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Venous and arterial blood flow velocity during static handgrip exercise at varying intensities
with the forearm below heart level.
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1.2 Venous and arterial blood flow velocity during static
handgrip exercise at varying intensities with the fore-
arm below heart level

Atsuko Kagaya, Shizuyo Shimizu-Okuyama, Fumiko Ohmori,
Yoshiho Muraoka, and Mutsuko Yoshizawa

Abstract

The purpose of this study was to clarify the effect of contraction intensity on venous blood flow dur-
ing short-term static muscle contraction and to test the hypothesis that the increase in venous flow
accelerates arterial inflow in human subjects. Eight females performed 5-s handgrip contraction at
10%, 30%, 50% and 70% maximal voluntary contraction (MVC), with the forearm below heart level.
Brachial venous blood flow velocity (Doppler ultrasound method) was accelerated at the onset of
handgrip, and thereafter decreased to baseline during static phase of exercise. Further decrease in
venous flow velocity was observed after cessation of handgrip contraction. The initial acceleration of
venous flow was intensity-dependent (P<0.01). In contrast, the brachial arterial blood flow velocity was
significantly reduced during exercise compared to baseline values, followed by intensity-dependent
enhancement of post-exercise blood flow. Oxy-Hb concentration in forearm flexor muscles (NIR) was
greatly decreased at higher intensities of 50% and 70% MVC. A significant relationship (P<0.01) was
obtained between brachial venous velocity at the onset of exercise and post-exercise arterial velocity.
In conclusion, muscle pump is effective at the onset of muscle contraction to induce intensity-depend-
ent acceleration of venous outflow in humans and contributes to increase in arterial blood flow imme-
diately after contraction of short duration intensity, whereas other circulatory parameters increased

linearly.

® Purpose

The purpose of this study was to clarify the
effect of contraction intensity on venous blood
flow during short term static muscle contraction
with the forearm below heart level and to test the
hypothesis that an increase in venous flow accel-

erates arterial inflow in human subjects.

® Methods

Eight females participated in this study as sub-
jects (25.5 £ 2.2 years old), after providing their
written informed consents. Five-second static
handgrip exercise was performed by dominant
hands in upright sitting position with the forearm
below heart level. Four exercise intensities were

used; 10%, 30%, 50% and 70% of maximal volun-
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tary contraction (MVC). Five trials were per-
formed for identical intensity, with the order of
the intensity at random. All the experiments were
conducted in a room where the temperature and
relative humidity were regulated at 26°C and
60%, respectively.

Blood flow velocity was measured using
Doppler ultrasound method (HP 8500, USA) in
brachial artery and brachial vein at approximately
3 c¢m proximal from the level of elbow joint, and
at a place where the clear vessel image was
obtained. The pulsed wave transducer with an
operating frequency of 7.5 MHz and sound beam
angle relative to the flow direction was 60°.
Blood pressure was measured (Finapres, Ohmeda,

USA), muscle oxygenation was measured using



near-infrared spectroscopy (NIRS) (Niro 300,
Hamamatsu Photo, Japan) on the flexor and
extensor muscles of the right forearm. The dis-
tance between two optodes was 3cm.

Two-way ANOVA (intensity X phase) was used
followed by Turkey’s post hoc comparison when
significant difference was obtained. A p value of
less than 0.05 was considered statistically signifi-

cant.

® Results and Discussion

During baseline, venous blood flow velocity was
significantly (P < 0.01) slower below heart level
than that at heart level, whereas arterial blood flow
velocity tended to be higher but not significant.

During handgrip contraction, the arterial flow
velocity was significantly lower (P < 0.01) com-
pared to baseline value. However, no significant
difference was obtained among blood flow veloci-
ties of 4 different intensities. In contrast, post-
exercise arterial blood flow increased significantly
(P < 0.01) with increasing exercise intensities. It
increased from 37.7 (£ 2.8) cm/s at 10%MVC to
57.9 (£2.9) cm/s at 50%MVC, and 59.5 (£ 3.9)
cm/s at 70%MVC.

