ECMO support–venoarterial (VA) ECMO and venovenous (VV)
ECMO. Establishing VA ECMO involves cannulation of major vessels in the
neck–right common carotid artery (RCCA) and internal jugular vein–and
supports both heart and lungs. VV ECMO involves supporting only the lungs
and does not involve cannulation of the RCCA. The ECMO system can operate
using 2 types of blood pumps: (1) A centrifugal pump which uses a high speed
rotating device that pulls the blood into the pump and then accelerates it
radially outwards and (2) a roller pump which compresses the cannula, thereby
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pushing the blood through the circuit. Maintaining and weaning from ECMO
requires manipulation of ECMO flows, which can affect cerebral blood flow
and potentially lead to neurologic complications.

Near infrared spectroscopy (NIRS) offers a continuous, non invasive means
of monitoring cerebral oxygenation. Ejike et al. [2] report the use of NIRS on
ECMO patients during ligation of the RCCA and during variations in the
ECMO circuit flows. They concluded that regional cerebral oxygenation is
not primarily affected by alterations in flows but did demonstrate a significant
decrease in right sided cerebral oxygenation during ligation. Previous studies
using NIRS to evaluate the effects of vessel ligation showed a decrease in
oxy-(HbO2) and increase in deoxy-(HHb) haemoglobin in the right hemisphere
[3] and in both hemispheres [4].

The long-term aim is to use an optical topography system to investigate
topographic cerebral oxygenation changes in patients undergoing ECMO.
However initially we are monitoring regional cerebral and peripheral tissue
oxygenation using a dual channel system, with the aim of investigating the
relationship between brain and peripheral tissue oxygenation during changes in
ECMO related variables.

2 Methods

Studies were performed on 4 ECMO patients, aged between 1 day and 5 years.
The patient group in this pilot study is a rather inhomogeneous group consist-
ing of 2 VA ECMO cases operating on centrifugal pumps, 1 VA ECMO and 1
VV ECMO operating on roller pumps.

A dual channel near infrared system (NIRO 200, Hamamatsu Photonics
KK) was used to measure changes in HbO2 and HHb haemoglobin concentra-
tions using the modified Beer-Lambert Law, and tissue oxygenation index
(TOI) using spatially resolved spectroscopy. Channel 1 was placed on the fore-
head (cerebral) and channel 2 on the calf (peripheral) of the patients. The
optodes were held in place using elastic bandage to eliminate possible drifts in
the signal arising from gradual loss in contact between the optode and the skin.
For the conversion of the optical attenuation changes to chromophore concen-
tration changes a differential pathlength factor (DPF) of 4.99 was applied [5].
Data were collected during manipulations in the ECMO circuit flow. Blood
flow in the ECMO circuit was decreased or increased successively by 10% from
the initial flow every 20–30 min.

The data were divided into sections for each specific flow. Power spectral
density (PSD) and coherence analysis were performed on the HbO2 signal
recorded at the two measurement sites. The PSDs were obtained in order to
identify the presence of any oscillations occurring in the brain and in the leg and
were estimated using Welch’s method [6]. The coherence function was used to
characterise the frequency dependent correlation of the HbO2 signal in the
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brain with the HbO2 signal in the leg. We defined three frequency bands (very

low (VLF) 0.002–0.3 Hz, low (LF) 0.3–0.5 Hz and high (HF) 0.5–1 Hz) to

extract vasomotion, respiratory and cardiac oscillations. To obtain a measure

of the coherence over a specific frequency band, the coherence function was

averaged over that frequency band.

3 Results and Discussion

Figure 1(a) shows the oscillatory changes in HbO2 and (b) the corresponding

PSDs during weaning for Patient 1 undergoing VA ECMO. When a patient is

weaned off ECMO the blood flow in the ECMO circuit is reduced by 10%

approximately every 30 min while the heart and lungs of the patient are

gradually allowed to take over. In this case, the ECMO circuit operated on a

roller pump.
The PSDs show the presence of a strong oscillation in the brain and leg

that remains constant as the ECMO circuit flow is decreased, correspond-

ing to the patient’s respiration rate (RR). A higher frequency appears in

both the brain and leg that shifts to the left with decreasing ECMO circuit

flow. This frequency is twice the frequency of the pump (fpump) in the

ECMO circuit, which is consistent with the two headed roller pump. In

addition, a very slow oscillation (�0.005 Hz) is present only in the leg. The

strength of this oscillation appears to be increasing as the flow is reduced

and can be clearly seen even in the time domain plots. This observation

raises questions about the relationship between cerebral and systemic

vascular vasomotion and whether cerebral autoregulation results in sup-

pressing this oscillation in the brain. The coherence between the brain and

leg at 90, 80 and 70% initial flow in the VLF and LF bands was sig-

nificantly different (p < 0.05) from the coherence at initial flow in these

frequency bands. Also, there was an increase in coherence in association

with reduction in ECMO flows.
Figure 2 shows (a) the changes inHbO2 data and (b) the corresponding PSDs

for Patient 2, undergoing VA ECMO on a centrifugal pump. The PSDs of this

patient showed the presence of two oscillations, one in the LF band correspond-

ing to the patient’s RR and the other in the HF band corresponding to the

patient’s heart rate (HR). There is no indication of the pump frequency in these

data. However, we can identify oscillations in the VLF band. In comparison

with the previous patient these oscillations occur around 0.015 Hz and appear

only in the brain and not in the leg. The coherence between the brain and leg at

90 and 80% initial flow in the VLF, LF and HF bands was significantly

different (p < 0.05) from the coherence at initial flow in these frequency

bands. This is in contrast with Patient 1, who showed a decrease in coherence

with reduction in ECMO flows.
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Spectral analysis was performed on another patient undergoing VA ECMO

with a centrifugal pump (Patient 3). The PSDs, shown in Fig. 3(b) identify the

RR and the HR. Similar to the results of patient 1, the PSD of this patient

showed the presence of oscillations (�0.005 Hz) in the leg and not in the brain.

Fig. 1 (a) Changes in HbO2 data in the brain and leg for Patient 1, during reduction in the
ECMO circuit blood flow. (b) Corresponding power spectral density
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Fig. 2 (a) Changes in HbO2 data in the brain and leg for Patient 2, during reduction in the
ECMO circuit blood flow. (b) Corresponding power spectral density

Fig. 3 (a) Changes in HbO2 data in the brain and leg for Patient 3. (b) Corresponding power
spectral density
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Figure 4(a) shows the changes in HbO2 data of a patient undergoing VV
ECMO with a roller pump (Patient 4). The corresponding PSDs are shown in
Fig. 4(b) with the RR and the HR present in both brain and leg. Two more
oscillations were identified; �0.005 Hz appearing in the leg only and �0.05 Hz
appearing in the brain only. The difference between the oscillations in the VLF
range can be clearly seen even in the time domain plots.

4 Conclusions

NIRS is an effective technique for monitoring cerebral oxygenation in ECMO
patients. We have used PSDs to identify the presence of any oscillations
occurring in the brain and leg of 4 ECMO patients undergoing flow manipula-
tions. The RR and HR can be picked up in all patients and is present in both
brain and leg. In addition to these oscillations, we identified the presence of
oscillations in the VLF band. It is interesting that a low frequency oscillation
(0.005Hz) was present in the leg data of 3 of the 4 patients studied (2 VAECMO
patients and 1 VV ECMO patient). Kvandal et al. report the presence of skin
vasomotion oscillations in the interval 0.005–0.0095 Hz [7]. Two of the patients
showed slow oscillations in the brain (�0.015 Hz in Patient 2 and �0.05 Hz in
Patient 4), similar to those described by Obrig et al. [8]. Oscillations in the HF
band appearing at twice the frequency of the ECMO pump were detected in
brain and leg for Patient 1 (VA ECMO on roller pump). There was not clear
relationship between the origin of the oscillation and the patients’ clinical
condition.

Further studies are required to more fully explore the relationship between
oscillations arising in specific frequency bands and the type of ECMO proce-
dures used in different patients. These studied may elucidate cerebral autore-
gulation mechanisms in ECMO patients.
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Fig. 4 (a) Changes in HbO2 data in the brain and leg for Patient 4. (b) Corresponding power
spectral density
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Effects of Acupuncture on Autonomic Nervous

Function and Prefrontal Cortex Activity

Kaoru Sakatani, Takeshi Kitagawa, Naoki Aoyama, and Mitsuyoshi Sasaki

Abstract Acupuncture is helpful in treating various diseases, including autonomic
nervous system (ANS) dysfunction caused bymental stress. On the other hand, the
frontal lobe is suggested to play an important role in stress responses by modulat-
ing the ANS. The aim of the study was to evaluate the effects of acupuncture on
ANS and frontal lobe activities. We investigated 18 normal adults. We measured
the activity of prefrontal cortex (PFC) caused by real acupuncture (WHO-LI4)
and shamacupuncture, employing optical topography. To evaluateANS function,
we analyzed heart rate variability (HRV). Analysis of HRV revealed a decrease of
the LF/HF ratio, and an increase of the HF power by real acupuncture, indicating
a shift to parasympathetic dominancy. Acupuncture also caused cerebral blood
oxygenation changes in both directions, that is, an increase and/or a decrease of
oxyhemoglobin (Oxy-Hb) in the bilateral PFC. However, the Oxy-Hb change was
not correlated with HRV parameters in the majority of cases. One of the possible
explanations of the poor correlations might be that the PFC activity induced by
acupuncture is not closely linked with ANS function.

1 Introduction

There is increasing clinical evidence that acupuncture is helpful in treating
various diseases, including autonomic nervous system (ANS) dysfunction
caused by mental stress. For example, acupuncture at certain points could
reduce sympathetic nervous system activity associated with pain [1]. In addi-
tion, it was demonstrated that acupuncture could inhibit sympathetic activation
during mental stress in patients with heart failure [2]. However, the neurobio-
logical basis of these effects is not yet clear.
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The prefrontal cortex (PFC) plays an important role in mediating behavioral
and somatic responses to stress via projections to the autonomic centers [3].
Electroencephalographic studies have shown that a greater right frontal activa-
tion is associated with increased heart rate during unpleasant emotional stimuli
[4]. A functional MRI study revealed that right dominance of PFC activity
during mental stress tasks correlated with changes in heart rate [5]. In addition,
our near infrared spectroscopy (NIRS) studies have demonstrated that the right
PFC activity predominantly modulates sympathetic effects during a mental
stress task [6–8]. However, it is not yet clear whether the PFC is involved in
modulation of ANS function by acupuncture, and whether the laterality of the
PFC activity plays a role in regulation of the ANS by acupuncture. In order to
clarify these issues, we evaluated the effect of acupuncture onANS function and
frontal lobe activity using NIRS.

2 Methods

We investigated 18 healthy male adults (20–54 years; mean 42.7 years). Seven-
teen of them were right-handed, and one subject was left-handed as judged by
the Edinburgh Handedness Inventory. To avoid the influence of environmental
stress, the subjects were seated in a comfortable chair in a regular room with
good air conditioning throughout the experiments.

Wemeasured the frontal lobe activity caused by acupuncture. Real acupunc-
ture was performed at acupuncture point Large Intestine 4 (WHO-LI4) of the
right hand (r-LI4; 18 subjects) or left hand (l-LI4; 13 subjects), and sham
acupuncture was performed at skin 2–3 cm distal to the r-LI4 (18 subjects).
After disinfecting the skin surface with an alcoholic cotton swab, a disposable
needle was inserted quickly by an experienced acupuncturist aiming at each
point, and the point was stimulated for a minute with bidirectional needle
rotation, then the needle was left at the point for 1.5 min without rotation.

We employed optical topography (OMM 2001, Shimadzu, Japan) to under-
take two-dimensional (2D) imaging of the changes in concentration of oxyhe-
moglobin (Oxy-Hb), deoxyhemoglobin (Deoxy-Hb) and total-hemoglobin
(= Oxy-Hb + Deoxy-Hb; Total-Hb) in the activated cortices of the bilateral
frontal lobes. The hemoglobin concentrations were expressed in arbitrary units.
The optodes for the NIRS topography were placed on the skull to cover the
bilateral frontal lobes, employing a holder cap to avoid motion-related arti-
facts; the distance between each optode was 30 mm [9]. Heart rate was simulta-
neously monitored with PFC activity by placing a photo-electrical sensor
(Tsuyama MGF KK, Tokyo, Japan) on the subject’s first finger to measure
pulse waves. ANS function was evaluated by heart rate variability (HRV)
analysis; the low frequency (LF) amplitude (0.04–0.15 Hz) and the high fre-
quency (HF) amplitude (0.15–0.4 Hz) were calculated by power spectral ana-
lysis. The values of the HRV parameters were expressed as a function of the

456 K. Sakatani et al.



natural logarithm (Ln). To evaluate the effects of acupuncture, the mean values
of the HRV parameters for 2.5 min were compared among the prestimulus
control, test stimulus and poststimulus control.

3 Results

Analysis of HRV (Table 1) revealed that real acupuncture at r-LI4 caused
significant decreases of HR (A; p ¼ 0.0409) and Ln LF/HF (D; p ¼ 0.0044),
and a significant increase of Ln HF (C; p ¼ 0.0087). The significant decrease of
HR could be partly attributed to the subjects with higher value of the HR at pre-
stimulus condition (E). Acupuncture at contra lateral l-LI4 showed the same
tendency as r-LI4 acupuncture, but there was no statistically significant change
of HRV parameters during acupuncture (p > 0.05). Sham acupuncture caused
no significant change in HR or Ln HF (p > 0.05).

Optical topography demonstrated several different patterns of NIRS para-
meter changes. For example, Oxy-Hb increased in the bilateral frontal lobes
during real acupuncture at r-LI4 in seven subjects. A typical pattern of these
subjects is the increase of Oxy-Hb in the anterior portion, as well as the lateral
portion of the bilateral PFC (Fig. 1a). In contrast, one subject showed Oxy-Hb
decreases in these portions during real acupuncture at r-LI4 (Figs. 1b). In the
remaining 9 subjects, the directions of the Oxy-Hb changes were intermingled:
an increase, a decrease or almost no change (Fig.1c) occurred with different
stimuli at different portions of the PFC. Table 2 shows the mean changes of
Oxy-Hb in four different regions of the PFC in 18 subjects for r-LI4 and skin,
and 13 subjects for l-LI4.

Table 1 Effects of acupuncture on heart rate (HR) and heart rate variability

l-L14 r-L14 Skin

HR pre 68.0 � 2.6 71.4 � 2.0 67. 9 � 2.2

test 67.5 � 2.8 68.5 � 1.9 * 69.1 � 2.7

post 67.3 � 2.9 70.4 � 1.6 70.0 � 2.6

ln LF pre 5.80 � 0.24 5.68 � 0.23 5.35� 0.25

test 5.48 � 0.24 5.49 � 0.21 5.56 � 0.21

post 5.62 � 0.16 5.42 � 0.19 5.19 � 0.25

ln HF pre 5.19 � 0.16 5.16 � 0.18 5.14 � 0.19

test 5.36 � 0.19 5.57 � 0.19** 5.37 � 0.20

post 5.31 � 0.23 5.20 � 0.20 5.10 � 0.21

N LF/HF pre 1.12 � 0.05 1.12 � 0.05 1.10 � 0.05

test 1.04 � 0.06 1.00 � 0.04** 1.05 � 0.03

post 1.08 � 0.04 1.07 � 0.04 1.03 � 0.04

Each value represents mean � S.D. pre: pre-stimulus control; stim: during
stimulus; post: post-stimulus control. Asterisks indicate that the values during
stimuli are statistically significantly different from the pre-stimulus control
(*: p < 0.05, **: p < 0.01; two-tailed paired t-test)
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Next we examined the relations between the changes in the HRV parameters

and the Oxy-Hb change in the r-APFC, l-APFC and bilateral LPFC. In the

r-APFC, a correlation was observed only between the change of Ln LF and the

Oxy-Hb change during acupuncture at l-LI4 (p¼ 0.009; r¼ 0.668). In the other

portions of PFC, a few positive correlations were observed. In the r-LPFC, the

change of Ln HF was positively correlated with Oxy-Hb change with

Fig. 1 Effects of acupuncture on NIRS parameters. Three typical patterns (a, b, c) of the
concentration changes of NIRS parameters during acupuncture at r-LI4, l-LI4 and skin;
traces of Oxy-Hb (thick trace), Deoxy-Hb (thin trace) and Total-Hb changes (dotted line)
recorded on the right anterior PFC in three subjects (subject #1, #2, #3). Acupuncture was
performed during the period indicated below each trace (horizontal bar); the black and white
bars indicate the periods of rotation and leaving of the needle, respectively

Table 2 Effects of acupuncture on Oxy-Hb changes in the PFC

r-APFC l-APFC r-LPFC l-LPFC

r-L14 0.14 � 0.41 �0.062�0.38 0.56 � 0.72 0.30 � 0.64

l-L14 0.10 � 0.37 0.25 � 0.42 0.37 � 0.56 0.32 � 0.52

skin 0.19 � 0.25 0.11 � 0.32 0.43 � 0.45 0.38 � 0.45

APFC: anterior part of the prefrontal cortex, LPFC: lateral part of the prefrontal cortex. r-:
right side, l-: left side.We analyzed themaximal value of Oxy-Hb changes in each region of the
PFC. Each value represents mean � S.D. Data are expressed in arbitrary units
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acupuncture at the l-LI4 (p¼ 0.0166; r¼ 0.648). In the l-LPFC, the Ln HF was
positively correlated with Oxy-Hb change with acupuncture at skin (p¼ 0.0466;
r ¼ 0.493). Although there was no correlation between HRV parameters and
Oxy-Hb with acupuncture at the r-LI4, when combining both data of r-LI4 and
l-LI4, the change of LnHFwas positively correlated with the Oxy-Hb change in
the r-APFC (p ¼ 0.0138; r ¼ 0.431) and the l-LPFC (p ¼ 0.0448; r ¼ 0.352).