Venous blood flow velocity increased markedly
just before or upon initiation of tension develop-
ment. Durations of the venous acceleration did
not differ among 4 intensities, which indicated
that venous blood flow was accelerated only dur-
ing concentric phase of the muscle action, despite
of contraction force. However, the magnitude of
acceleration increased with increasing exercise
intensity (Fig. III.1.2-1) and was negatively corre-
lated with average arterial blood flow velocity
during handgrip exercise (r=—0.478, P < 0.01),
whereas positively correlated with that immedi-
ately after exercise (r=0.589, P < 0.01).

Systolic, diastolic and mean blood pressure
(SBP, DBP, MBP) were significantly elevated at
the end of exercise at 50% and 70% MVC. The
oxy-Hb and total Hb at the end of handgrip
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Venous blood flow velocity
(cm/s)

d10%MvC, O30%MVC, E50%MVC, l70%MVC

Fig. 111.1.2-1
among exercise phases and exercise intensities. **; P <
0.01 among exercise phases, $$; P< 0.01 among exer-
cise intensities at the onset, #: P < 0.05 vs 10% MVC.

Comparison of venous flow velocity

became significantly lower with exercise intensity.

The results obtained in this study suggested that
the blood was expelled when the muscle tension
was developing, concomitant with the deforma-
tion of muscle fibers (shortening) and showed that
the increasing contraction force made the outflow
velocity higher on venous side and impede the
blood flow inflow on arterial side. When muscle
was relaxing, arterial blood flow velocity
increased dramatically provably due to increased
arterial-venous pressure gradient (Shiotani et al.
1996) and metabolic vasodilation (Tschakovsky et
al. 1996). Thus muscle pump contributes to the
increase in venous outflow at the onset of muscle
contraction to empty blood vessel within the mus-
cle and enhances arterial inflow during relxation

phase of the exercise,
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An increase in venous outflow from exercising limb enhances arterial
inflow during rhythmic exercise

Abstract

The aim of this study was to test the hypothesis that an increase in venous outflow due to muscle
contraction enhances arterial inflow during exercise. Seven female subjects (aged 25.5 & 2.4yrs) per-
formed 60-s rhythmic handgrip in a sitting position with the forearm below heart level, following 2-
minute rest with the forearm at heart level and 2-minute below heart level. The exercise consisted of
2-second handgrip (C) at 50%MVC, performed at 2-second interval (R). Arterial and venous blood flow
velocities and minute flow volume were measured by Doppler and M-mode ultrasound method
(HP8500). Muscle oxygenation was measured using near-infrared spectroscopy in radial and ulnar flex-
or muscles. Blood pressure was recorded on a finger by Finapres. Upon initiation of handgrip, the
venous blood velocity was immediately and significantly accelerated from 6.48 = 0.71 at baseline to
18.98 £ 3.21 cm-sec!, with no further increase through the entire period of exercise. Blood volume,
during the first 16-20 seconds, decreased significantly in radial muscles. Thereafter, it gradually
increased analogous to vascular conductance. When exercise was continued further, arterial inflow,
venous outflow, and blood volume during C- and R-phases significantly increased. Significant relation-
ships were observed between venous outflow during C- or R-phases and arterial inflow during succes-
sive R- and C-phases during the later period of exercise but not at the beginning of exercise. In conclu-
sion, the augmented venous outflow due to muscle pump will increase arterial inflow when exercise-
induced vasodilatation increases muscle blood volume. Key words: muscle pump, muscle blood vol-
ume, exercise duration
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Venous blood flow velocity changes during rhythmic hand grip.
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Effects of passive streching on circulation and muscle oxygenation

IR &2 FHE L 72T, FifiAEs MR - AT D21k

2800 X9 KHDOBIREZE Z G, Z U fHbE 1.4.2 ZEWTFREA b Ly F v 21 X 2 Bk
L CHiF N IS R D AT E 2 I O - & % i T o 284 — I D MELT R 53 & Wi T R 5y
29, A7uaY s T, FRHDANL Y Fv 5 O —

THRETNELT, UTOMEIOWTHRZ . 1.4.3 ZEWA F Ly F v b ofiifhs X OHE
AbMVLyFr7eRD BB, 1) BiERICHE IS 31T 2 I i & TR O B 6%
I DNTFD—2TH 2 DOIIRZEAD S TEBRZAL 1.4.4 ZEIWA Ly F v BB T 2 FREW @
ZHOPIZT I L E, 2) ALy T v 7IdEEE [~ oD IfILAE 53 i o> FH
BTEBICESfTbNTu 3 EEITH Y, ZDOMEE 1.45 RAMEFTOEEREA F Ly F ¥ 7 HHiOME
NDOWELRIHSHICT 20 TH- 7. BRICH Z % 2

1.4.6 2Ly F v 7 DHERBICKIE T
1.4.1 ZEWA F L v F v 72 k 2 KAEEIIR & 5k

1.4.1 REWAKNLYFrTIcE BKREERE FHARD MiTZEL

MERTET, Bl GIPK) WIS, KAEET, R 5, ARIONZ,
B WE BARWHLT

Regional blood flow changes in artery and vein during passive streching

Abstract

The purpose of this study was to test the hypothesis that stretching stimulates muscle circulation and
also causes mechano-receptor mediated vasoconstriction. Blood flow in popliteal artery and vein were
measured (ultrasound method) during passive stretching of the calf muscles with the angle of ankle
joint kept at the maximally stretched position without pain. When calf muscle was stretched, blood
flow velocity in the popliteal artery tended to decrease, whereas it deceased in brachial artery. When
stretched muscle was restored to baseline position, the popliteal arterial velocity significantly
increased, followed by an increase in venous blood velocity in 10-15 s. The results suggested that the
muscle fiber stretching reduced blood flow to the muscles due to mechano-receptor mediated vasocon-
striction and mechanically narrowing vessel diameter. However, immediately after stretching, the
blood flow in the artery was accelerated and it pushed out blood in the venous side, resulting in
increase in venous blood flow velocity.
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Arterial and venous blood flow velocity in popleteal vessels. O: artery, B: vein.
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Blood flow velocity changes in popliteal artery due to passive streching

of calf muscle

Abstract
The flow pattern of antegrade and retrograde (Doppler ultrasound method) was studied in popliteal

artery during calf muscle passive stretching in 10 female subjects. During stretching at anatomical

position of the ankle joint, no significant changes were observed in mean blood flow velocity, ante-

grade and retrograde velocity. At maximal confortably streched position (CP), the retrograde diastolic

flow was significantly accelerated, whereas the antegrade systolic flow and mean blood velocity did

not change. Vascular resistance index increased during diastole at CP position (P < 0.05). The results

suggest that the reduced diameter of the vessels in the stretched muscles increased vascular resistance
during diastole and increased the retrograde diastolic flow.
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Fig. Il11.1.4.2-1 Antegrade systolic (upper panel) and retrograde diastolic (lower panel) blood flow during passive
stretching. Passive stretching s at two positions were performed.

O; anatomical position, @; maximal comfortable position.
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Relationship between blood volume and muscle structure in calf syner-
gist and antagonist muscles during passive streching

Abstract
Changes in muscle structure in calf synergist and antagonist muscles were studied during passive

stretching in 10 female subjects. Fascicle lengths of gastrocnemius medialis (MG) and soleus (SOL)

muscles were lengthened, whereas shortened in tibialis anterior (TA) muscles. Percent increase in fas-

cicle length was greater in MG than in SOL. These changes in fascicle length were closely related to

muscle blood volume (total Hb) changes estimated by near-infrared spectroscopy, irrespective of syn-

ergist or antagonist muscles
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Fascicle length (left) and angle (right) of

MG (O), SOL (H), and TA (A) during passive stretching.
AP; anatomical position, CP; Maximal comfortable

stretching without pain. *P < 0.001 vs rest.
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Heterogeneity of blood flow re-distribution during passive streching in

calf muscles

Abstract

Purpose of this study was to clarify the heterogeneity of blood flow re-distribution during passive
stretching in calf muscles. Ten female subjects were studied for muscle oxygenation in gastrocnemius
medialis (MG) and solues (SOL) muscles using near-infrared spectroscopy. Angle of ankle joint was
passively changed from resting position (120°) to anatomical position (AP; 90°) or maximal comfort-
able position without pain (CP). In MG, blood volume, oxygenated Hb and deoxygenated Hb
decreased during stretching. In contrast, they increased in SOL muscles. The possible reasons to
explain this different response include the difference in the ratio of fascicle lengthening and anatomi-
cal heterogeneity in vessel distribution among muscle fibers.
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Fig. 11I.1.4.4-1 Blood volume (total Hb) changes in
gastrocnemius medialis (MG) and soleus (SOL) muscles
during passive stretching.
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Effect of maximal passive streching on muscle circulation