4 Discussion

We demonstrated that real acupuncture at r-LI4 caused a significant decrease of
the HR, increase of the HF power and decrease of the LF/HF power during
acupuncture, indicating that the HR was decreased by parasympathetic activa-
tion as well as sympathetic depression. A decrease in HR and an increase of HF
power by acupuncture at LI4 have been reported recently [10], and these
findings are consistent with the present study. They, however, reported a
significant increase of the LF/HF ratio (i.e., sympathetic activation) during
the first minute of stimulation. The difference between the present and the
previous studies could be attributed to the difference in the methods such as
manipulation of the needle.

Acupuncture caused an increase and/or a decrease of Oxy-Hb in the bilateral
PFC. The increases and decreases of Oxy-Hb reflected activation and deactiva-
tion of the PFC, respectively [11]. Recently, we have demonstrated that the PFC
plays an important role in regulation of ANS function [6, 7]. That is, the right
PFC activity predominantly modulates sympathetic effects during mental stress
tasks. In the present study, however, the degree of Oxy-Hb change was not
closely associated with the ANS function. The Oxy-Hb change was correlated
with HRV parameters only in a few cases. The reason why we could not find a
statistical significant correlation between the PFC activity and ANS function
during acupuncture might be the small number of subjects. Another possibility
is that the PFC activity induced by acupuncture might not be closely linked with
ANS function. Finally, it should be noted that task-related changes in systemic
blood pressure may contribute to the CBO changes measured by NIRS [12].
Further studies are necessary to clarify these issues.
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The Effect of Glycaemia on the Cerebral

Oxygenation in Very Low Birthweight Infants

as Measured by Near-Infrared Spectroscopy

Joke Vanderhaegen, Sophie Vanhaesebrouck, Christine Vanhole,

Paul Casaer, and Gunnar Naulaers

Abstract The cerebral tissue oxygenation index (TOI) and fractional tissue
oxygen extraction (FTOE) reflect the cerebral oxygenation. We studied the
effect of glycaemia on the TOI and FTOE, as measured by near-infrared-
spectroscopy (NIRS). We continuously measured TOI, glycaemia, mean arter-
ial blood pressure (MABP), saturation (SaO2) and transcutaneous carbon
dioxide pressure (tPCO2) for at least 4 h during the first week of life in neonates
with gestational age (GA) < 32 weeks and weight < 1500 g. FTOE was
calculated. 24 measurements in 11 neonates were analyzed. We found a sig-
nificant negative correlation (r = �0.077; p = 0.0344) between glycaemia and
TOI, also after correction forMABP, SaO2 and tPCO2 (r=�0.118; p=0.002)
and a significant positive correlation between glycaemia and FTOE (r=0.147;
p < 0.000) which remained significant after correction for MABP and tPCO2

(r=0.116; p=0.001). Our results indicate that in neonates during the first days
of life glycaemia – even within the normal ranges and after correction for
MABP, SaO2 and tPCO2 – influences the cerebral oxygenation.

1 Introduction

To ensure adequate brain development during the perinatal period, the human
brain is dependent upon glucose supply and metabolism. However disturbed
glycaemic control at birth is common. Hyperglycaemia is associated with an
increased risk of intraventricular haemorrage (IVH), morbidities as retinopathy
of prematurity (ROP) as well as with increased mortality [1]. Hypoglycaemia
has been associated with poor neurodevelopmenal outcome [2] and reduced
brain growth, especially in prematurely born infants, and is therefore defined as
one of the most commonmetabolic problems in the neonatal intensive care unit
[3]. The effect of glycaemia on the cerebral metabolism (CMRO2) and blood

J. Vanderhaegen (*)
UZ Gasthuisberg, Herestraat 49, B-3000 Leuven, Belgium
e-mail: joke.vanderhaegen@uz.kuleuven.ac.be

E. Takahashi, D.F. Bruley (eds.), Oxygen Transport to Tissue XXXI,
Advances in Experimental Medicine and Biology 662,
DOI 10.1007/978-1-4419-1241-1_66, � Springer ScienceþBusiness Media, LLC 2010

461



flow (CBF) has been analyzed in animal as well as in human studies, although
discrepancy exists. Pryds et al. were the first to show that prematurely born
infants with moderate hypoglycaemia are able to protect their immature brain
by multiple processes such as a compensatory increase in CBF [4]. This was the
first study describing the effect of aberrant glycaemic values on the cerebral
circulation of prematurely born infants. Research on the cerebral oxygenation
however is still rare. By means of near infrared spectroscopy (NIRS), cerebral
oxygenation can be measured continuously and non-invasively. Spatially
resolved spectroscopy (SRS) uses NIRS to measure the balance between oxy-
genated (HbO2) and deoxygenated (HbR) cerebral haemoglobin: the Tissue
Oxygenation Index reflects the cerebral oxygenation [5]:

TOIð% Þ ¼ k HbO2

k HbO2 þ k HbR
(1:1)

where k is a constant. The cerebral Fractional Tissue Oxygen Extraction
(FTOE) reflects the ratio between oxygen delivery (OD) and consumption
(VO2) and can be calculated as

FTOE ¼ ðSaO2 � TOIÞ
SaO2

(1:2)

We analyzed the effect of glycaemia on the cerebral oxygenation, as mea-
sured by NIRS, in preterm infants during the first days of life.

2 Datasets

2.1 Patient Population

Preterm infants at the Neonatal Intensive Care Unit (NICU) of the University
Hospital of Leuven, with a GA< 32 weeks, birth weight< 1500 g, arterial line and
need for intensive care were included in the study. Infants with congenital malfor-
mations or cerebral complications like intraventricular hemorrage (IVH)> grade I
or periventricular leucomalacia (PVL) at the start of the study were excluded. The
Ethics Committee of the University Hospitals Leuven approved the use of near-
infrared spectroscopy. Measurements were performed after parental consent.

2.2 Clinical Data

MABP (Hewlett Packard 78353 A1) was continuously measured on an umbi-
lical or peripheral arterial line. Simultaneously ECG, heart rate (HR), periph-
eral oxygen saturation (SaO2) (Pulse Oximeter, Novametrix1), partial oxygen
pressure (PaO2) and tPCO2 (TINA

TM

Radiometer
TM

) were recorded in an analo-
gous way with a sampling frequence of 100 Hz by the data acquisition system
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Codas (Dataq Instruments, Akron, Ohio, USA1) and stored in a personal
computer. Glycaemia values were measured (CGMS1 System GoldTM: Contin-
uous Glucose Monitoring System) with average values every 5 min.

3 Methods

3.1 Monitoring Cerebral Tissue Oxygenation and Extraction

With the NIRO 300 near-infrared spectrophotometer (Hamamatsu Phototonics
K.K., Tokyo, Japan1) we evaluated the cerebral oxygenation: a light detector
with three emitting diodes sends near-infrared light of four different wavelengths
into tissue. The light gets attenuated due to scatter loss and absorption by
oxygenated (HbO2) and deoxygenated hemoglobin (HbR). The Modified Lam-
bert-Beer Law allows to convert changes in absorption and attenuation in
changes in HbO2 (DHbO2) and HbR (DHbR). If the distance between the light
source and the detector is more than 3 cm, scatter loss gets the same at the three
sensors whereas an absolute value, the TOI, can be calculated (1.1). The optode
was placed at the right frontoparietal side with the sensors at 4 cm distance and a
differential pathlength factor of 1,39. DHbO2, DHbR and total haemoglobin
(DHbT = DHbO2 + DHbR) were recorded continuously and digitally with a
sampling rate of 6 Hz. They were converted into analogous signals with a sample
and hold function before their introduction into the Codas system.

3.2 Study Design and Statistics

Vital signs and the cerebral parameters were continuously measured for at least
4 h during the first days of life. The continuous data were imported into excel.
DHbD (= DHbO2–DHbR) was calculated as a measure of CBF and also FTOE
was calculated (1.2). Data are then summarized as mean values with corre-
sponding 95% confidence interval (CI) over 5-min periods. With the Spearman
rank correlation we assessed the correlations between glycaemia and TOI,
FTOE and HbD for the entire group as well as for each measurement indivi-
dually. We used the partial correlation to measure the correlations between
glycaemia and the cerebral parameters while corecting for SaO2, MABP and
tPCO2. A P value of < 0.05 was considered significant.

4 Experimental Results and Discussion

4.1 Clinical Characteristics

In total 24 measurements in 11 neonates were carried out during the first
postnatal week: 2 measurements were performed on postnatal day 5 (PND) 0;
5 on PND 1; 4 on PND 2; 3 on PND 3; 3 on PND 4; 2 on PND 5; 3 on PND 6
and 2 on PND 7. The anthropometric, physiologic and cerebral variables are
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shown in Table 1. All patients were mechanically ventilated. 4 of the 11 infants

developed clinical signs of IVH grade I–IV and in 3 of the 11 patients PVL was

diagnosed. The incidence of IVH and PVLwas not related to glycaemia, tPCO2,

TOI, FTOE or HbD (chi-square).

4.2 The Effect of Glycaemia on TOI, FTOE and HbD

Over the entire group we found a weak but significant negative correlation (r=

�0.077; p = 0.0344) between glycaemia and TOI, also after correction for

MABP, SaO2 and tPCO2 (r = �0.118; p = 0,002) and a weak but significant

positive correlation between glycaemia and FTOE (r=0.147; p< 0.000) which

remained significant after correction for MABP and tPCO2 (r = 0.116; p =

0.001) (Fig. 1). A significant negative correlation between glycaemia and HbD
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R = – 0.118
P = 0.002

R = – 0.116
P = 0.001

Fig. 1 The partial correlation coefficients (R) for the different measurements are plotted in
(1): correlation between glycaemia and TOI; mean R = �0.118 and (2): correlation between
glycaemia and FTOE; mean R = 0.116

Table 1 The anthropometric, physiologic and cerebral variables of our study population

Mean (� SD) Mean (� SD)

PMA (weeks) 27.9 (� 2.78) PCO2 (mmHg) 53.9 (� 10.3)

Weight (g) 946.4 (� 200.7) SaO2 (%) 91.7 (� 3.35)

Length (cm) 35.5 (� 2.53) Glycaemia (mmol/l) 6.4 (� 2.48)

HC (cm) 25.4 (� 1.58) TOI (%) 65.6 (� 7.24)

MABP (mmHg) 38.6 (� 6.56) FTOE 0.285 (� 0.080)

HbD (mmol/l) 7.80 (� 26.5)
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(r=�0.0816; p=0.026) was found also after correction for MABP, SaO2 and
tPCO2 (r = �0.0893; p = 0.017).

5 Discussion

Our results show that in premature infants during the first days of life glycaemia
– within the normal glycaemic range and independent of changes in SaO2,
MABP and tPCO2 – influences the cerebral oxygenation.

In prematurely born infants disturbed glycaemic control at birth is common
and may lead to cerebral complications [2]. Research on the effect of glycaemia
on the neonatal cerebral oxygenation is still rare. We therefore continuously
measured glycaemia and cerebral oxygenation in preterm neonates and found a
negative correlation between glycaemia and TOI and a positive correlation
between glycaemia and FTOE. This can be explained as follows: a decrease in
glycaemia depresses CMRO2 due to a limitation of metabolizable substrate. As
a compensation mechanism, CBF and cerebral oxygen delivery (OD) increase
without a change in CMRO2.Wemeasured DHbD as a measure of CBF [6] and
found a negative correlation with glycaemia which suggest that the observed
changes in cerebral oxygenation we see with changes in glycaemia reflect
changes in CBF. Although we should be cautious: HbD reflects CBF in case
of constant SaO2 and CMRO2. SaO2 was stable during the recording time. But
we could not analyze CMRO2 However since all infants were in quiet condition
during the time of measurements and since temperature, ventilation,. . .were
held constant, we assume that CMRO2 remained constant and is unlikely to
explain the observed changes in cerebral oxygenation. Hypoglycaemia is often
accompanied by other conditions such as hypoxemia and hypotension, making
it difficult to separate the effects of hypoglycaemia from those of concurrent
pathophysiological states. With partial correlation we ruled out the effect of
MABP, SaO2 and tPCO2 and still found significant correlations between gly-
caemia and TOI, FTOE and HbD. This indicates that glycaemia affects the
cerebral oxygenation independently of MABP, SaO2 and tPCO2. With a rise in
glycaemia we found a decrease in TOI and an increase in FTOE. With constant
CMRO2 this can be explained by the increase in glycaemia and concomitant
compensatory decrease in CBF and OD. In hyperglycaemic conditions this
compensatory increase in FTOEmight fail and the brain can become ischaemic
and hypoxic explaining the increased risk of morbidity and mortality that is
seen with hyperglycaemia.

Our study has a shortcoming with regard to the data recording: in some
patients only one measurement was performed whereas in other infants several
recordings were made during several (consecutive) postnatal days (i.e. repeated
measurements). We therefore could have missed day-effects or could have
under-or overestimated our data. This probably explains why the correlations
we found within our study population are rather weak

Effect of Glycaemia on the Cerebral Oxygenation 465



6 Conclusion

In conclusion, our results show that in premature infants during the first days of
life glycaemia – even within the normal glycaemic range and independent of
changes in SaO2, MABP and tPCO2 – influences the cerebral oxygenation,
probably via its effect on the CBF. Thus when analyzing changes in the cerebral
oxygenation parameters TOI and FTOE, not only changes inMABP, SaO2 and
tPCO2 but also changes in glycaemia should be considered.
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A Novel Approach to Evaluate the Vessel Function

Determined by Near Infrared Spectroscopy

Hajime Miura and Nao Okumura

Abstract The purpose of this study was to evaluate arterial function by near

infrared spectroscopy (NIRS). 16 elderly subjects were studied: 8 were arterio-

sclerosis obliterans patients (ASO), and 8 were healthy elderly (non-ASO). A

cuff around the thigh was inflated to a pressure of 20% above their ankle

systolic blood pressure for 3 min. The NIRS probe was positioned over the

gatrocnemius muscle to measure oxygenated hemoglobin (O2Hb), and the

recovery time and rate for DO2Hb after occlusion were calculated. Compared

with the non-ASO group, the ASO group had a longer recovery time (p< 0.05)

and a shallower recovery rate gradient (p < 0.01). The ankle to brachial index

was correlated with recovery time (r=�0.61, p< 0.01) and recovery rate (r=

0.80, p < 0.001). These data suggest that NIRS may provide an effective non-

invasive method for evaluating arterial function in patients with arteriosclerosis

obliterans.

1 Introduction

Several prospective studies have focused on the ability of arterial function to

predict cardiovascular risk, which would allow detection of atherosclerosis

status before the occurrence of critical events [1, 6, 9, 10]. The ankle to brachial

index (ABI) is the gold standard for arteriosclerosis obliterans (ASO) diagnosis.

ABI is determined by ankle systolic and brachial systolic blood pressure. In

order to evaluate/diagnose arteriosclerosis obliterans in detail, it is necessary to

measure the arterial structure and function by MRI (magnetic resonance ima-

ging) or computed tomography. These methods involve complicated techniques

and take a long time. At the clinical level, an easier screening tool is required.
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Near infrared spectroscopy (NIRS) can monitor the balance between
oxygen consumption and oxygen supply by measuring optical absorption
changes in oxygenated and deoxygenated hemoglobin(Hb)/myoglobin(Mb).
Previous study has suggested that oxygen status as determined by NIRS is
influenced by arterial function [8]. It is therefore possible that NIRS
measurements might help evaluate an individual’s risk of cardiovascular
disease. However, no comparisons of arterial function and NIRS results
have been performed.

In order to evaluate arterial function using NIRS, we designed to determine
whether NIRS could measure the severity of ASO during occlusion.

2 Methods

The subjects were 8 elderly patients who hadASO [4male and 4 female, age:72.9�
9.0 years, height:156.9 � 10.5 cm, weight:55.6 � 9.5 kg, systolic blood pressure
(SBP):176.2 � 23.6 mmHg, diastolic blood pressure (DBP):81.7 � 15.9 mmHg,
ABI:0.51 � 0.25 a.u.] for the ASO group, and 8 healthy subjects (3 male and
5 female, age:66.3 � 2.3 years, height:155.4 � 9.0 cm, weight:57.3 � 6.3 kg,
SBP:127.7 � 10.6 mmHg, DBP:76.1 � 9.9 mmHg, ABI:1.15 � 0.06 a.u.) for the
non-ASO group.

2.1 Protocol (OT: Occlusion Test)

All subjects remained in a sitting position with their legs extended such
that their heels touched the ground at a 45 degree angle. After resting for
20 min, a cuff was positioned around the right thigh, and it was inflated to
a pressure of 20% above their ankle systolic blood pressure for 3 min. The
dual-wavelength (760 and 850 nm) was selected for the NIRS (COGNO-
SCOPE, NIM Co Ltd). The probe included 4 LED light sources and 10
detectors with 2.5 cm separation. It was positioned over the gastrocnemius
muscle to measure DO2Hb (mmol). Data were collected from one optical
sensor positioned at patient’s diseased area. The recovery time was calcu-
lated as half the time between the DO2Hb at the end of occlusion and the
peak DO2Hb during recovery. The recovery rate was calculated as the
gradient of the linear regression between the DO2Hb at the end of occlu-
sion and the DO2Hb 30 s later.

2.2 Statistics

All parameters were compared between two groups using a non-paired t-test.
Simple linear regression analysis was used to determine the relationship
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between measurements. The level of significance was set at p < 0.05. All values

are presented as the mean � SD.