Abstract
Muscle blood volume and popliteal artery blood flow were determined during progressively increas-

ing stretching calf muscles to find the extent of stretching to induce changes in muscle oxygenation

and circulation in ten female subjects. Muscle blood volume (total Hb measured by NIRS) began to

increase at 40% maximal stretched position in soleus muscles and to decrease at 80% max in medial

gastrocnemius muscle. The latter corresponded to the ankle position of maximal comfortable stretch-

ing. However, no significant changes were obtained in popliteal arterial blood flow. These results sug-

gest that submaximal muscle stretching larger than 40% could stimulate circulation within the muscles.
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Fig. 111.1.4.5-1

Blood volume changes (Total Hb, NIRS) during incremental passive stretching of calf muscles in

medial gastrocnemius (MG) and solues (SOL) muscles. *, **; P < 0.05, P < 0.01 vs. baseline (0).
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The effect of muscle streching on vessel capacity in muscle
Abstract

The effect of muscle fiber stretching on blood vessel shape was preliminary investigated using MR

fresh blood imaging sequence. The image acquisitions with ECG gating were performed during resting,

stretching to maximal comfort level without pain, and recovering phases. By modifying inversion time

of imaging, each image of artery and vein was separately measured. The index of vein volume was

decreased up to 0.75 by stretching. Then, the decreased index was gradually returned to the baseline

after stretching. Additional analyses in detail are currently developing.
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Fig. III.1.4.6-1 The left figures demonstrate the examples of blood vein images over threshold, which were
acquired by flesh blood imaging sequence and were conducted by maximal intensity projection. As shown in right
graph, the vein area was decreased up to 0.75 by stretching with maximal comfort level without pain. Then, the
decreased area was gradually returned to the baseline after stretching.



1.5 Transient increase in femoral arterial blood flow to the
contralateral non-exercising limb during one-legged

exercise

Mutsuko Yoshizawa, Shizuyo Shimizu-Okuyama, and Atsuko Kagaya

Abstract
We studied the effect of exercise intensity and duration on blood flow to the non-exercising leg dur-

ing one-legged dynamic knee extension. Femoral arterial blood flow (FBF) to the non-exercising leg,

blood pressure (BP), and heart rate (HR) were monitored during one-legged dynamic knee extension

exercise at 15, 30, and 45% maximal voluntary contraction (MVC) in seven healthy females. There was

an interaction between exercise intensity and duration for FBF and FVC (P < 0.01). During the initial

phase of contralateral leg exercise at all intensities, FBF and femoral vascular conductance (FVC) of

nonexercising leg increased, and the increase was larger at higher intensities (P < 0.01). After initial

vasodilatation, FBF and FVC decreased to baseline, which suggests the vasoconstriction. However,

FBF and FVC gradually increased during exercise at 15% MVC. We conclude that transient vasodilata-

tion at the onset of exercise is followed by gradual change to vasoconstriction in non-exercising limb

during dynamic one-legged exercise and these changes are exercise intensity- and duration-dependent.

® Purpose

Recent findings regarding blood flow to nonwork-
ing limbs are controversial. Several studies indicate
that blood flow to the inactive forearm increases dur-
ing leg cycling exercise (Ahlborg et al. 1975; Kagaya
and Homma 1997; Tanaka et al. 2006; Taylor et
al.1989). In contrast, Green et al. (2002a, b, c) found
that leg cycling exercise at least at a low intensity
decreases blood flow in the inactive forearm.

The purpose of this study, therefore, was to
determine the effect of exercise intensity, duration
of leg exercise, and the interaction between these
two variables on the blood flow in the contralateral
leg during dynamic knee extension exercises. The
time course of changes in the blood flow to the
femoral artery of the non-exercising contralateral
leg was studied during one-legged knee extension
exercise conducted at various intensities and con-

tinued to exhaustion.