3 Results

Figure 1a shows the typical change of DO2Hb during the OT. Compared with

the non-ASO group, theASO group had a slower recovery (37.4� 36.0 vs. 7.7�
2.0 s , p < 0.05) and a shallower recovery rate gradient (0.34 � 0.14 vs. 1.29 �
0.55, p < 0.01) (Fig. 1b, c).

There were also significant relationships between ABI and recovery time

(r = �0.61, p < 0.01) and ABI and recovery rate (r = 0.80, p < 0.001).

4 Discussion

ASO is characterized by occlusive lesions consisting primarily of atheromas,

which are often accompanied by fibrosis and calcification of the medial coat of

the artery and which may be associated with thrombosis of varying extent. This

Fig. 1 Typical changes in DO2H during the CPT (a) and comparison of recovery time (b) and
slope (c) between ASO and non-ASO groups. Data are mean � SD. *(p < 0.05),
**(p < 0.01): significantly different from non-ASO group
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disease is now considered to be an occlusive arterial disease affecting predomi-
nantly younger to older people with diabetes mellitus.

ABI is the standard method for screening the severity of ASO [13]. To
evaluate basic functions, however, rehabilitation practitioners require amethod
that is easy to follow and yields data critical to their patient’s diagnosis. NIRS
has potential for evaluating the level of oxygen supply and/or arterial function
[8]. Previous studies have reported that NIRS during exercise could evaluate the
severity of ASO [3, 7, 12]. These protocols cannot be applied to patients who are
unable to perform the exercises, and so the quantity of intensity/work cannot be
determined.

The present study adopted the OT for screening for ASO. In ASO patients, it
is speculated that the slower response to hyperemia after the OT is due to their
blocked vessels. The ASO patients had a longer and a slower recovery rate than
the non-ASO patients (Fig. 1). An MRI study indicated that ASO patients had
a slower recovery of both phosphocreatine (PCr) and pH after arterial occlu-
sion [2]. Therefore, the slower resynthesis of PCr after occlusionmight influence
the recovery of O2Hb. These data were in accordance with previous studies [3, 7,
12]. However, in the present study, the same relative pressure was applied for
the occlusion test. The traditional index of ABI significantly correlates with the
recovery time and recovery rate gradient. This study’s protocol is performed on
patients at rest, and therefore can be applied to patients regardless of their
physical condition. Also despite their condition, the relative rate of pressure
applied to the patient remains the same.

Measuring and analyzing arterial function using NIRS is easier and takes
less time than using MRI, CT, ultrasound echo device, or others. However,
there were some limitations to the present study. First, the measurements reflect
the change in the concentrations of oxygenated and deoxygenated heme groups.
Mb is thought to reflect less than 10% of the total heme in human tissues [5]. It
has also a much higher affinity for O2Hb and may remain fully oxygenated
during the present protocol. Tran et al. [11], however, has showed that Mb
oxygen saturation mirror the gradient of that of Hb. Second, O2Hb caused
changes in both intracellular oxygen consumption and small vessels/capillary
oxygenation. MacDonald et al. [4] has raised the question regarding the rela-
tionship between oxygenated saturation and venous oxygen saturation. Further
studies will be needed to clarify the influence of Mb and venous oxygen satura-
tion determined by NIRS. Another key difficulty in using NIRS is the influence
of subcutaneous fat. NIRS gets a signal from tissues at depths of 1/3–1/2 the
separation between light source and detectors. Subjects with greater subcuta-
neous fat are often the most important to study for clinical perspective. Our
subjects had subcutaneous fat thickness (3.1–5.4 mm) that was less than the
distance from light source and detectors, but the application of NIRS to
subjects with more subcutaneous fat will require modifications of current
technology.

Though there are some disadvantages to using this method, it has the
advantage of being non-invasive while still facilitating easy detection and
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early diagnosis of arteriosclerosis obliterans. We included a small number of
ASO patients as subjects. In order to confirm this method for diagnosis of ASO,
a larger number of subjects should be targeted to consider a greater variety of
ages, past illnesses, or severity of disease.
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Effects of Aging on Activity of the Prefrontal

Cortex and Autonomic Nervous System during

Mental Stress Task

Kaoru Sakatani, Masahiro Tanida, and Masako Katsuyama

Abstract We evaluated the effect of aging on the prefrontal cortex (PFC) activity
and heart rate during the task. Employing near infrared spectroscopy (NIRS), we
measured hemoglobin concentration changes in the bilateral PFC during a
mental arithmetic task in young and older females. We selected the subjects
who exhibited an increase in oxyhemoglobinwith a decrease in deoxyhemoglobin
during the task. We observed that right PFC activity predominantly modulates
sympathetic effects during the task in both groups. However, the changes of
oxyhemoglobin and heart rate during the task in older subjects were significantly
smaller than those in young subjects. These results indicate that aging affects
evoked cerebral blood oxygenation (CBO) response patterns of the PFC during a
mental stress task. Aging did not affect the laterality of PFC activity in modula-
tion of ANS function in the subjects who exhibited increases of oxyhemoglobin
and deoxyhemoglobin associatedwith a decrease of deoxyhemoglobin during the
task. However, aging reduced the heart rate increase during the task.

1 Introduction

The prefrontal cortex (PFC) plays an important role in mediating behavioral
and somatic responses to stress via projections to the autonomic centers [1]. A
number of studies have demonstrated that the cerebral regulations of stress
responses may be differentially mediated by the right and left PFC [2]. Recently,
employing near-infrared spectroscopy (NIRS), we have demonstrated that
right dominant PFC activity was associated with a greater increase of heart
rate during a mental arithmetic task in young females [3, 4, 5].

NIRS studies demonstrated that elderly subjects showed a significantly
lower increase in oxyhemoglobin (oxy-Hb) concentrations in the frontal lobe
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during cognitive tasks compared with young subjects [6]. In addition, older
subjects exhibited deactivation (i.e. decreases of oxy-Hb) in the frontal lobe
during cognitive tasks [7]. However, it is not yet clear how aging affects the PFC
activity and the autonomic nervous system function during mental stress tasks.
In the present study, employing NIRS, we measured the cerebral blood oxyge-
nation (CBO) changes in the PFC and heart rate changes during a mental
arithmetic task. We compared the CBO changes with heart rate changes in
young and elderly subjects.

2 Methods

We studied young (n ¼ 24, 21.3 � 0.9 years) and elderly (n ¼ 11, 56.9 �
4.2 years) females. The subjects were all deemed right-handed according to
the laterality quotient questionnaire of the Edinburgh Handedness Inventory.
All subjects provided written informed consent as required by the Human
Subjects Committee of the Shiseido Life Science Institute.

We employed a mental arithmetic task as a psychological stressor. The
subjects were asked to consecutively subtract a two-digit number from a four-
digit number (e.g. 1022–13) as quickly as possible for 60 s. In order to assess
psychological stress levels, subjects were asked to fill in the State-Trait Anxiety
Inventory (STAI) before and after task performance.

CBO was measured in the bilateral PFC with a NIRS monitor (NIRO-300,
Hamamatsu Photonics K.K., Hamamatsu, Japan). The NIRO-300 monitor
simultaneously measures the concentrations of oxy-Hb, deoxyhemoglobin
(deoxy-Hb), and total hemoglobin (total-Hb; oxy-Hbþ deoxy-Hb). The hemo-
globin concentrations were expressed as changes from baseline concentration
(arbitrary units). The NIRS probes were set symmetrically on the forehead with
a flexible fixation pad so that the midpoint between the emission and detection
probes was 3 cm above the centers of the upper edges of the bilateral orbital
sockets; the distance between the emitter and detector was set at 4 cm. This
positioning is similar to the midpoint between electrode positions Fp1/Fp3
(left) and Fp2/F4 (right) of the international electroencephalographic 10–20
system. MRI confirmed that the emitter–detector was located over the dorso-
lateral and frontopolar areas of the PFC.

Heart rate was simultaneously monitored with PFC activity using a photo-
electrical sensor (TsuyamaMGFKK, Tokyo, Japan). Instantaneous heart rate
was calculated every 10 s from a mean frequency value between 0.05 and 2 Hz
by Fourier analysis. ANS function was evaluated by heart rate variability
analysis; the low frequency (LF) amplitude (0.04–0.15 Hz) and the high fre-
quency (HF) amplitude (0.15–0.4 Hz) were calculated by power spectral ana-
lysis over a 3min-period at both the start of the task and after task performance.

To analyze PFC activity in response to psychological stress, we calculated
changes in oxy-Hb during the task. In order to determine left/right asymmetry
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of PFC activity, we calculated a laterality index (LI) for the oxy-Hb concentra-

tion changes ([right – left]/[right + left]); LI> 0 indicates greater activity of the

right PFC, while LI < 0 indicates greater activity of the left PFC [3, 4, 5]. The

relationships between PFC activity (LI of oxy-Hb), and heart rate changes were

analyzed by calculating Pearson’s correlation coefficient.

3 Result

We observed three different patterns of NIRS parameter changes during the

task. In both groups, the most common NIRS parameter change was an

increase in oxy-Hb and t-Hb associated with a decrease in deoxy-Hb. The

frequency of this pattern in the older group (11/20 cases, 55.0%) was consider-

ably lower than in the young group (24/30 cases, 80.0%). The second most

common pattern was decreases of oxy-Hb and t-Hb during the task, suggesting

a decrease of neuronal activity during the task. This CBO response pattern was

more common in the older groups, (5/20 cases, 25%) than the younger group (2/

30 cases, 6.7%). The third most common pattern was an increase of deoxy-Hb

associated with decreases of oxy-Hb and t-Hb. We observed this pattern in

13.3% (4/30 cases) and 20.0% (4/20 cases) in the young and older groups,

respectively. We selected the subjects who exhibited the most common pattern

of NIRS parameter changes for the following analysis of the PFC activity.
We evaluated the LI of oxy-Hb concentration changes and heart rate, and

found that there were significant positive correlations between heart rate

changes and the LI of oxy-Hb in both young (r ¼ 0.64, p ¼ 0.00080) and

older (r ¼ 0.83, p ¼ 0.0016) subjects (Fig. 1). However, there were significant

Fig. 1 Relationship between the laterality ratio scores and heart rate changes in young (a) and
elder subjects (b). The vertical and horizontal axes denote change in heart rate (beat/min) and
the laterality index (oxy-Hb), respectively. Significant positive correlations were observed in
young (r ¼ þ 0.87, p < 0.0001) and elder subjects (r ¼ þ 0.85, p < 0.0001)
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differences in changes of oxy-Hb, heart rate and STAI-II between young and

older subjects. That is, the changes of oxy-Hb in older subjects were signifi-

cantly smaller than those in young subjects (Fig. 2). The changes of heart rate in

older subjects were significantly smaller than those in young subjects (p ¼
0.018), although there was no significant difference in heart rate at rest between

the groups (Fig. 3a). In addition, the changes of STAI-II after the task in older

subjects were significantly larger than those in young subjects (Fig. 3b).

4 Discussion

In the present study, we observed several different patterns of evoked CBO

response. The most common pattern of NIRS parameter change was an

increase in oxy-Hb and t-Hb associated with a decrease in deoxy-Hb in both

the young and older group; this pattern is consistent with the findings of a PET

Fig. 2 Differences in oxy-Hb changes during a mental arithmetic task in the left (a) and right
PFC. Note that the changes of oxy-Hb in older subjects were significantly smaller than those
in young subjects

Fig. 3 Differences in changes of heart rate (a) and STAI-II scores (b) during amental arithme-
tic task. Note that older subjects showed smaller changes of heart rate and larger changes in
STAI-II after the task compared with young subjects
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study in normal adults [8]. Interestingly, the frequency of this pattern in the
older group was considerably lower than in the young group. In addition, the
older subjects exhibited decreases of oxy-Hb and t-Hbmore frequently than the
young subjects. Such differences in evoked CBO response pattern observed
between young and older subjects are consistent with reported NIRS activation
studies [6, 7]. These observations may reflect a possible functional reorganiza-
tion during aging [9].

When we analyzed the subjects who exhibited increases of oxy-Hb and t-Hb
associated with a decrease of deoxy-Hb during the task, we observed that right
dominance of PFC activity was associated with an increase in heart rate during
the mental stress task in both young and older subjects, indicating that the
relation between left/right asymmetry of PFC activity and ANS function was
not affected by aging. Interestingly, the lateralization of the PFC activity in
higher-order cognitive functions tends to be reduced by aging [10]. Therefore,
effects of aging on PFC activity depend on characteristics of cognitive tasks.

In the present study, aging reduced the heart rate increase during a mental
arithmetic task. However, the effect of aging on ANS response to mental stress
remains in dispute. A number of studies have demonstrated that sympathetic
nervous system reactivity to stress increases with age in humans [11]. Ng et al.,
however, demonstrated that older subjects tended to show smaller increases in
heart rate during cognitive tasks, including a mental arithmetic task [12]. These
results indicate that sympathetic neural hyper-reactivity does not appear to be a
fundamental feature of the aging process in humans.

We found that the changes of oxy-Hb in older subjects were significantly
smaller than those in younger subjects However, possible changes in optical
pathlength during aging could cause such differences. In our preliminary study,
we compared the optical pathlength in older and young subjects using time-
resolved spectroscopy; however, we found no statistically significant difference
between the two groups (p¼ 0.28), which is consistent with the results obtained
by Hoshi et al. [13]. These results suggest that aging reduced the neuronal
activity in the PFC during a mental arithmetic task.

In summary, aging affects the evoked CBO response patterns of the PFC
during a mental stress task. Aging did not affect the laterality of PFC activity in
modulation of ANS function in the subjects who exhibited increases of oxy-Hb
and deoxy-Hb associated with a decrease of deoxy-Hb during the task. How-
ever, aging reduced the heart rate increase during the task.
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Activity in the Premotor Area Related to Bite

Force Control – A Functional Near-Infrared

Spectroscopy Study

Tomotaka Takeda, Mami Shibusawa, Osamu Sudal, Kazunori Nakajima,

Keiichi Ishigami, and Kaoru Sakatani

Abstract The purpose of this study was to elucidate the influence of bite force
control on oxygenated hemoglobin (OxyHb) levels in regional cerebral blood
flow as an indicator of brain activity in the premotor area. Healthy right-
handed volunteers with no subjective or objective symptoms of problems of
the stomatognathic system or cervicofacial region were included. Functional
near-infrared spectroscopy (fNIRS) was used to determine OxyHb levels in the
premotor area during bite force control. A bite block equipped with an occlusal
force sensor was prepared to measure clenching at the position where the right
upper and lower canine cusps come into contact. Intensity of clenching was
shown on a display and feedback was provided to the subjects. Intensity was set
at 20, 50 and 80% of maximum voluntary teeth clenching force. To minimize
the effect of the temporal muscle on the working side of the jaw, the fNIRS
probes were positioned contralaterally, in the left region. The findings of this
study are: activation of the premotor area with bite force control was noted in
all subjects, and in the group analysis OxyHb in the premotor cortex was
significantly increased as the clenching strengthened at 20, 50 and 80% of
maximum voluntary clenching force. These results suggest there is a possibility
that the premotor area is involved in bite force control.

1 Introduction

Previous positron emission tomography (PET) and functional magnetic reso-
nance imaging (fMRI) studies have revealed the involvement of a number of
different cortical areas in the execution of motor activities. These include the
primary sensorimotor cortex, the premotor area, the pre-supplementary motor
area (pre-SMA), the supplementarymotor area (SMA), and the prefrontal area.
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Studies have investigated these motor-related areas, and the influence of finger
force on brain activity [1–3].

It is thought that dysfunction of the stomatognathic system is involved in
reduction of learning and memory ability [4], and missing teeth are reported to
be one of the risk factors for Alzheimer’s disease [5]. These studies might imply
that impairment of the stomatognathic system results in a decrease of brain
function. Therefore, our group started research to promote brain activation
through an improvement of oral function by chewing gum, eating harder food,
biting force control, etc. However, investigations into the relationship between
motor-related brain function and mastication are difficult, due to the undesired
effect associated with jaw movement [6].

Functional near infrared spectroscopy (fNIRS) is a powerful, non-invasive
imaging system. It offers many advantages, including compact size, no need of
specially-equipped facilities, the potential for real-time measurement, and mea-
surement in a natural posture and condition. Studies using fNIRS have exam-
ined the influence of wearing partial denture prosthesis on the prefrontal cortex
activation [7]. Also, our recent studies have investigated the relation between
biting force control and primary sensorimotor cortex activation [8]. However,
the relationship between the wide area of brain activation and the strength of
jaw movement, including mastication and clenching, remains to be clarified.

The premotor area is thought to be an area that has the unique function of
taking part in motion control. This area is assumed to be related to not only the
beginning and the accomplishment of voluntary movement, but also the pre-
paration for the movement and the conversion of sense information into the
necessary motion information. The purpose of this study was to elucidate the
influence of bite force control on oxygenated hemoglobin (OxyHb) levels in
regional cerebral blood flow (rCBF) as an indicator of brain activity in the
premotor area using fNIRS. This study was approved by the Ethics Committee
of Tokyo Dental College (No.164)

2 Methods

Subjects consisted of 13 healthy right-handed male volunteers with no subjec-
tive or objective symptoms of problems of the stomatognathic system or cervi-
cofacial region (age 33.7 � 9.1 years). Informed consent was obtained from all
subjects in accordance with institutional guidelines.

A bite positioner equipped with an occlusal force sensor (KLC-60KA-S19,
Frontier Medic Co. Ltd, Japan) (Fig. 1) was prepared to measure clenching at
the position where the right upper and lower canine cusps come into contact [8].
Intensity of clenching was shown on a display and feed backed. Intensity was
set at 20, 50 and 80% of maximum voluntary clenching force (20, 50
and 80%MVC) [8]. Each subject was required to perform clenching twice, at
each of these three intensities. All tasks were performed using a block design
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(20-s rest, 20-s clenching, 20-s rest). And the subjects were trained to clench
without activating this muscle.

An fNIRS system (NIRStation OMM-2001, Shimazu Co. Ltd., Japan) was
used. The optodes were then positioned so as to cover the areas anterior and

posterior to the central sulcus. The spectroscope’s 15 source and 15 detector
optodes were arranged alternately in a lattice pattern, with a distance of 30 mm

between them, to form 49 source-detector pairs on an adjustable surface holder
for positioning on the subject’s head. Twomeasurements were conduced in each

clenching force.
OxyHb has been proposed to be the best indicator of change in rCBF in

cognitive studies with NIRS [9]. Representative examples of OxyHb and

deoxyHb changes were shown in color maps (Fig. 2). The OxyHb data on a
channel which seemed to be corresponding to the premotor area [8] for the 10-s
period commencing 5 s after commencement of clenching at each intensity were

Fig. 1 Regulation and
adjustment of clenching
strength. A bite block
equipped with an occlusal
force sensor was prepared to
measure clenching at the
position where the right
upper and lower canine cusps
came into contact. Intensity
of clenching was shown on a
display and feedback was
provided to the subjects

Fig. 2 Representative examples of a subject’s relevant color maps of OxyHb (left) and
DeoxyHb (right) at 10 s after each clenching task are shown. OxyHb increases and DeoxyHb
decreases or the activations seemed to be increased as the clenching strengthened
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analyzed in each subject and then averaged between all subjects as a group
analysis. DeoxyHb were also analyzed to confirm general changes in blood
flow. Statistical comparisons were made using a one-way analysis of variance
(ANOVA) test followed by a Tukey multiple comparison tests for further
comparisons among three different clenching forces (p < 0.05) using SPSS(r)
(SPSS Japan Inc. Tokyo, Japan).

3 Results

Each color map of OxyHb and DeoxyHb represents the activated spatial
distribution. Activation of the premotor area with bite force control was
noted and the activations seemed to be increased as the clenching strengthened
(Fig. 2).

A correlation between clenching force and OxyHb was found in the premo-
tor cortex. In other words, OxyHb in the premotor cortex was increased as the
clenching strengthened, at 20, 50 and 80%MVC. ANOVA confirmed a signifi-
cant difference between the three clenching forces in OxyHb but DeoxyHb (p<
0.05). A significant difference was also found between 20 and 80%MVC in
OxyHb (Tukey test) (Fig. 3).

4 Discussion

The findings of this study are: activation of the premotor area with bite force

control occurred in all subjects, and in the group analysis OxyHb in the

premotor cortex was significantly increased as the clenching strengthened, at

20, 50 and 80%MVC. These findings about OxyHb are similar to other studies

showing that finger force is correlated with brain activity [1–3]. Although

deoxyHb did not fall in the group analysis, this could be explained by the results

Fig. 3 Group analysis; a
correlation between
clenching force and OxyHb
and DeoxyHb were found in
the premotor cortex. One-
way analysis of variance
confirmed a significant
difference between the three
clenching forces (p < 0. 05)
not in DeoxyHb but in
OxyHb. A significant
difference was also found
between 20 and 80%MVC
(Tukey test) in OxyHb
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of a study which imply the possibility that the deoxyHb does not necessarily
show a decrease in brain activity [10]. Also the slight influence of systemic
artifacts related to clenching is necessarily incontrovertible.

The dorsal prefrontal cortex lies at the top of the motor hierarchy [11]. It can
influencemanual action indirectly by projections to the premotor area and from
this area it has projections to the primary motor cortex, with other intricate
connections among the prefrontal cortex, the pre-SMA and the rostal cingu-
lated motor area, etc. [11]. The pre-SMA, the SMA, the premotor area and the
prefrontal cortex are able to integrate information concerning the context and
the response that is appropriate given the subject’s goals [12, 13]. Motor pre-
paration is associated with activations in the premotor cortex [14–16].

Thus, the premotor cortex does not seem to be concerned with control of the
posture itself or of its adjustment, but with cognitive motion. Specifically, it is
assumed that this area controls the process before the performance of an actual
operation. The premotor cortex might convert sense information (mainly the
visual information) into a target and body region information. In addition, the
premotor cortex is assumed to participate in a process of integrating this
converted information and generating operative information. It is thought
that this processing starts from the ventral area in which the visual information
is abundant according to the projection between the cortexes from the parietal
lobe, and afterwards advances to the dorsal area [17] which has abundant input/
output between this area, the prefrontal area and the first motor area.

It is possible that the premotor cortex is involved in mastication, biting
preparation and control. Changes in biting strength influence not only the
primary motor cortex, but also the premotor cortex (being one of the higher
motor-related cortexes). These results suggest that improvement of the
function of the stomatognathic system improves the wide area of brain
function. Thus, dental therapy, such as reconstruction of appropriate occlusal
condition for edentulous patients [18] and treatment for eating disorder
patients, might improve higher cognitive functions such as memory and
learning, as well as mastication quality thorough improvement of brain
activation.

5 Conclusion

This study aimed to elucidate the influence of bite force control on oxygenated
hemoglobin levels in regional cerebral blood flow as an indicator of brain
activity in the premotor area, by means of fNIRS. The results show that:
activation of the premotor area with bite force control occurred in all subjects,
and in the group analysis OxyHb in the premotor cortex was significantly
increased as the clenching strengthened, at 20, 50 and 80%MVC. These results
suggest that there is a possibility that the premotor area is involved in bite force
control.
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Functional Near-Infrared Spectroscopy Study

on Primary Motor and Somatosensory Cortex

Response to Biting and Finger Clenching

Mami Shibusawa, Tomotaka Takeda, Kazunori Nakajima, Handa Jun,

Shinichi Sekiguchi, Keiichi Ishigami, and Kaoru Sakatani

Abstract The purpose of this study was to compare the influence of biting and

finger clenching intensity on the concentration of oxygenated hemoglobin

(OxyHb) in regional cerebral blood flow (rCBF) as an indicator of brain activity

in the primary motor (MI) and somatosensory (SI) cortices. Functional near-

infrared spectroscopy (fNIRS) was used in 8 healthy subjects. Subjects were

required to do biting (bite) and finger clenching (fclench) at 20, 50 and 80% of

maximum force. To minimize the effect of temporal muscle activity on the

working side of the jaw, the fNIRS probes were positioned contralaterally, in

the left temporal region. Activation of MI and SI cortices with bite and fclench

was noted in all subjects, irrespective of the intensity of bite and fclench. A

significant increase was observed in OxyHb in MI and SI between 20% and

both 50 and 80% intensity. In MI cortex, OxyHb showed a significant increase

between 80% and both 20 and 50% fclench intensity. The results suggest that

intensity of bite and fclench influences activation levels in MI and SI. Further,

an activation was more obvious with bite than fclench.

1 Introduction

Previous study suggested that appropriate masticatory and occlusal forces help

maintain and enhance brain function [1]. However, the underlying neurophy-

siological mechanism of this phenomenon remains to be clarified.
The relationship between cerebral activity and the force levels with finger

stimulation has been reported in functional near infrared spectroscopy (fNIRS)

studies [2], furthermore the relationship between brain activity and the stoma-

tognathic system has been also studied using PET [3] and ffMRI [4]. However,
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few studies have carried out a detailed investigation into the relationship
between temporal brain function and occlusion and mastication using NIRS.

On the other hand, fNIRS is a powerful, non-invasive imaging system. It
offers many advantages, including compact size, no need of specially-equipped
facilities, the potential for real-time measurement and, especially, the ability to
distinguish signals, even when there is background muscular activity.

The purpose of this study was to compare the influence of biting (bite) and
finger clenching (fclench) intensity in the concentration of oxygenated hemo-
globin (OxyHb) in regional cerebral blood flow (rCBF) as an indicator of brain
activity in the primary motor (MI) and somatosensory (SI) cortices under
conditions designed to minimize the effect of associated muscle activity using
fNIRS.

2 Methods

This study was approved by the Ethics Committee of Tokyo Dental College
(No.164) and was conducted in accordance with the Declaration of Helsinki
(Edinburgh Revision).

Subjects consisted of 8 healthy right-handed male volunteers (age, 35.6 �
11.1 years). Informed consent was obtained from all subjects in accordance with
institutional guidelines.

A bite block equipped with a force sensor (KLC-60KA-S19; Frontier
Medic, Co. LTD, Japan) was prepared to measure at the position where the
right upper and lower canine cusps came into contact. Furthermore, the same
force sensor was used to measure fclench at the position between the right
thumb and index finger. Intensity was set at 20, 50 and 80% of maximum bite
and fclench force.

fNIRS (NIRStation OMM-2001, SHIMADZU Co. LTD, Japan) was used
to determine rCBF in MI and SI cortices during bite and fclench. The probes
were then positioned so as to cover the areas anterior and posterior to the
central sulcus according to the method of Greenberg [5]. According to Hiraba
et al. [6] human ipsilateral temporal muscles become active during lateral move-
ment. Therefore, artifacts due to temporal muscle activity on the working side
of the jaw can cause serious problems. The activity of left temporal muscles was
monitored by an electromyograph (BioLog DL-2000, DL-141 S&ME, Inc.,
Japan). In order to avoid this undesirable muscle activation, the fNIRS probe
helmet was positioned contralaterally, in the left temporal region. In addition,
the subjects were trained to clench without activating this muscle.

Each subject was required to perform 2 blocks of tasks: the biting task block
and the finger-clenching task block. Each block consisted of 6 appropriate
actions (biting or finger-clenching) at the specified intensities (20%, 50 or
80%). The intensity specified was selected at random to give a final tally of
two actions at each of the 3 intensities. The subject then rested for 20 s. The
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subject then proceeded to the next bite or fclench task following the same 20-s
rest, 20-s bite or fclench, 20-s rest pattern. This meant that each block lasted a
total of 60 s.

The accuracy of the probe positions for identifying active sites in the brain
was evaluated in 4 of the subjects. The probe positions were overlaid on MRI
(Symphony 1.5 tesla; Simens, T1-weighted sequences, 1-mm slice) anatomical sur-
face images of each individual using a 3-D magnetic space digitizer (FASTRAK,
Polhemus, USA) and a specific software (Fusion, SHIMAZU Co. LTD, Japan).

OxyHb has been proposed as the best indicator of change in rCBF in cognitive
studies with NIRS [7]. Therefore, the OxyHb data for the 10-s period commen-
cing 10 s after commencement of bite at each intensity was averaged between all
subjects. Next, a statistical analysis was performed using the paired t-test (SAS
9.1, SAS Institute Japan, Inc., Japan) with a level of significance p < 0.05.

3 Results

The portion of the probe anterior to the central sulcus was positioned over the
precentral gyrus, corresponding to MI, and the portion posterior to the central
sulcus was positioned over the postcentral gyrus corresponding to SI with bite
and fclench. However, these activated portions during bite were superior than
during fclench (Fig. 1).

A tendency toward an increase in OxyHb was observed inMI and SI with bite
and fclench in all subjects, irrespective of bite intensity (Fig. 2). A significant
increase was observed in OxyHb in MI and SI between 20% and both 50 and
80% bite intensity (Fig. 3. (a)). A significant increase was observed in OxyHb in
MI between 80% and both 20 and 50% fclench intensity. No significant increase
was observed in OxyHb in SI between all fclench intensities (Fig. 3. (b)).

a
b

d

c

Fig. 1 Measurement
positions on MRI image.
(a) Primary motor cortex
(MI) during finger
clenching. (b) Primary
somatosensory (SI) cortex
during finger clenching.
(c) MI during biting. (d) SI
during biting
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4 Discussion

The results suggest that intensity of bite and fclench influences activation levels

in MI and SI. Further, an activation was more obvious with bite than fclench.
The findings of this study are consistent with those of an fMRI study by

Tamura et al., in which it was found that MI and SI showed marked activation

with tooth clenching and tapping. Moreover, Iwata et al. reported that the

concentration chenges of totalHb at the primary hand motor area increased

with the force levels [2]. This suggests that the choice of t MI and SI for

measurement of brain activity in this study was appropriate.
An increased tendency toward OxyHb in the rCBF was observed contral-

ateral to the bite side inMI and SI. This supports the findings of an fMRI study

by Tamura et al. [4] which showed that the primary motor and sensory cortices

exhibited remarkable activity with clenching.

Fig. 2 rCBF changes in task. MI (top) and SI (bottom) response to biting (a) MI (top) and SI
(bottom) response to finger clenching (b) A tendency toward an increase in OxyHb was
observed in MI and SI with biting and finger clenching in all subjects, irrespective of intensity

Fig. 3 Changes of OxyHb in MI and SI in response to biting. A significant increase was
observed in OxyHb in the MIand SI between 20% and both 50 and 80% biting intensity
(a) Changes of OxyHb inMI and SI in response to finger clenching. A significant increase was
observed in OxyHb in the MIand SI between 80% and both 20 and 50% finger clenching
intensity (b)
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Previous studies using recording of neuronal signal activity during jaw
movement have suggested that many cortex neurons show movement-
related activity and contribute to the control of jaw movement [8] and
bite force [9]. Previous studies reported that the level of masseter muscle
activity increased with hard foods [10]. Intensity of afferent-encoded infor-
mation from the periodontium increases with strength of bite [11]. An
increased tendency toward OxyHb in the rCBF was observed contralateral
to the fclench side in the primary motor and somatosensory cortices. There
are many studies using PET and fMRI clarifying a relationship between
cerebral activity in the motor areas and the force levels with a tapping task
[12, 13].This indicates that increase in bite intensity results in increased
activity in MI.

Earlier studies on jaw movement have suggested that oral sensory
information ascended into the sensory cortex, thus controlling jaw move-
ment and discrimination of food states in monkey [14] and cat [6]. More-
over, given that there are cortico-cortical projections of the sensory cortex
to the motor cortex [15, 16], it is reasonable to assume that SI information
is involved in the control of biting intensity, either directly or indirectly,
and that the SI region was activated in the biting task in this study.
Somatosensory information not only from the periodontal ligament (pre-
dominantly via the maxillary and inferior alveolar nerve branches of the
trigeminal nerve), but also from the dental pulp, gingiva, palatal mucosa,
lips and skin of the jaw has been reported to increase with increase in
biting intensity [17]. Therefore, with increase in bite intensity, the activity
of SI increases.

Dettmers et al. found on identifiable correlation between relative rCBF and
force in the primary somatosennsory cortex, and SI activation may reflect
increased levels of sensory feedback with increasing peak force [12]. In addition,
SI receives projections from the motor cortex. Kalaska et al. reported that SI
activation highlights the intimate relationship between somatosensory and
motor cortices during purposeful acts [18].

5 Conclusion

In this study, activation of MI and SI with bite and fclench was noted in
all subjects, irrespective of intensity of bite and fclench. A significant
increase was observed in OxyHb in MI and SI between 20% and both
50 and 80% bite intensity. In MI, OxyHb showed a significant increase
between 80% and both 20 and 50% fclench intensity. The results suggest
that bite elicits activation of both MI and SI and fclench elicits activation
of MI. Intensity of bite and fclench influences activation levels in the
brain. Further, an increasing tendency was more obvious in OxyHb with
bite than fclench.
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Changes in Cerebral Blood Oxygenation and

Hemodynamics After Endovascular

Treatment of Vascular Malformation Measured

by Time-Resolved Spectroscopy

Tatsuya Hoshino, Kaoru Sakatani, Noriaki Yokose, Takashi Awano,

Sin Nakamura, Yoshihiro Murata, Tsun eo Kano, and Yoichi Katayama

Abstract Although endovascular treatment has a high success rate, it is
not clear how endovascular treatment affects cerebral perfusion and hemo-
dynamics during the perioperative period. We evaluated changes in cere-
bral blood oxygenation (CBO) repeatedly after endovascular treatment
employing time-resolved spectroscopy (TRS). We investigated a patient
(10 months old, female) who suffered cerebral arteriovenous fistula. Cere-
bral angiography demonstrated a pial arteriovenous fistula with three
feeders (left PICA, SCA, and AICA). TRS demonstrated a decrease of
oxyhemoglobin, total hemoglobin, and oxygen saturation associated with
an increase of deoxyhemoglobin in all of the regions measured just after
embolization, indicating that embolization improved hyperemia caused by
the AV shunt. Interestingly, progressive improvement of hyperemia was
observed 3 and 8 days after embolization of the feeders. The present study
demonstrated that embolization of the feeders caused progressive changes
in CBO and hemodynamics during the perioperative period. TRS may be a
useful tool for monitoring cerebral blood perfusion changes after endovas-
cular surgery.

1 Introduction

Intravascular surgery has been widely used for treatment of cerebrovascular
diseases, including arteriovenous malformations (AVMs). Cerebral arteriove-
nous fistula (AVF) is a rare disease, but AVFs are not infrequently seen in
neonates and infants with AVMs. Although endovascular treatment has a high
success rate, it is not clear how endovascular treatment affects cerebral perfu-
sion and hemodynamics during the perioperative period. Transcranial Doppler
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was used to monitor hemodynamic changes in AVM after embolization [1].
However, it is difficult to evaluate the hemodynamic changes at various sites of
the brain. A simple, non-invasive method for bed-side assessments of hemody-
namic changes is required.

NIRS can measure concentration changes of oxyhemoglobin (oxy-Hb)
and deoxyhemoglobin (deoxy-Hb) in the cortical vessels [2]. Various studies
have shown the usefulness of NIRS for detecting cerebral ischemia during
carotid endarterectomy [3]; however, it is difficult to apply NIRS to the
diagnosis of vasospasm after SAH, since commercially available NIRS
instruments, which employ continuous-wave light, do not provide quantita-
tive values of the baseline Hb concentrations [4]. In contrast, time-resolved
near-infrared spectroscopy (TRS) [5, 6] and frequency-domain NIRS [7]
permit quantitative measurement of Hb concentrations in the resting condi-
tion. Recently, we have demonstrated the reliability of newly developed TRS
by undertaking simultaneous TRS and PET measurements in normal adults
[8]. In the present study, employing the TRS, we evaluated changes in
cerebral blood oxygenation (CBO) and hemodynamics repeatedly after
endovascular treatment.