® Methods

The subjects in this study were seven healthy
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females. The right leg maximal voluntary contrac-
tion (MVC) of knee extension was assessed by an
“Action meter device” (VINE, Tokyo, Japan). On
separate days, the subjects performed one-legged
dynamic knee-extension exercise of the right leg
in the upright position with the knee joint angle
extended from 90° to 120° (180° = full exten-
sion). The exercise comprised contraction and
relaxation for 1 s each, as indicated by a metro-
nome. The exercise intensities corresponded to
15, 30, and 45% of the MVC. Following a 10-min
rest period, the subjects performed the knee
extension exercise at a given load until exhaus-
tion. However, the activity was stopped after 15
min if the subjects could continue to exercise. B-
mode ultrasound sonography was used to meas-
ure the diameter of the artery and Doppler-mode
was used to measure blood flow velocity (HP
8500-GP, Hewlett-Packard, USA). A 7.5 mHz lin-
ear array transducer was placed on the skin over
the femoral artery. Blood flow was obtained every

15 s for 90 s during exercise and at exhaustion.
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Fig. I1I.1.5-1
30% and 45% MVC.

Heart rate (ECG) and blood pressure (BP)
(Finapres model 2300, Ohmeda, USA) were meas-
ured on beat-by-beat basis throughout the experi-

ment.

® Results and discussion

At 15 s, FBF increased at all the intensities, and
the changes in blood flow reached a maximum at
45% MVC. FBF remained elevated until 45 s (30%
MVC) and 60 s (45% MVC), and thereafter it
decreased toward the baseline, whereas at 15%
MVC, the FBF returned to the resting level after
initial increase and increased again at the end of
exercise (Fig. II1.1.5-1). Interaction was observed
between the exercise intensity and duration (P <
0.01). An increase in the MBP was observed after
30 s of exercise at 15% (P < 0.01) and 30% MVC
(P < 0.01), whereas it was observed after 45 s of
exercise at 45% MVC (P < 0.01) The HR increased
immediately at the onset of exercise and contin-
ued to increase throughout exercise. Femoral vas-
cular conductance (FVC) increased at the onset of
the exercise at all intensities (P < 0.01). The
change in FVC was the highest at 45% MVC. At
15% MVC, the FVC increased again after having
being reduced to the resting level, and high FVC
values were observed at the end of exercise. At
30 and 45% MVC, FVC remained elevated until
30 s (30% MVC) and 60 s (45% MVC), and it

0 15 30 45 60 75 90100

Femoral arterial blood flow to non-exercising leg during contralateral knee extension exercise at 15%,

38

15%MVC
30%MVC
i 45%MVC
/ L
' / .
120 Time (s)

thereafter decreased with time.

These results suggested that the vasodilatory
response occurred in the non-exercising leg dur-
ing the initial phase of exercise, and the magni-
tude of increase in blood flow was exercise-inten-
sity dependent. Interestingly, it took 30-45 s to
induce vasoconstriction in non-exercising regions.
The mechanism to induce this biphasic response

of blood flow should be studied further.
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1.6 Influence of combination of contraction intensity and

frequency on attaining peak blood flow during exhaus-
tive dynamic plantar flexion

Fumiko Ohmori, Takafumi Hamaoka, Shizuyo Shimizu-Okuyama,
and Atsuko Kagaya

Abstract

We aimed to elucidate the effects of the contraction intensity and frequency on peak blood flow
(BFpeak) during exhaustive dynamic plantar flexion exercise (EDPFEx) and to identify the conditions
required for attaining BFpeak during EDPFEx. Seven women performed EDPFEx at intensities of 15%,
30%, 50%, and 70% of the maximal voluntary contraction (MVC) with 1-s contractions. EDPFEx was per-
formed at 4 different intervals (10%, 30%, 50%, and 70% of the time required to attain BFpeak after a
single contraction). The mean blood velocity and the vessel diameter of the popliteal artery were meas-
ured using Doppler and B-mode ultrasound. Beat-by-beat popliteal artery blood flow was calculated as
follows: the flow integral X heart rate X area of the vessel. BFpeak immediately before and after the end
of EDPFEX significantly changed with altering intervals and intensities. The BFpeak was obtained neither
at the highest total work amount (30% MVC with 10% interval) nor at the highest work rate (70% MVC
with 10% interval) but at 50% MVC with 10% interval (p < 0.05) both immediately before (618 %= 83
ml/min) and after (1246 + 108 ml/min) the end of EDPFEx. This indicated that the combination of exer-
cise intensity and frequency used in this study exerted a greater influence on the BFpeak during and after