2 Method

2.1 Case Presentation

The patient (10 months old, female) was admitted to Saitama Children
Hospital due to enlargement of head circumference and convulsion on
July 5th 2005. She was born by normal spontaneous vaginal delivery at
gestation of 39 weeks. She showed dilatation of head circumference at
4 months after birth, and her left eye showed exophthalmus and congestion
of bulbar conjunctiva. MRI revealed extra-axial mass near the sinus con-
fluence. Digital subtraction angiography (DSA) disclosed a huge varix at the
left cerebellum hemisphere and dilatation of the sinus confluence due to pial
arterio-venous fistula (AVF).

At 8 months after birth, she was underwent interventional surgery via the
transvenous approach. The varix was embolized with a Guglielmi detachable
coil (GDC). The shunt flow was reduced remarkably; however, complete
embolization was not achieved. After the embolization, exophthalmus and
congestion of bulbar conjunctiva improved immediately, but these symp-
toms deteriorated again 3 months after the first interventional surgery.
Therefore, we performed the second interventional surgery via a transarter-
ial approach; the residual feeders were embolized via the left AICA and
SCA (Fig. 1). We monitored changes in CBO and hemodynamics at various
parts of the brain employing TRS before and after the second interventional
surgery.
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2.2 TRS

We measured Hb concentrations in the subject with a TRS-10 system

(Hamamatsu Photonics K.K, Hamamatsu, Japan), which has been used in

several studies [6, 8]. Details of this system have been described previously

[6, 8]. Briefly, it consists of three pulsed laser diodes with different wavelengths

(761 , 791 , and 836 nm; the pulse duration is 100 ps, with a repetition frequency

of 5Mhz), a photomultiplier tube (PMT; H6279-MOD, Hamamatsu Photonics

K.K., Japan), and a circuit for time-resolved measurement based on the time-

correlated single photon countingmethod. The observed temporal profiles were

fitted to the photon diffusion equation using the non-linear least-squares fitting

method. The reduced scattering (mś) and absorption coefficients (ma) for the

three wavelengths were calculated. The concentrations of oxy-Hb, deoxy-Hb,

total Hb (=oxy-Hb+deoxy-Hb; tHb) and oxygen saturation (StO2) were then

calculated using the least-squares method. The concentrations of Hb were

expressed in mM. The distance between the emitter and receiver was 3 cm.

Fig. 1 Cerebral angiography before and after embolization
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We measured pre- and postoperative concentration changes of hemoglobin

in the second interventional surgery using the TRS. Measurements were per-

formed before embolization, just after embolization, and at 3 and 8 days after

embolization. The optodes were placed over the left frontal, temporal and

occipital regions.

3 Results

Figure 2 shows the changes of oxy-Hb, deoxy-Hb, total-Hb concentrations, and

StO2 at the frontal, temporal and parietal regions on the left sides after embo-

lization. Immediately after embolization, oxy-Hb decreased and deoxy-Hb

increased, which caused reduction of StO2, at all measurement areas.
Interestingly, the decreasing tendency of oxy-Hb and StO2, associated with

an increase of deoxy-Hb, was also observed at 3 and 8 days after embolization.

In contrast, changes in t-Hb concentration were not remarkable compared with

the changes in oxy-Hb and deoxy-Hb concentrations; only t-Hb on the left side,

particularly at the occipital region, tended to decrease after embolization.

4 Discussion

The present study is the first demonstration of CBO changes in AVF after

embolization using TRS. In contrast to standard neuroradiological techniques

such as SPECT and DSA, TRS (a non-invasive optical technique) allows

bed-side monitoring of CBO and hemodynamics. Employing TRS, we could

evaluate the effect of embolization on CBO and hemodynamics repeatedly.
TRS yields a mixed arterial venous signal in the cortex; however, the con-

tribution ratio of the vascular compartments is not yet clear [9]. Recently, we

observed that the mean values of StO2 in normal adults were similar to those of

SjO2 in patients with unruptured aneurysms [10], suggesting that TRSmeasures

the blood oxygenation predominantly in the venous compartment. In addition,

the Hb concentrations measured by TRS are the average concentrations within

the illuminated area, including the extracranial and intracranial tissues. Simul-

taneous measurements of TRS and PET in normal adults suggested that the

contribution ratios of the extracranial tissue were about 36.9 (830 nm), 33.2

(800 nm), and 60.3 % (760 nm) when the distance between the emitter and

receiver was 3 cm [8].
In the present study, TRS demonstrated a decrease of StO2 at all measure-

ment areas after embolization; the reduction of StO2 was caused by a decrease

of oxy-Hb concentration and an increase of deoxy-Hb. These CBO changes

indicate that embolization reduced AV shunt, since TRS measures Hb concen-

tration mainly in venous compartments.
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In contrast to changes in oxy-Hb and deoxy-Hb, changes in total-Hb were not
remarkable after embolization. In general, total-Hb, which is the sum of oxy-Hb
and deoxy-Hb, reflects cerebral blood volume. Ijichi et al. measured the CBO of
neonates (30–42weeks) usingTRS, and the calculatedmean concentration of total-
Hb was 64.7� 18.9 mM [6]. Thus, the concentration of total-Hb in the present case
was relatively high, suggesting that venous congestion was caused by AV fistula.
These results suggest that embolization did not improve venous congestion at the
time of examination. In addition, improvements of venous congestion after embo-
lization require more time compared with improvement of CBO.

5 Conclusion

TRS demonstrated that embolization of the feeders caused progressive changes
in CBO and hemodynamics during the perioperative period in our patient. This
indicates that the effect of embolization on the CBO and hemodynamics con-
tinued for some period after embolization. TRS, which allows repeated, non-
invasive measurements of CBO, may be a useful tool for monitoring changes in
CBO and hemodynamics after endovascular surgery.
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Development of a New Rehabilitation System

Based on a Brain-Computer Interface Using

Near-Infrared Spectroscopy

Takafumi Nagaoka, Kaoru Sakatani, Takayuki Awano, Noriaki Yokose,

Tatsuya Hoshino, Yoshihiro Murata, Yoichi Katayama, Akihiro Ishikawa, and

Hideo Eda

Abstract We describe the set-up for an electrical muscle stimulation device
based on near-infrared spectroscopy (NIRS), designed for use as a brain-
computer interface (BCI). Employing multi-channel NIRS, we measured
evoked cerebral blood oxygenation (CBO) responses during real motor tasks
and motor-imagery tasks. When a supra-threshold increase in oxyhemoglobin
concentration was detected, electrical stimulation (50 Hz) of the biceps brachii
muscle was applied to the side contralateral to the hand grasping task or
ipsilateral to the motor-imagery task. We observed relatively stable and repro-
ducible CBO responses during real motor tasks with an average accuracy of
100%, and during motor imagery tasks with an average accuracy of 61.5%.
Flexion movement of the arm was evoked in all volunteers in association with
electrical muscle stimulation and no adverse effects were noted. These findings
suggest that application of the electrical muscle stimulation system based on a
NIRS-BCI is non-invasive and safe, and may be useful for the physical training
of disabled patients.

1 Introduction

Brain–computer interface (BCI) systems have been developed to allow control
of computers or external electrical devices based on detection of brain activity
alone. Previous investigations have focused on applying BCI systems as sup-
portive tools to assist locomotion, volitional movements of the hands, and
communication for disabled patients (such as those with stroke, spinal cord
injury, amyotrophic lateral sclerosis, and movement disorders) [1, 2]. BCI
systems may also be applicable to assist rehabilitation of chronic stroke patients
[3].Current BCI systems employ surface electroencephalography (EEG) [4, 5],
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electrocorticography (ECoG) and intracranial implanted electrodes [6], magne-

toencephalography (MEG) [3, 7], blood-oxygen-level dependent functional

MRI [8], and near-infrared spectroscopy (NIRS) [9, 10] as signal acquisition

modalities. NIRS is a noninvasive optical technique used to measure con-

centration changes in oxyhemoglobin and deoxyhemoglobin in cerebral

vessels based on the characteristic absorption spectra of hemoglobin in the

near-infrared range [11, 12]. Recently, NIRS has been suggested to be a

promising signal acquisition tool for BCI because of its handiness, port-

ability, good spatial resolution, metabolic specificity, and suitability for

continuous measurement of brain activity changes with high time resolution

[9, 10]. A disadvantage, however, is that NIRS is slow to operate because of

the intrinsic latency of the brain hemodynamics [10]. Therefore we consid-

ered that a NIRS-based BCI system may be more suitable for ‘‘slow opera-

tion’’ including rehabilitation, relaxation, treatment of pain, or bio-feedback

programs, than for ‘‘fast operation’’ such as supporting voluntary movement

or locomotion. Here, we describe the development of a new muscle stimula-

tion system for rehabilitation as a clinical application of NIRS-based BCI

technology.

2 Methods

2.1 Subjects

We studied four normal adult volunteers (4 males, mean age= 28.5), who each

gave informed consent to participate. Figure 1 demonstrated the profile of our

NIRS-BCI based rehabilitation system.

Fig. 1 Schematic illustration
of NIRS-BCI-based
rehabilitation system
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2.2 Experimental Procedure

Hand grasping was performed as a motor task, and self-paced imagination of

hand grasping was also performed as a motor-imagery task. A trial consisted of

a baseline period of 10 s and a hand-grasping/motor-imagery task period of 20s.

Each session consisted first of 2 trials as a preparation stage for threshold

learning with data analysis software, and then the following trials as a NIRS-

BCI working stage (Fig. 2). Hand-grasping and motor-imagery data were

collected in separate sessions.

We used a continuous-wave multi-channel NIRS instrument (OMM 2000,
Shimadzu Corporation, Japan) for two-dimensional imaging of the changes in
concentration of oxyhemoglobin, deoxyhemoglobin, and total hemoglobin
(total hemoglobin=oxyhemoglobin+deoxyhemoglobin) in the activated cor-
tices of the bilateral frontal lobes, as used in previous NIRS studies [13]. This
system consists of 16 light-source fibers and 16 detectors, resulting in 48 source-
detector pairs; each light source has 3 laser diodes with wavelengths of 780, 805,
and 830 nm [14]. These probes were placed on the left and right hemispheres on
the subject’s head, above the motor cortex, around the C3 (left hemisphere) and

Fig. 2 Experimental protocol for hand grasping and motor imagery to elicit NIRS signals
from subjects. A trial consisted of a baseline block of 10 s and a hand-grasping/motor-imagery
task block of 20 s (upper panel). Each session consisted first of 2 trials as the preparation stage
for threshold learning and then serial trials as the NIRS-BCI working stage with electrical
muscle stimulation (lower panel). Hand-grasping and motor-imagery data were collected in
separate sessions
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C4 (right hemisphere) areas (International 10–20 System). The distance
between probes was 30 mm, and an area measuring 90 � 90 mm2 was covered.

2.3 NIRS-BCI Signal Analysis

NIRS data were transferred from the OMM 2000 to a workstation via an
Ethernet online connection, and NIRS data analysis was performed employing
custom software for NIRS-based BCI (from Shimadzu Corporation, Japan)
implemented in Matlab (Mathworks, Sherborn, MA, USA). In each subject,
several (1�3) channels in which a suitable hemodynamic response was obtained
during the hand-grasping task ormotor-imagery task was selected for operating
decisionmaking inNIRS-BCI. In the first two trials of each session, the changes
of oxyhemoglobin were normalized in accordance with the maximum value of
oxyhemoglobin, and the threshold level for ‘‘BCI-on’’ was determined as 0.3
(30%) of the maximum value. In the following trials in each session, the BCI-on
signal command was outputted from the workstation during supra-threshold
increase in cerebral regional oxyhemoglobin, and was sent to the electrical
muscle stimulation device. When oxyhemoglobin fell below the threshold
level, output of the BCI-on signal was interrupted.

2.4 Electrical Muscle Stimulation

This electrical muscle stimulation system based on NIRS-BCI provides a
passive elbow joint movement, and assists the subject in exercising the muscle.
Using a surface electrode, electrical stimulation (50 Hz) of the biceps brachii
muscle was applied to the side contralateral to the grasping task or ipsilateral
to the motor-imagery task. In each subject, stimulation intensity was appro-
priately arranged to be able to evoke flexion movement of the arm without
pain.

3 Results and Discussion

We observed relatively stable and reproducible hemodynamic responses. In all
subjects, NIRS showed a decrease of Deoxy-Hb associated with increases of
Oxy-Hb and total Hb in the primary motor cortex contralateral to the hand-
grasping (Fig. 3a) and motor-imagery task performance (Fig. 3b). Average
working accuracy of the NIRS-BCI system was 100% in the hand-grasping
task, and 61.5% in the motor-imagery task (Table 1). When the NIRS-BCI
system sent the ‘‘on-signal’’ to the electrical muscle stimulator, continuous
flexion movement of the forearm was evoked in all subjects in association
with stimulation of the biceps brachii muscle. In the cerebral hemisphere
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Fig. 3 Typical examples of NIRS parameter changes during hand-grasping (a) and motor-
imagery tasks (b). The ordinates indicate concentration changes of oxyhemogrobin (Oxy-Hb),
deoxyhemoglobin (Deoxy-Hb), and total hemoglobin (Total-Hb) in arbitrary units (a.u.).
Thick horizontal bars indicate the period of hand-grasping tasks or motor-imagery tasks
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contralateral to the motor imagery task, hemodynamic responses induced by

muscle stimulation were not definitely detected. No adverse effects were noted.

These findings suggest that application of an electrical muscle stimulation

system based on NIRS-BCI is non-invasive and safe, and may be useful for

the physical training of disabled patients.
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Bedside Assessment of Cerebral Vasospasms After

Subarachnoid Hemorrhage by Near Infrared

Time-Resolved Spectroscopy

Noriaki Yokose, Kaoru Sakatani, Yoshihiro Murata, Takashi Awano,

Takahiro Igarashi, Sin Nakamura, Tatsuya Hoshino, Tsuneo Kano,

Atsuo Yoshino, Yoichi Katayama, Etsuko Ohmae, Toshihiko Suzuki,

Motoki Oda, and Yutaka Yamashita

Abstract We examined the usefulness of near infrared time-resolved spectro-
scopy (TRS) for detection of vasospasm in subarachnoid hemorrhage (SAH).We
investigated seven aneurysmal SAH patients with poor clinical conditions
(WFNS grade V) who underwent endovascular coil embolization. Employing
TRS, we measured the oxygen saturation (SO2) and baseline hemoglobin con-
centrations in the cortices. Measurements of TRS and transcranial Doppler
sonography (TCD) were performed repeatedly for 14 days after SAH. In four
of the seven patients, the SO2 and hemoglobin concentrations measured in the
brain tissue of the middle cerebral artery territory remained stable after SAH.
However, in three patients, TRS revealed abrupt decreases in SO2 and total
hemoglobin between 5 and 9 days after SAH. Cerebral angiography performed
on the same day revealed severe vasospasms in these patients. Although TCD
detected the vasospasm in two of three cases, it failed to do so in one case. TRS
could detect vasospasms after SAHby evaluating the cortical blood oxygenation.

1 Introduction

Arterial vasospasm is the most common cause of delayed ischemic neurological
deficits in patients with aneurysmal subarachnoid hemorrhage (SAH) [1].
Transcranial Doppler sonography (TCD) has been used to detect vasospasms
after SAH [2–4], but its sensitivity is not high [3, 5–7]. In addition, TCD does
not provide information about the cerebral circulation and oxygenation in the
cortex. A simple, non-invasive method for bed-side assessments of cerebral
ischemic status is still required. In this pilot study, we examined whether near
infrared time-resolved spectroscopy (TRS), which permits quantitative mea-
surement of the Hb concentrations [8], can detect cerebral ischemia caused by
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vasospasm in patients with aneurysmal SAH. Initially, we measured normal
values for the Hb concentrations and oxygen saturation (SO2) in various
cortical regions of normal adults. We then repeatedly measured the SO2 and
Hb concentrations in patients after SAH, and these data were compared with
the results of TCD. In addition, we evaluated whether TRS measurements on
day 1 after SAH can be useful for predicting the occurrence of vasospasm and
clinical outcome.

2 Methods

We evaluated seven patients with poor clinical condition (e.g. WFNS grade V)
who had undergone embolization of their aneurysms within 24 h after SAH
using Guglielmi detachable coils. The hemorrhagic pattern on initial CT scan
was assigned to Fisher group III in all patients. The systemic blood pressure,
systemic oxygen saturation, Hb concentrations, and hematocrit were main-
tained within normal ranges during the course of the examinations; there were
no significant differences in Hb concentration or hematocrit between the
patients and controls. This study was approved by the Committee for Clinical
Trials and Research on Humans of Nihon University School of Medicine, and
the ethical committee of our university hospital approved the protocol. We
measured the baseline concentrations of Hb in the subjects with a TRS-10
system (Hamamatsu Photonics K.K. Hamamatsu, Japan), which has been
used in several studies on normal adults [9, 10] and newborn infants [11]. The
optical probes were attached to mainly theMCA territory of the temporal lobes
with an optode distance of 3 cm, since these areas are commonly affected by
vasospasm after SAH. Details of this system have been described by us pre-
viously (Fig. 1) [9, 12]. To determine the reduced scattering coefficient (ms’) and
absorption coefficient (ma) at each wavelength first, we fit a solution of a semi-
infinite homogeneous media with zero boundary condition in reflectance model
[13] into the observed temporal profiles obtained fromTRS using the non-linear
least squares method. Based on the assumption that light absorption in the
living body in this wavelength region occurs from oxy-Hb, deoxy-Hb andwater,
and also that there is no other background absorption in the living body [14], the
concentrations of oxy-Hb, deoxy-Hb, total Hb (=oxy-Hb +deoxy-Hb; tHb)
and SO2 were calculated using the obtained ma each wavelength [9]. The con-
centrations of Hb were expressed in mM. TRS measurements were performed
repeatedly for 14 days after the onset of SAH. The blood flow velocity in the
MCA (M1 portion) was measured by TCD (EME Transcranial Doppler Sys-
tem, Nicolet Biomedical Inc., WI, USA); a 2-MHz-pulsed Doppler probe was
used via the transtemporal window. TCD measurements were performed
repeatedly by the same investigator (S.N.) for 14 days after SAH. Occurrence
of vasospasm was considered to take place when the mean flow velocity was
greater than 120 cm/s [5].
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3 Results

In four of the seven patients, TRS demonstrated only small changes in SO2 and

oxy-Hb, deoxy-Hb and t-Hb concentrations in the MCA territory during the

course of the examinations (Fig. 2). Cerebral angiography performed at 7 days

after SAH did not reveal vasospasms in these patients. In contrast, the three

other patients (patients No.1, 2, and 7) showed abrupt decreases in SO2 and tHb

between 5 and 9 days after SAH. The cerebral angiography performed on the

same day demonstrated severe vasospasms of the MCA in these patients.

Figure 3 represents an example (patient No. 2) of the chronological changes

in SO2 and t-Hb. TRS showed abrupt decreases of SO2 and tHb at 5 days after

SAH. Intra-arterial injection of fasudil hydrochloride (30 mg) relieved the

vasospasm and increased the SO2 and t-Hb to the previous levels. TCD, how-

ever, failed to detect the vasospasm in this patient (flow velocity of the MCA

< 100 cm/s); it revealed an acceleration of blood flow velocity indicative of

vasospasm in the other two cases.

4 Discussion

The present study represents the first application of TRS to patients with SAH.

Prior to this study, we have assessed the reliability of TRS measurements by

undertaking simultaneous measurements of TRS and PET in normal adults [9].

We revealed significant correlations between the changes in TRS-measured

Fig. 1 (a) Block diagram of the TRS-10 system. (b) Placement of optical fibers on the head.
A frameless stereotaxic system was used for identification of the TRS measurement sites on
the cortex
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CBV and PET-measured CBV in the corresponding cortical region during
acetazolamide administration at optode spaces of 2–5 cm. These findings
indicate that the present TRS measurements (3 cm of optode distance) reflected
the Hb concentrations in the cortex. By means of TRS, we were able to detect
the occurrence of vasospasm in all three patients with angiographical vasos-
pasm, while TCD failed to detect vasospasm in one of them. It should be noted
that TRS detects vasospasm by evaluating the ischemic status (i.e., decreases of
SO2 and t-Hb) in the cortex caused by vasospasms, and can therefore detect
vasospasms regardless of the affected artery insofar as vasospasm causes cor-
tical ischemia which decreases the SO2 and t-Hb. In contrast, TCD could fail to
detect vasospasms extending to the peripheral MCA because narrowing of the
peripheral MCA increases the vascular resistance, which tends to suppress the
acceleration of blood flow in theM1 segment [15]. Our results suggest that TRS
is more sensitive than TCD for detecting vasospasms after SAH, although
further studies are needed to clarify the differences in sensitivity and specificity
between TRS and TCD. The limitations of TRS require discussion. Firstly, the
Hb concentrations measured by TRS are the average concentrations within the
illuminated area including the extracranial and intracranial tissues. At present,

Fig. 2 Typical changes of SO2 (a) and t-Hb (b) in the MCA territory of SAH patients without
vasospasms. The ordinates in a and b indicate the oxygen saturation (%) and Hb concentra-
tions (mM), respectively. The abscissae indicate the number of days after SAH. The error bars
are standard deviation
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selective measurement of the Hb concentrations in the brain is difficult because

the absorption coefficient (ma) of each compartment of the head including the

brain tissue in living humans is not available. In addition, the contribution ratio

of the NIRS signal of the brain tissue remains under discussion, although

several studies on NIR light propagation in the human head have been per-

formed [16, 17]. Recently, Liebert et al. have attempted to differentiate between

the absorption changes occurring in the intra- and extracerebral compartments

of the head by employing TRS and a bolus of indocyanine green (ICG) [18].

Secondly, TRS yields a mixed arterial venous signal in the cortex; however, the

contribution ratios of the vascular compartments are not yet clear [8]. In the

present study, the mean values of SO2 in the controls were similar to those of

SjO2 in patients with unruptured aneurysms [19], suggesting that TRSmeasures

the blood oxygenation predominantly in the venous compartment. Thirdly,

NIR light propagation in the brain with SAH may differ from that in the

normal brain, since the cerebrospinal fluid in the subarachnoid space exerts a

significant effect on photon migration within the brain [16]. Finally, TRS may

not evaluate the cerebral circulation correctly in patients whose anatomical

structures of the head including the brain and skull are not normal. Further

Fig. 3 Changes of SO2 (a) and t-Hb (b) in the MCA territory of an SAH patient with
vasospasm (patient No. 2). The ordinates in a and b indicate the oxygen saturation (%) and
Hb concentrations (mM), respectively. The abscissa indicate the number of days after SAH
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studies such as comparisons of TRS measurements of the skin, the skull and the
cortex are needed.

5 Conclusion

Although our preliminary data from a small number of patients cannot provide
firm conclusions, we consider that TRS may be a useful tool for evaluating the
cerebral circulatory status in SAH patients. TRS can detect vasospasm by
evaluating the cortical ischemic status, and may be more sensitive than TCD,
which assesses the blood flow velocity in the M1 portion. In addition, TRS
performed on day 1 after SAH may be useful for predicting the occurrence of
vasospasm and clinical outcome. Finally, TRSmay be applicable for evaluation
of the ischemic status in acute stroke patients.
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Development of an Artificial Vital Sign Generator

for Pulse Oximeter

Tomoyasu Ichimura and Hiroshi Endoh

Abstract This paper presents an artificial vital sign generator that enables

medical trainees to measure SpO2 and the pulse rate of a patient simulator

using a pulse oximeter. The proposed system has a biological model that

possesses a structure that is the inverse of a pulse oximeter probe, and it

works using the inverse procedure to that of pulse oximetry. The SpO2 generat-

ing function has been validated using two commercially available pulse

oximeters.

1 Introduction

The majority of patient simulators designed for medical training purposes do

not produce pulse oximetric saturations (SpO2) on a pulse oximeter. However,

SpO2 is one of the most important and widely used parameter in the field of

emergency medicine. Therefore, medical trainees using these patient simulators

may have difficulties in rigorously evaluating their skills on resuscitation pro-

cedures from the standpoint of arterial blood oxygenation. We are therefore

developing a patient simulator that mimics SpO2 changes in response to resus-

citation procedures such as mechanical ventilation.
Our simulator consists of two parts: (1) software that calculates arterial

blood oxygenation from the given rate and depth of mechanical ventilation

and cardiac output, and (2) hardware that simulates light absorption by arterial

blood according to the calculated arterial oxygen levels that may be detected by

commercially available pulse oximeters attached externally to the patient simu-

lator. In this study, we focus on the latter part, which we refer to as the artificial

vital sign generator.
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2 Artificial Vital Sign Generator

The artificial vital sign generator consists of a biological model and a control

unit; their structures are described in detail below.

2.1 Biological Model

The finger model, which is an example of a biological model, and a sectional

view are shown in Figs. 1 and 2, respectively. The finger model is intended to

imitate the human finger in shape and texture; this model has a photodiode

under the nail to detect light and red and near-infrared LEDs on the underside

to emit light, as shown in Fig. 1. This is the same as the structure of a pulse

oximeter probe, but simply in reverse. Furthermore, the finger model is filled

with shading materials so that the light emitted from the pulse oximeter is not

received by the light-receiving device of the probe (see Fig. 2).

2.2 Control Unit

Ablock diagram of a control unit along with the fingermodel is shown in Fig. 3.

The control unit consists of a PC, an A/D converter, a D/A converter, an I/V

converter, and two LED drivers.

Fig. 1 Sketch of finger
model. (a) and (b) are top
and bottom views,
respectively
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The photodiode of the finger model converts the light emitted from the pulse

oximeter to a received light signal. It is inputted to the PC via the I/V and A/D

converters. The PC determines the time to synchronize with the light emitted

from the pulse oximeter by using the received light signal. Furthermore, the PC

calculates two emitted light signals that correspond to red and near-infrared

lights using the target SpO2 and pulse rate. The emitted light signals are sent to

the LEDs of the fingermodel via theD/A converter and the two LEDdrivers on

the above synchronized time. Thus, the finger model emits the artificial bio-

transmitted light to the pulse oximeter. The above calculation of the emitted

light signals is described in detail in the next section.

Fig. 2 Sectional view of
finger model attached to the
probe

Fig. 3 Block diagram of the
control unit with the finger
model
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3 Emitted Light Signals of Artificial Vital Sign Generator

Two emitted light signals VF1 and VF2 that correspond to red and near-infrared
lights, respectively, are calculated by an inverse procedure of the pulse
oximetry.

3.1 Pulse Oximetry

A probe of a pulse oximeter has a light-emitting device with two LEDs and a
light-receiving device with a photodiode. Red and near-infrared lights are used as
lights of the LEDs because the difference in their absorption curves is large. The
pulse oximeter generates these lights alternately and receives the lights trans-
mitted through the tissue by the photodiode and converts them into signals [1–2].

Each received light signal includes a pulse wave caused by arterial beats. The
pulse oximeter calculates a parameter f using the pulsatile or AC component
and the baseline or DC component of the received light signals, as shown in
equation (1). At the same time, the pulse rate Pr is determined by the frequency
of the AC component.

f ¼ DVb1=Vb1

DVb2=Vb2
(1)

where DVb1 and Vb1 are AC and DC components of the transmitted red light,
respectively. DVb2 andVb2 are AC andDC components of the transmitted near-
infrared light, respectively. The parameter f represents a ratio of changes
caused by arterial beats in each light’s absorption.

Moreover, the pulse oximeter has the function f( ) defined by equation (2),
which is the relationship between the ratio f and SpO2.

SpO2 ¼ fðfÞ (2)

where the function f( ) depends on each model of pulse oximeters. SpO2 is
determined by equation (2).

3.2 Calculation of Emitted Light Signals

First, the parameter f is calculated using the target SpO2 from

f ¼ gðSpO2Þ (3)

where g( ) is an inverse function of f( ) in (2). It is calculated by the least square
method using the sampled f and SpO2.
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Next, we determine the AC and DC components of emitted light signals VF1

and VF2. These light signals should have a relationship similar to that as shown
in (1).

f ¼ DVf1=Vf1

DVf2=Vf2
(4)

where DVf1 and Vf1 are AC and DC components of VF1, respectively. DVf2 and
Vf2 are AC and DC components of VF2, respectively.

Let us consider that one of the four variables (DVf1, Vf1, DVf2, and Vf2) is a
control variable satisfying (4). Vf1 and Vf2 of DC components should be
constants because they are related to the absorption of venous blood and
tissue, excluding the arterial blood. In other words, one of the AC components
(DVf1 and DVf2) can be a control variable. Here, DVf1 is used as a control
variable DVf1v since it is proportional to f. Hence, DVf1v is calculated as
follows:

DVf1v ¼ f � Vf1cDVf2c

Vf2c
(5)

where Vf1c, DVf2c, and Vf2c are values in a known set (DVf1c, Vf1c, DVf2c, and
Vf2c) that makes a pulse oximeter work normally.

Moreover, a real bio-transmitted light includes arterial beats, and thus, the
pulse wave of the beats is expressed by a sine function and the pulse rate Pr is
controlled by a period (60/Pr) of the sine function. The calculations described
above are given as follows:

VF1 ¼ DVf1v sinð2pðPr=60ÞtÞ þ Vf1c (6)

VF2 ¼ DVf2c sinð2pðPr=60ÞtÞ þ Vf2c (7)

4 Experimental Results

The SpO2 generating function was tested using two commercially available
pulse oximeters (SAT-2100, Nihon Kohden and OX-0001, Yamagata
Casio, Japan).

The experimental results are shown in Fig. 4. The reaction ranges of
SpO2 on SAT-2100 and OX-0001 were between 24 and 99% and between
31 and 98%, respectively. The differences between the target SpO2 values
and those actually measured by the external pulse oximeter were less than
2% SpO2.
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5 Discussion and Conclusions

The reaction ranges of SpO2 on both pulse oximeters are sufficiently wide
because a pulse oximeter is normally used for SaO2 ranges between 70 and
99%. Furthermore, the error of our system is smaller than the error of SpO2

(2%) on the use of commercially available pulse oximeters. The changes in the
errors of both pulse oximeters are very similar. The reason for these results is
that the polynomial orders in the inverse function g( ) are identical to each
other.

In this paper, we proposed an artificial vital sign generator that simulates the
required SpO2 and pulse rate on a pulse oximeter without using any biological
tissue. The proposed system has a biological model with an inverse structure of
a pulse oximeter probe, and it works using an inverse procedure of the pulse
oximetry. Moreover, the suitability of the system is shown through experi-
ments. We conclude that the present system, if included in patient simulators,
may provide an opportunity for evaluating the resuscitation skills of medical
trainees.
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EC-IC Bypass Function in Moyamoya Disease

and Non-Moyamoya Ischemic Stroke Evaluated

by Intraoperative Indocyanine Green Fluorescence

Angiography

Takayuki Awano, Kaoru Sakatani, Noriaki Yokose, Tatsuya Hoshino,

Norio Fujiwara, Shin Nakamura, Yoshihiro Murata, Tsuneo Kano,

Yoichi Katayama, Takahiro Shikayama, and Mitsuharu Miwa

Abstract Indocyanine green (ICG) emits near-infrared fluorescence when it is
excited by near-infrared light. The near infrared fluorescence of ICG was
applied to the imaging of cerebral vessels during neurosurgical operations
such as clipping of aneurysms. In this study, ICG angiography was applied to
extracranial-intracranial (EC-IC) bypass surgery to evaluate the hemodynamic
changes induced by bypass in moyamoya disease (MD) and non-moyamoya
ischemic diseases (non-MD). These patients underwent superficial temporal
artery-middle cerebral artery (STA-MCA) anastomosis. We compared the
cortical areas where the bypass supplied blood flow between MD and non-
MD. ICG angiography clearly demonstrated the bypass blood flow from the
anastomosed STA to the cortical vessels including arteries, capillaries, and veins
in both MD and non-MD. Interestingly, the anastomosed STA supplied blood
flow to a larger cortical area inMD than non-MD. The bypass supplied greater
extent of blood flow to the ischemic brain in MD than in non-MD. This
difference might be caused by the fact that the perfusion pressure was lower
in MD than in non-MD.

1 Introduction

Moyamoya disease is a rare occlusive cerebrovascular disease characterized by
progressive stenosis of bilateral terminal portions of the internal carotid arteries
(ICAs) [1]. EC-IC (extracranial-intracranial) bypass, such as superficial tem-
poral artery-middle cerebral artery (STA-MCA) anastomosis, has become a
standard surgical therapeutic option in moyamoya disease (MD) to prevent
recurrent ischemic events [2, 3]. In addition, EC-IC bypass surgery has been
performed to prevent stroke in patients with transient ischemic attack (TIA)
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caused by hemodynamic compromise [4, 5]. Indeed, neuroradiological studies
have demonstrated beneficial effects of bypass surgery on cerebral hemody-
namic status in both MD [3, 4] and non-MD ischemic diseases [4]. However,
little is yet known regarding the difference in bypass function between patients
with these conditions.

Indocyanine green (ICG) fluorescence angiography has been used as a
technique for assessment of vascular flow. ICG emits near-infrared fluorescence
when it is excited with near-infrared light [6]. Thus, ICG fluorescence is highly
transmittable through biological tissue compared with visible light fluores-
cence. ICG fluorescence was first applied to retinal angiography [7]. In the
field of neurosurgery, ICG fluorescence angiography has been used to confirm
successful aneurysm clipping during surgery [7]. In addition, ICG angiography
has been used for intraoperative assessment of bypass patency in EC-IC bypass
surgery [10]. In the present study, employing ICG angiography, we evaluated
not only patency of the bypass graft, but also blood supply via the bypass to the
cortex during STA-MCA anastomosis in MD and non-MD. We compared
changes in cortical perfusion by bypass blood flow between these patients.

2 Methods

We investigated 13 patients undergoing craniotomy for STA-MCA anastomo-
sis. The subjects included 5 patients with moyamoya disease (mean age [mean�
SD], 21.8 � 8.6 years) and 8 with non-moyamoya ischemic disease (58.1 �
11.7 years), including 4 patients with occlusion of the ICA and 4 patients with
occlusion of theMCA. In themoyamoya disease patients, cerebral angiography
revealed stage 3 in 2 patients, stage 4 in 2 patients and stage 5 in 1 patient,
according to the angiographical staging of moyamoya disease [1]; the principal
routes of collateral circulation were mainly moyamoya vessels in these patients.
In contrast, in the non-moyamoya patients, leptomeningeal anastomosis sup-
ported the collateral circulation. All moyamoya disease patients had suffered
multiple episodes of TIA, while MRI did not demonstrate cerebral infarction in
these patients. The present study was approved by the Committee for Clinical
Trials and Research on Humans. The ethical committee of our university
hospital approved the protocol of the study.