EDPFEx

® Purpose

The blood flow to an active muscle changes
depending on the exercise intensity, interval
between contractions, contraction-to-relaxation
duty cycle, etc. Blood flow markedly increases
during the relaxation phase of dynamic exercise,
whereas it remains at a lower level during the
contraction period. Corcondilas et al. (1964)
reported that the increase in the blood flow dif-
fered when the second contraction was performed
4 seconds and 10 seconds after a single contrac-
tion. An earlier study on contraction-to-relaxation
duty cycle indicated that the blood flow to an
active muscle during dynamic exercise reflected
the influence of the alteration in the duration of
the relaxation phase, rather than the effect of
altering the duration of contraction phase
(Hoelting et al. 2001). Therefore, the relaxation
interval between successive contractions may be

a causal factor that determines the blood flow
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than those exerted individually by the total work amount and work rate per se.

during dynamic exercise (Ohmori et al. 2007).
Therefore, this study aimed to elucidate the
effects of exercise intensity and interval, as deter-
mined by the blood flow response after a single
contraction, on the peak blood flow during
exhaustive dynamic plantar flexion exercise.
Further, it aimed to determine the conditions
required for attaining peak blood flow during

dynamic plantar flexion exercise.

® Methods

A total of 7 physically active women (age: 21.9
+ 0.7 years old) participated in the study after
providing informed consent. In a supine position,
each subject placed her respective right foot for
0.5 s on the pedal of the ergometer with the ankle
and knee joints at 90° and 180°, respectively. The
loads applied were adjusted to 15%, 30%, 50%,
and 70% of the maximal voluntary contraction
(MVC). The subjects continued plantar flexions

until exhaustion or for a maximum of 10 min.
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quencies and intensities. * P < 0.05 (significant differ-
ence among intervals).

In the first experiment, we measured the
popliteal artery blood flow after a single contrac-
tion during plantar flexion exercise to determine
when peak blood flow was achieved. In the sec-
ond experiment, dynamic plantar flexion until
exhaustion was performed at 4 different intervals;
these intervals were determined based on the
results of the first experiment. They corresponded
to 10% (10%I), 30% (30%]l), 50% (50%I), and 70%
(70%]I) of the time required to attain peak blood
flow. The blood velocity and the vessel diameter
of the popliteal artery (Doppler and B-mode ultra-
sound method, HP8500GP, Hewlett-Packard
Company, USA) and the blood pressure (Finapres,
Ohmeda, USA) were measured.

® Results and Discussion

The peak blood flow values immediately before
and after the end of exercise until exhaustion are
shown in Fig. I1I.1.6-1A and III.1.6-1B, respective-
ly. Significant interaction was detected among 4

different frequencies and intensities for peak
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blood flow both immediately before and after the
end of exercise. The highest blood flow values
was obtained at the 50% MVC with 10% interval
(p < 0.05) both immediately before (618 = 83
ml/min) and after (1246 + 108 ml/min) the end of
exercise. A significant major effect on the mean
blood pressure immediately after the end of exer-
cise was observed among the 4 different frequen-
cies and intensities.

In general, the increase in blood flow is influenced
by the work rate and the total amount of work load,
specifically after the end of exercise achieved
(Gonzales et al. 2007; Osada and Radegran 2002;
Saltin er al. 1998). However, our results indicated
that the peak blood flow was not always obtained
during exercise at higher work load and work rate
and that the combination of exercise intensity
and frequency has a greater influence on the peak
blood flow than that of either the total work
amount or the work rate individually. The highest
blood flow in this study was obtained at the inten-
sity of 50% MVC and repeated at such a short
interval as 10% of the time required to attain peak
blood flow.
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Muscle fatigue sensation and critical blood pressure elevation during

graded static handgrip exercise

Abstract
The purpose of this study was to clarify the changes in circulatory responses to graded handgrip

exercise and its relationship to muscle oxygenation and muscle fatigue sensation in tennis players.