In all patients, we employed SPECT (PRISM 2000XP, Shimadzu Co., Japan)
to measure the regional cerebral blood flow (rCBF) at rest and at 10 min after
intravenous injection of acetazolamide (1.0 g). To evaluate the regional hemody-
namics, regions of interest were designated in the cortical territory of the MCA.
SPECT demonstrated a reduced rCBF at rest (< 30ml/100 g/min) and reactivity
to acetazolamide (%CVR< 10%) before surgery in all of the moyamoya disease
and non-moyamoya ischemic disease patients.

The parietal branch of the STA was anastomosed end-to-side to the M4
portion of theMCA. In moyamoya disease patients, encephalo-myo-synangiosis
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was performed after the STA-MCA anastomosis. The physiological parameters
during surgery were within the normal ranges in all patients; there were no
significant differences in physiological parameters between the moyamoya dis-
ease and non-moyamoya disease groups.

Employing indocyanine green (ICG) angiography, we evaluated the hemo-
dynamic changes in the patients during STA-MCA anastomosis. The ICG
angiography system (Photodynamic Eye, C9830, Hamamatsu Photonics) con-
sists of a light source (780 nm) and a CCD camera with optical filter (840 nm).
The CCD camera is mounted on a three-legged stool, which is fitted with
sterilized plastic covers. The distance between the CCD camera lens and opera-
tive field was 10 cm.

In order to image ICG fluorescence, ICG solution was injected into a branch
vessel of the STA after the STA-MCA anastomosis. We analyzed the time
course of ICG fluorescence intensity at ROI on the cortex. In addition, in
order to analyze the ICG perfusion area quantitatively, we calculated the
perfusion space when ICG fluorescence intensity reached the maximum level.

3 Results

Figure 1a shows an example of ICG fluorescence angiography after injection of
ICG. We could obtain real time images of the bypass flow from the graft to the
cortical vessels, and could confirm patency of the bypass graft in all cases. ICG
fluorescence intensity rapidly increased to the maximum level and returned to

Fig. 1 Intraoperative ICG angiography during STA-MCA anastomosis. Right: A picture of
ICG angiography at about 15 s after injection of ICG into the STA.Left: Time courses of ICG
intensity curve. Red and blue lines correspond to red ROI and blue ROI in the right figure,
respectively
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the control level when the ROI was set at the perfusion area of ICG (Fig. 1b). In

contrast, when the ROI was set outside the perfusion area, no remarkable

increase of ICG fluorescence intensity was observed. Figure 2 compares the

ICG perfusion areas in MD and non-MD. The STA supplied blood to a larger

cortical area in MD (20.7 � 6.6 cm2) than non-MD (6.7 � 4.5 cm2, p < 0.05).

4 Discussion

The present study demonstrated that the STA supplied blood to a larger cortical

area in MD than non-MD. This finding is consistent with our previous study,

which employed visual light spectroscopy to evaluate the effects of STA blood

flow on the cerebral blood oxygenation (CBO) in the MCA territory during

surgery in MD and non-MD [11]. We found that the STA blood flow increased

the concentration of oxyhemoglobin in cortical vessels and oxygen saturation in

the cortex, indicating that the bypass supplied blood flow to the ischemic brain;

CBO changes were observed more frequently in MD than in non-MD. These

observations suggest that the anastomosed STA supplied more blood to the

ischemic brain inMD than non-MD, although the recipient artery ofMD tends

to be smaller and more fragile than that of non-MD. It should be noted,

however, that several studies have reported the occurrence of hyperperfusion

syndrome in patients with MD following STA-MCA anastomosis [11]; [13];

hyperperfusion syndrome tends to occur after carotid endarterectomy [14]or

high flow bypass [15], rather than low flow bypass such as STA-MCA

anastomosis.
The details of the physiological mechanisms underlying the differences in

cortical perfusion induced by bypass blood flow between MD and non-MD

Fig. 2 Examples of cortical areas where anastomosed STA supplied blood flow between MD
and non-MD. ICG angiography demonstrated that the STA supplied blood to larger cortical
areas in MD (left) than those in non-MD (right)
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remain unclear; however, perfusion pressure may play a role in the STA blood
supply to the ischemic brain. Our previous study using visual light spectroscopy
revealed lower oxygen saturation in the cortex before anastomosis in MD than
that in non-MD, suggesting that the perfusion pressure in MD was less than
that in non-MD. In addition, our study on postoperative bypass function
demonstrated that the bypass functioned better in cases with a lower rCBF
before surgery [16]. Further studies are needed to clarify the physiological
mechanism that underlies the difference in bypass blood supply between MD
and non-MD.

5 Conclusion

The bypass begins to supply blood to a greater extent in MD than in non-MD,
possibly because the perfusion pressure is lower in MD than in non-MD. The
intraoperative ICG angiography system is considered useful for evaluating
bypass function and facilitates safe and accurate bypass surgery
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Effects of Revascularisation on Evoked Cerebral

Blood Oxygenation Responses in Stroke Patients

Shin Nakamura, Kaoru Sakatani, Tsuneo Kano, Tetsuya Hoshino,

Norio Fujiwara, Yoshihiro Murata, and Yoichi Katayama

Abstract We demonstrated that ischemic strokes exhibit an increase of deox-

yhemoglobin during activation. We evaluated the effect of revascu-larization

on the abnormal evoked cerebral blood oxygenation (CBO) re-sponses in these

patients, employing near-infrared spectroscopy (NIRS). We selected five

patients who exhibited an increase of deoxyhemoglobin associated with

increases of oxyhemoglobin and total hemoglobin during activation for this

study. These patients showed marked reductions of base-line regional cerebral

blood flow and cerebrovascular reserve capacity, which were improved 1 week

after revascularization. Postoperative NIRS demonstrated that the increase of

deoxyhemoglobin during activa-tion was not observed after revascularization.

This preliminary study demonstrated that the abnormal evoked-CBO response

in ischemic stroke patients could be improved by revascularization.

1 Introduction

Blood oxygenation level-dependent (BOLD) contrast functional MRI (BOLD-

fMRI) has been used in functional studies on stroke patients, on the assumption

that these patients have normal neurovascular coupling [1–3]. Recent studies

have revealed, however, that BOLD-fMRI does not correctly image activation

areas in stroke patients [4–10]. It was suggested that impairments of neurovas-

cular coupling may alter the evoked cerebral blood oxygenation (CBO)

responses and hemodynamic changes in stroke patients, and this could result

in failure of BOLD imag-ing. BOLD-fMRI alone, however, cannot elucidate

the precise mechanisms involved, since BOLD-fMRI provides information

mainly about concentration changes of deoxyhemoglobin (deoxy-Hb), which

is paramagnetic [11].
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Recently, we have evaluated evoked CBO changes in the primary
sen-sorimotor cortex (PSMC) of patients with ischemic stroke [12, 13], employing
near-infrared spectroscopy (NIRS) which allows measurements of concentration
changes of not only deoxy-Hb, but also oxyhemoglobin (oxy-Hb) [14]. NIRS
demonstrated a decrease of deoxy-Hb with in-creases of oxy-Hb and total
hemoglobin (= sum of deoxy-Hb and oxy-Hb, t-Hb) in the activated PSMC
on the non-lesion side, which is consistent with the physiological basis of BOLD
imaging [11]. However, in the PSMC on the lesion side, the concentration of
deoxy-Hb increased during the entire course of activation, concomitantly with
increases of oxy-Hb and t-Hb. In addition, BOLD-fMRI showed significantly
smaller activa-tion volumes in the PSMC on the lesion side. These findings
suggest that the increase of paramagnetic deoxy-Hb during activation caused a
reduction of BOLD signal, and this resulted in the failure of BOLD imaging in
stroke patients [14].

We hypothesized that the abnormal evoked CBO response was caused by
decreases of baseline CBF and cerebrovascular response (CVR) in ischemic
stroke patients. In order to test this hypothesis, we evaluated the effects of
revascularization on the evoked CBO changes in ischemic strokes.

2 Methods

We studied 5 patients with cerebral ischemia (four males, one female, 65.6 �
10.6 years). All of the patients had suffered hemodynamic compromise caused
by occlusion of the internal carotid artery (ICA) in four cases and stenosis of the
ICA in one case. Four patients received superficial temporal artery-middle
cerebral artery (STA-MCA) anastomosis, while one patient received carotid
endarterectomy (CEA). The patients did not show neurological deficits at the
time of examination.

We evaluated the rCBF at rest and the %CVR response to acetazolamide
(1.0 g; ACZ) in the territory of the MCA, employing single photon emission
tomography (SPECT) (PRISM 2000XP, Shimadzu Co., Japan): %CVR=
{(rCBFACZ-rCBFrest)/rCBFrest}� 100, where rCBFACZand rCBFrest repre-
sent the rCBF before and after the injection of ACZ, respectively.

We measured the evoked CBO responses in the PSMC contralateral to the
task performance using a multi-channel NIRS (OMM 2000, Shimadzu Co.,
Japan). This system consists of 16 light-source fibers and 16 detectors, resulting
in 48 source-detector pairs; each light source has three laser diodes with wave-
lengths of 780, 805, and 830 nm [15, 16]. The optodes for the NIRS topography
were placed on the skull to cover the the motor cortex, employing a holder cap
to avoid motion-related artifacts; the distance between each optode was 30 mm.
We measured the concentration changes in oxy-Hb, deoxy-Hb, and t-Hb in the
PSMC on the lesion side during contralateral hand-grasping tasks. The task
paradigm consisted of 40 s of rest and 40 s of self-paced hand grasping; this task-
rest cycle was repeated 6 times.
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We evaluated the changes in oxy-Hb, deoxy-Hb, and t-Hb by subtracting the
mean baseline values (40 s) from the mean stimulation values (40 s). Compar-
isons were made for each of the NIRS parameters using paired t-tests (p < 0.05
was defined as the criterion of a significant difference).

We classified NIRS responses into three patterns depending on concentra-
tion changes of deoxy-Hb during activation. That is, the deoxy-Hb concentra-
tion significantly decreased (Pattern 1), did not change (Pattern 2), or signifi-
cantly increased (Pattern 3). Both oxy-Hb and t-Hb increased during the task in
all subjects.

3 Results

Figure 1 shows an example of evoked CBO changes before and after revascu-
larization. Note that revascularization reversed the direction of deoxy-Hb
changes, and increased the extent of the increases in oxy-Hb and t-Hb. Pre-
operative NIRS demonstrated an increase of deoxy-Hb associated with
increases of oxy-Hb and t-Hb (Pattern 3) during activation in all patients,

Fig. 1 NIRS topographic maps of changes in oxy-Hb and deoxy-Hb during right grasping
task overlaid on anatomical MRI surface images before (a) and after (b) revascularization.
The cir-cles indicate the ROI for analysis of NIRS parameter changes (right). Note that
revascu-larization reversed the direction of deoxy-Hb changes, and increased the extent of
the increases in oxy-Hb and t-Hb
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while postoperative NIRS demonstrated a decrease of deoxy-Hb (Pattern 1) in
three patients and no change of deoxy-Hb (Pattern 2) in two subjects.

Preoperative SPECT showed reductions of baseline rCBF and CVR in all
patients; the mean rCBF and CVR were 40.9 � 6.4 ml/100 g/min and –23.1�
5.6%, respectively. After revascularization, the rCBF andCVRwere increased to
45.5 � 6.1 ml/100 g/min and –5.6 � 9.6% (p < 0.016), respectively.

4 Discussion

A number of studies have shown that revascularization improves the baseline
rCBF and CVR in ischemic stroke patients [17–19]; however, until now, there
has been no study to evaluate the effect of revascularization on the evoked CBO
changes in ischemic stroke patients. The present study demonstrated that the
abnormal evoked CBO response (i.e. an increase of deoxy-Hb during activa-
tion) in ischemic stroke patients could be improved by revascularization, and
the improvement was associated with increases of baseline rCBF and CVR.

It should be noted that improvements of the abnormal evoked CBO response
required only 1 week after revascularization. This suggests that the abnormal
evoked CBO response was not caused by structural changes of cerebral vessels,
such as decreases of elasticity and compliance of the vessels due to arteriosclerosis.
Therefore, we considered the physiological mechanism of the deoxy-Hb increase
during activation from the viewpoints of hemodynamic effects and oxygen meta-
bolism. That is, the reduction of the rCBF and CVR under resting conditions
could cause a lesser rCBF increase during activation, resulting in a decrease of the
driving force to wash out deoxy-Hb in the capillaries and veins. When such an
impairment of the hemodynamic response is advanced, the oxygen extraction
could increase due to a decrease of oxygen delivery during activation. These
alterations in the hemodynamic effects and the oxygen metabolism could lead to
a lesser decrease or elevation of the deoxy-Hb concentrations in the vessels.

The increase of deoxy-Hb during activation suggests the occurrence of relative
ischemia at the activation areas. Quantitative models of oxygen delivery during
activation predict that disproportionately large increases of rCBF are required
for small increases of the oxygen consumption [20]. Thus, a small decrease in the
evoked rCBF response can cause oxygen deficiency during activation. These
observations suggest that the relative ischemia during activation contributes to
the occurrence of ischemic events. Further studies are necessary to investigate the
relation between evoked CBO response patterns and ischemic events.

5 Conclusion

The baseline cerebral ischemic condition affects the evoked CBO response pat-
tern in ischemic stroke patients. The abnormal CBO response in ischemic stroke
patients could be normalized by revascularization. The improvements of the
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abnormal evoked CBO response required only 1 week after revascularization,
suggesting that the abnormal evoked CBO response was due to hemodynamic
effects, rather than structural changes of cerebral vessels caused by
arteriosclerosis.

References

1. Cramer SC, Nelles G, Benson RR et al. (1997) A functional MRI study of subjects
recovered from hemiparetic stroke. Stroke 28:2518–2527

2. Cao Y, D’Olhaberriague L, Vikingstad EM et al. (1998) Pilot study of functional MRI to
assess cerebral activation of motor function after poststroke hemiparesis. Stroke
29:112–122

3. Kato H, IzumiyamaM, Koizumi H et al. (2002) Near-infrared spectroscopic topography
as a tool to monitor motor reorganization after hemiparetic stroke: A comparison with
functional MRI. Stroke 33:2032–2036

4. Pineiro R, Pendlebury S, Johansen-Berg H et al. (2002) Altered hemodynamic responses
in patients after subcortical stroke measured by functional MRI. Stroke 33:103–109
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Effects of Oral Single-Dose Administration

of Sarpogrelate Hydrochloride on Saturation O2

of Calf Muscle During Plantar Flexion Exercise

Masahiro Horiuchi, Koichi Okita, Shingo Takada, Masashi Omokawa,

Tadashi Suga, Noriteru Morita, Kagami Hirabayashi, Takashi Yokota,

Shintaro Kinugawa, and Hiroyuki Tsutsui

Abstract To investigate the effects of a 100-mg oral single-dose administration
of sarpogrelate hydrochloride (SH) on saturation O2 (StO2) of calf muscle in
healthy subjects experiencing simulated peripheral arterial disease (0.6 ankle
brachial pressure index). Ten subjects performed three kinds of plantar flexion
exercises at a work rate of 50% of maximal volunteer contraction for 4 min by
using cuff occlusion ischemia,. Subjects performed a control test (C) without
ischemia and SH, an ischemia test (I) without SH, and an I+SH test with
ischemia. StO2, blood pressures (BP), and heart rate (HR) were measured
through all experiments. At the end of the exercise, the decrease in StO2 from
baseline in the C and I + SH tests was significantly less than that in the I test
(p < 0.05, respectively). However, there were no significant differences in mean
BP or HR in any of the exercise conditions. These results indicated that an oral
single-dose administration of SH might improve peripheral circulation inde-
pendent of any changes in BP and HR.

1 Introduction

Sarpogrelate hydrochloride is an effective therapeutic drug that has been widely
used for peripheral arterial disease (PAD) patients in Japan [6]. Although it has
been reported that long-term oral administration of sarpogrlate hydrochloride
improves vascular function in PAD patients [8], investigation of the effects of a
single-dose administration of sarpogrelate hydrochloride on PAD patients has
been insufficient. Knowledge of these effects is important for the noninvasive,
continuous, and accurate evaluation of PAD patients.

Saturation O2 of muscle oxygenation (StO2) derived by near-infrared spec-
troscopy (NIRS) is represented by the ratio of HbO2 to total Hb. It is thought
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that StO2 would be a useful index of oxygen delivery and utilization. Therefore,
this useful technique has been widely used to evaluate variation in the severity of
PAD [5, 7]. However, it might be difficult to evaluate PAD patients accurately
because of variation in disease severity and/or the effects and histories of
administration of other medication.

The purpose of this study, therefore, was to investigate the effects of an oral
single-dose administration of sarpogrelate hydrochloride on muscle oxygena-
tion responses during plantar flexion exercise in healthy subjects who were
simulated PAD patients using cuff occlusion ischemia.

2 Methods

Ten healthy male subjects with mean age 36 (5) years, height 174 (6) cm, body
mass 65 (7) kg, participated in this study (values are means and standard
deviation). All subjects were informed about this study and consent was
obtained. This study was approved by an ethical committee of Hokusho Uni-
versity, Japan.

The subjects performed three kinds of unilateral planter flexion exercise with
a long sitting position. The workload of all experimental exercises was set at
50% based on 1 repetition maximum. Subjects performed plantar flexion
exercises for 4 min after 2 min of rest with 40 repetitions per 1 min, lifting the
weight 5 cm above the ground. Exercise protocols were as follows: Control test
(C) without ischemia and administration of sarpogrelate hydrochloride, Ische-
mia test (I) without administration of sarpogrelate hydrochloride, and ischemia
test with administration of sarpogrelate hydrochloride (I+SH).

Subjects performing the I and I+SH tests had restricted blood flow caused
by a pressure cuff in order to simulate PAD patients with 0.6 ankle brachial
pressure index (ABI). To accomplish this, 40% pressure of systolic blood
pressure (SBP) for an individual subject was carried out with a rapid inflator
on the thigh muscle throughout the experiment. An oral single dose of sarpo-
grelate hydrochloride, 100 mg, was administered before 0.889 h of each test
based on the Tmax [3].

During all tests, the responses of peripheral muscle oxygenation were mea-
sured using near-infrared spectroscopy (NIRS: BOM1-TRW, Omegawave,
Japan). Optodes consisting of a transmitter and detector were placed on the
right calf muscle, and the distance between the light source and the photo
detector was 3 cm. This unit has continuous light source of triple wavelength
(780, 810, and 830 nm) and calculates relative changes in tissue levels of muscle
oxygenation (HbO2), deoxygenation, and total Hb, according to the Beer-
Lambert law. The instrument can calculate tissue blood oxygen saturation in
muscle (StO2, %) from the ratio of HbO2 to totalHb after assuming a certain
density of the red cells in the blood; here we present our results as changes in
StO2. The data were sampled by every second.
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BP was monitored by the cuff occlusion method, and heart rate (HR) was
monitored in synchronization with BP. Both parameters were measured at rest
and 90 s after the onset of exercise at 1-min intervals. The mean BP (MBP) was
calculated as diastolic pressure plus one-third of pulse pressure.

StO2 responses in the primary decreasing phase in the first 2 min minus the
first 10 s were approximated by the following equation:

StO2 tð Þ ¼ StO2 bð Þ þAmp� 1� exp � t�TDð Þ=tð Þ
� �

where t is a given length of time, b is a baseline value at the onset of exercise,
Amp is an amplitude between baseline value and a value at 2 min of the exercise,
TD is a time delay, and t is a time constant.

StO2 of the calf muscle was represented as the values of a 30-s interval to
minimize variability, and it represented the relative change from the value at
baseline. MBP and HR were also represented as the relative change from the
baseline value.

One-way ANOVA was used to compare the relative changes of StO2, BP,
and HR among three experimental conditions. Significance level was accepted
at p < 0.05.

3 Results

Mean values of systolic BP, ABI, skinfold thickness of calf muscle, 1 RM data,
resistance load of 50% 1 RM, and applied cuff pressure to simulate PAD in all
subjects were 123 (7) mmHg, 1.11 (0.06), 5.3(0.7) mm, 32 (6) kg, 15 (3) kg, and
51 (2) mmHg, respectively.

The time constant in the I and I + SH tests seemed to be slower than
that in the C test. In fact, the time constant in the I (19.5 � 3.6 s) and I + SH
(16.8 � 4.2 s) tests was significantly slower than that in the C (9.3 � 2.8 s) test
(p < 0.05, respectively).

StO2 changes by 30-s interval from a baseline value for all subjects are shown
in Fig. 1. StO2 decreased with a short time delay in all conditions. In the C test,
StO2 continued to decrease until about 120 s, and then it showed almost a
plateau phase until the end of exercise. In the I test, it decreased rapidly until
about 60 s, after which it continued to decrease gradually until the end of
exercise. In the SH test, it decreased rapidly until about 60 s, after which it
continued to decrease gradually until about 3 min of exercise, at which point it
began to increase slightly until the end of exercise. During exercise, there were
significant differences in the relative change from baseline of StO2 at 3.5 and
4 min of exercise between the C and I tests (at 3.5 and 4 min) and between the C
and I, the I and SH tests (at 4 min), (p< 0.05, respectively). However, there were
no significant differences in StO2 changes at 3.5 and 4 min between the C and
SH tests.
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Figure 2 shows the changing rate of MBP and HR from baseline values in all

conditions, respectively. Both MBP and HR showed almost the same kinetics.

MBP and HR increased temporarily after the onset of exercise, then it showed

stable values during exercise. After the end of exercise, each decreased slightly

and recovered toward the baseline value. There were no significant differences

in MBP and HR among the experimental conditions.

4 Discussion

It is reasonable that StO2 could change in either direction during exercise. That
is, if StO2 increases during exercise, it may mean that O2 delivery to the active
muscle exceeds O2 utilization in the muscle. If StO2 decreases during exercise, it
may mean that StO2 utilization in the muscle exceeds O2 delivery to the active
muscle. It has been reported that StO2 kinetics of calf muscle during plantar
flexion exercise at a lower work rate [1] in PAD patients was slower compared
with that of healthy subjects. This slower kinetics may be associated with
skeletal muscle metabolism, including muscle oxygen consumption, because
of the lack of any difference in blood flow between PAD patients and healthy

Fig. 1 Changes in StO2 from
the baseline during all
experimental conditions. h;
control test, �; ischemia test,
*; sarpogrelate
hydrochloride test. *;
p < 0.05 between control
and ischemia test, #; p< 0.05
between sarpogrelate
hydrochloride and ischemia
test

Fig. 2 Changes in mean blood pressure (MBP; left panel) and heart rate (HR; right panel)
from the baseline during all experimental conditions. h; control test, �; ischemia test, *;
sarpogrelate hydrochloride test
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subjects [1]. However, we simulated a situation of PAD patients with 0.6ABI
using a cuff occlusion method by creating a relative lower pressure temporarily,
and hence, muscle metabolism was not impaired. Thus, cuff occlusion ischemia
might affect muscle blood flow rather than muscle metabolism. In this study, a
slower time constant in the I and I+ SH tests was observed compared with that
in the C test. This slower response might have been caused by lower blood flow
into the working muscle due to the ischemia by cuff occlusion. However, there
were no differences in time constant between the I and I + SH tests.

In the decreasing phase of StO2 during exercise, O2 utilization was supposed
to be greater than O2 delivery due to blood flow restriction by ischemia. After
120 s of the C test, the balance between O2 delivery and utilization may have
remained constant, because StO2 showed almost no change until the end of
exercise. On the contrary, it is reasonable that O2 utilization continued to
exceed O2 delivery until the end of the I test. Interestingly, in the latter period
of the SH test, StO2 increased slightly. As exercise continued at a same work
rate in all experiments, it is unlikely that O2 utilization decreased only in the
latter phase during the SH test. Moreover, we controlled the workload that
subjects could perform when lifting the weight 5 cm above the ground accu-
rately throughout all experiments. SH is an effective medication that inhibits
platelet aggregation induced by collagen and secondary aggregation by ADP or
epinephrine [2].Moreover, SH inhibits 5HT2 receptor specifically [9] with result
that it can be reasonably expected to improve blood flow in tissues, because
5HT2 receptor is related to vasoconstriction [10].

To our knowledge, there has been no previous study about the effects of single-
dose administration of SH on the hemodynamics of calf muscle, in particular, in
simulated PADpatients of the sameABIwithout any effects of other factors such
as cardiovascular disease, diabetes, or the action of other medication. Although
we cannot compare our results with those of previous studies, we tentatively
conclude, based on our results, that local muscleO2 deliverymight have increased
in the latter phase of the SH test due to the effects of sarpogrelate hydrochloride.

Based on ‘‘Starling’s equation’’, it is well known that stroke volume is
affected not by arterial blood pressure but inflow in the vein. In the present
study, as MBP and HR did not change during exercise in any of the test
conditions, it was suggested that cardiac output did not increase during exer-
cise. Therefore, it is unlikely that a single-dose administration of sarpogrelate
hydrochloride affects the circulating blood volume from the heart.

5 Conclusion

Our results indicated that an oral single-dose administration of sarpogrelate
hydrochloride improved peripheral hemodynamics in the latter period of
exercise under greater demand of oxygen delivery and utilization during the
exercise, independent of a lack of changes in blood pressure and heart rate.
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Oxidative Capacity of the Skeletal Muscle

and Lactic Acid Kinetics During Exercise

in Healthy Subjects and Patients with COPD

Toshio Ichiwata, Gen Sasao, Tokuro Abe, Kiyokazu Kikuchi, Kenya Koyama,

Hiroki Fujiwara, Asuka Nagai, Ichiro Kuwahira, and Koshu Nagao

Abstract [Background] In patients with chronic obstructive pulmonary disease
(COPD), early lactic acidosis during exercise should be considered as playing a
role in the limitation of exercise tolerance. It was hypothesized that the relation-
ship between blood lactate concentrations (LA) and tissue oxygenation index
(TOI) is available for the prediction of aerobic capacity of skeletal muscle.
[Methods] Changes of LA and TOI in the vastus lateralis muscle were measured
during incremental cycling exercise in 12 healthy subjects and 4 patients with
COPD. The relationship between TOI and LA was examined in 12 healthy
subjects and 4 COPD patients, and changes in the relationship were examined
at an interval of several years (3.3 � 1.0). [Results] (1) From the pattern LA as
related to TOI, the healthy subjects were classified into the three groups. Group
A (n¼ 3); LA increased slowly with a decrease in TOI. Group B (n¼ 3); LA
increased steeply after the half point of maximal exercise. Group C (n¼ 6); LA
increased steeply before the half point of maximal exercise. (2) In 3 patients with
COPD, the relationship between TOI and LA shifted rightward at the second
examination. [Conclusion] The steep increase in LA from the approximate
resting value of TOI during exercise suggests that the aerobic capacity of
working skeletal muscle decreased.

1 Introduction

In patients with moderate to severe COPD, the skeletal muscle dysfunction is
characterized by a reduction in aerobic capacity and this should be considered
as playing a role in the limitation of exercise tolerance [1]. In patients with
COPD, the proportion of type I fibers (high oxidative capacity) are decreased as
compared with age-matched controls [2] and early lactic acidosis occurs due to
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the reduction in aerobic capacity during exercise. Near-infrared spectroscopy

(NIRS) has recently been used to evaluate muscle oxygenation [3, 4].

2 Methods

2.1 Study Design and Subjects

With reference to the assessment of exercise intolerance and the evaluation of

therapeutic interventions on clinical use, the present study performed cardio-

pulmonary exercise testing (CPET) comprising of the imposition of symptom-

limited incremental exercise in combination with comprehensive breath-by-

breath monitoring. LA and TOI of the vastus lateralis muscle were measured

using NIRS. The relationship between TOI and LA was analyzed retrospec-

tively. Twelve healthy male subjects (age, 49.0 � 17.4 years) and 4 male out-

patients with stable COPD (age, 65.3 � 12.0 years) were examined. The 12

healthy subjects were confirmed to be free of any significant cardiopulmonary

disease and represented normal exercise tolerance (Table 1). COPD patients

were diagnosed as mild to moderate severity (Table 2).

2.2 Exercise Test, LA Measurement, and NIRS Monitoring

An incremental symptom-limited maximal exercise test was performed using an

electromagnetically braked cycle ergometer (AEROBIKE 75XL, Combi,

Tokyo, Japan). The exercise protocol consisted of 3-min rest, 3-min warm-up

at 10 W of 55 revolutions per minute, and then the exercise load was increased

Table 1 Clinical characteristics of healthy subjects

Subject No. Age (year) BMI (kg/m2) %VC (%) FEV1% (%) peak VO2 (ml/min)

1 64 25.2 112.3 84.8 1361

2 60 24.2 106.1 86.4 1170

3 57 26.3 86.7 73.7 1480

4 73 24.9 135.3 114.8 1686

5 37 20.9 107.6 89.6 1733

6 63 23.6 107.6 70.8 1338

7 36 25.6 116.3 86.8 2082

8 25 22.3 123.9 93.0 1030

9 43 23.4 111.9 84.6 1374

10 34 28.4 103.4 81.1 1870

11 45 25.3 108.6 87.6 1392

12 68 25.3 90.3 79.4 1422

Mean � SD 49.0 � 17.4 26.3 � 1.8 100.8 � 9.4 82.7 � 4.3 1561 � 267
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incrementally by 10W/min. Blood samples were taken directly from the earlobe

and LAwasmeasured (Pro Analyser, Arkray of the KDKCorporation; Kyoto,

Japan). Blood samples were collected at rest and during exercise testing every

minute and LA was measured immediately.
Oxygenation of the vastus lateralis muscle was monitored using a commer-

cially available NIRS system (NIRO-300: Hamamatsu Photonics KK; Hama-

matsu, Japan). A probe holder containing an emission probe and detection

probe was attached to the left vastus lateralis muscle along the vertical axis of

the thigh approximately 15 cm from the knee joint. The NIRO-300 system also

measures TOI, which can be expressed as oxyhemoglobin/(oxyhemoglobin +

deoxyhemoglobin) � 100 (%). TOI was measured every 2 s from 3 min before

the start of exercise until the end of exercise. The variables of NIRS were

recorded and analyzed using a personal computer system (PowerLab; ADIn-

struments Pty Ltd; Castle Hill, Australia).

3 Results

Analysis of the relationship between TOI and LA of the vastus lateralis muscle

during incremental exercise tests in the healthy subjects is shown in Fig. 1.

Accordingly, the pattern of LA related to TOI in the healthy subjects was

classified into the three groups. Group A (n¼ 3); LA increased slowly with a

decrease in TOI and the inflection point of the steep increase in LA occurred

just before stopping exercise. Group B (n¼ 3); LA increased slowly with a

decrease in TOI and the inflection point of the steep increase in LA occurred

above the half point of maximal exercise. Group C (n¼ 6); LA increased steeply

before the half point of maximal exercise and the decrease in TOI was smaller

than in Group A or B.
Changes in the relationship between TOI and LA of the vastus lateralis

muscle during incremental exercise tests at intervals of 3.3 � 1.0 years in the 4

patients with COPD is shown in Fig. 2. At the second examination, LA

Table 2 Clinical characteristics of COPD patients at first and second examination

Subject
No.

Exam.
No.

Age
(year)

BMI
(kg/m2)

VC
(L)

FEV1

(L)
DLco/VA (ml/
min/mmHg/L)

Peak VO2

(ml/min)

1 1st 75 21.8 3.81 1.86 1.17 1012

2nd 78 21.0 3.60 1.51 1.16 684

2 1st 53 17.9 4.46 2.71 2.19 1277

2nd 55 17.8 4.26 2.82 2.13 1527

3 1st 57 22.2 4.32 1.85 2.16 1196

2nd 61 21.8 4.15 1.80 2.02 1081

4 1st 76 23.9 4.24 2.33 2.25 1307

2nd 80 23.5 4.43 2.19 2.00 929
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increased earlier than in the first examination, and the relationship between

TOI and LA shifted rightward in 3 patients with COPD.

4 Discussion

In the present study, muscle biopsy data were not available, so the influence of
muscle fiber type on oxygenation kinetics could not be determined. The kinetics
of oxyhemoglobin and deoxyhemoglobin in the working skeletal muscle can be
determined by the balance between O2 utilization and muscles oxygen delivery.
The NIRO-300 system also measures TOI, which is useful in the detection of
muscle oxygenation changes during exercise.

We performed exercise tests using a cycle ergometer. The pedaling involves
usually the vastus lateralis and the blood LA concentration reflects the produc-
tion of LA in the vastus lateralis. According to the pattern of the changes in LA

as related to TOI during exercise, the healthy subjects were classified into
3 groups. The subjects in Group C showed that LA increased steeply before
the half point of maximal exercise and the decrease in TOI was smaller than in
Groups A or B. In the healthy subjects, the increase in LA could indicate that
the problem lay with skeletal muscle function rather than with O2 delivery,

Fig. 2 Changes in relationship between LA and TOI during incremental exercise test in 4
patients with COPD
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because O2 delivery to working skeletal muscles might be adequate at the early
phase from the onset of exercise.

It has been shown that muscle mass decreases and the proportion of muscle
fiber types change in humans. By 60–70 years of age, muscle mass decreases by
25–30% in humans, and this is mainly due to the reduction in type II fibers. In
subjects older than 70 years of age, the mean area of type II fibers decreases by
approximately 15% and the percentage of type II fibers decreases by 40% [1].
Therefore, it was thought that the pattern of the change in LA as related to TOI
in elderly subjects was similar to Group A, i.e. resulting from the reduction in
type II fibers, but the pattern of LA as related to TOI did not relate with age.
There might be two reasons why the pattern of LA as related to TOI was not
related to age. Firstly, changes in muscle fiber types related to age; some loss of
muscle mass and strength is almost universal in older people, but varies widely
between individuals, particularly in relation to habitual levels of physical activ-
ity [5]. Secondly, the difference in muscle oxygenation within the same vastus
lateralis muscle; in animal models, one of the causes of regional muscle oxyge-
nation differences is shunting of blood flow to oxidativemuscle fibers compared
to non-oxidative muscle fibers within the same muscle [6]. It has also been
shown that NIRS measured muscle oxygenation is variable within the same
muscle [7].

Compared with matched control subjects, the reduction in the proportion of
type I fibers in patients with COPD was accompanied by an increase in the
proportion of type IIb fibers, and the early lactic acidosis occurred due to the
reduction in aerobic energy production in the early phase from the onset of
exercise [1]. Figure 2 shows the changes in the relationship between TOI and LA
during incremental exercise at an interval of 3.3 � 1.0 years in COPD patients.
At the second examination, LA increased earlier than in the first examination in
the same way as Group C of the healthy subjects, and the relationship between
TOI and LA shifted rightward in 3 patients with COPD. This suggested that the
reduction in the proportion of type I fibers accompanied the increase in the
proportion of type IIb fibers due to age-related changes and advances in COPD.
In addition, a shift from oxidative metabolism to glycolytic metabolism
occurred in skeletal muscle of the patients with COPD at low levels of exercise.

5 Conclusion

The steep increase in LA from the approximate resting value of TOI during
exercise suggests that the aerobic capacity of working skeletal muscle decreases.
The relationship between TOI and LA shifted rightward at interval of several
years in 3 COPD patients, suggesting that the aerobic capacity of the vastus
lateralis muscle decreases. Further studies are needed to examine the relation-
ship between TOI and LA in working skeletal muscle for the assessment of
endurance training efficiency.
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