Dominant hands of 10 tennis players were studied. Muscle oxygenation (NIRS), subjective muscle

fatigue sensation, blood pressure (Finapres), brachial arterial blood flow velocity (Doppler ultrasound

method) and vessel diameter (2-D ultrasonography) were determined during the muscle contraction

and the relaxation phases of 30-s graded handgrip exercise. During this exercise, muscle oxygenation

(NIRS), subjective muscle fatigue sensation, and blood pressure and blood flow increased linearly

related to exercise load at lower intensities, and the former 3 parameters deviated from the initial lin-

ear relationship at higher intensities, whereas the blood flow continued to increase linearly. Critical

load for blood pressure was significantly higher than that for muscle fatigue sensation, and did not dif-

fer from that for muscle oxygenation deviation.
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1.8 Blood flow and arterial vessel diameter change during
graded handgrip exercise in dominant and non-domi-
nant forearms of tennis players

Atsuko Kagaya, Fumiko Ohmori, Shizuyo Shimizu-Okuyama,
Yoshiho Muraoka, and Kohei Sato

Abstract

The training effect on exercise-induced maximal blood flow is still 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 handgrip exer-
cise. Ten female tennis players aged 20.1 £ 0.1 yrs. (mean =+ SD) performed 30-s static handgrip exercise
in a 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 sys-
tole. As a result, the blood flow was significantly higher (P < 0.05) in the dominant limb during post-exer-
cise condition. Muscle thickness of the forearm muscles and maximal handgrip strength were 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 vasculature specific to the dominant side will be included in

the training effects associated with the dimensional muscular changes in the dominant forearm.

® Purpose

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 fore-
arms of tennis players during and after each load

of graded handgrip exercise.

® Methods

Subjects; Ten female tennis players aged 20.1 £
0.1 (mean = SD) years old participated in the study.
They were recruited from the collegiate tennis team,
which won 4th place in the national inter-collegiate
tennis tournament that year. Following 3-minute
baseline measurements, the subject performed 30-s

static handgrip exercise in a supine position with
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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. Brachial arterial blood
flow velocity (V) and diameter (D) were obtained
continuously using ultrasound Doppler and 2-D
methods (GE, Vivid7 Pro), each at diastole (Dd) and
systole (Ds). Brachial arterial blood flow was calcu-
lated as V*  (D/2)? (D = 2Dd/3 + Ds/3). Blood pres-
sure (BP; Ohmeda, Finapres 2300) and maximal vol-
untary contraction (MVC) of forearm muscles, and
radial and ulnar forearm flexor muscle thickness
were measured (Aloka, SSD1000).

® Results and Discussion

Muscle thickness of Rad and UL, MVC, highest
load attained by each subject and total work index
performed until exhaustion were significantly high-
er in the dominant limb.

The blood flow velocity during exercise and

immediately after exercise increased significantly
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nant (M) and non-dominant ((J) limbs. *, ** P <
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(P < 0.01) with loads both in dominant and non-
dominant limbs, though no significant difference in
velocity was found between both limbs. The dias-
tolic and systolic vessel diameters, during exercise
and immediate post-exercise, gradually increased
with time and increasing loads. The diastolic diam-
eters 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. III.1.8-1). In contrast, systolic diameter
did not differ either during exercise or post-exer-
cise between both limbs. 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).

The first finding of this study was that the trained
forearm showed higher exercise-induced blood
flow increase during post-exercise phase, (or relax-
ation phase of dynamic exercise). Our second find-
ing was that the luminal vessel diameter of the

brachial artery during systole did not change signif-
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icantly between limbs, whereas the diameter dur-
ing diastole was larger in the dominant limb. The
latter finding is consistent with the study of
Huonker et al. (2003), who studied thoracic,
abdominal, subclavian and common femoral arter-
ies in trained athletes including professional tennis
players, but not with the study of Schmidt-
Trucksiss et al. (2000). The discrepancy might be
due to the difference of subjects compared in the
respective studies. The possible mechanism to
explain an increased blood flow with training
involves structural remodeling of the vasculature
(Miyachi et al. 1998). 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
(Allen et al. 2003; Clarkson et al. 1999). The contri-
bution of NO to the effect of exercise training on
vascular responses in human subjects remains

undecided (Green et al. 1996).
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Effects of gravity on peripheral circulation during exercise
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Venous and arterial blood flow, and muscle oxygenation during hand-
grip exercise with the arm below heart level

Abstract
The purpose of this study was to test the hypothesis that venous return from exercising muscles was

enhanced under the condition that it was placed below heart level. Thirteen young females performed

rhythmic handgrip exercise with the forearm at heart level or below heart level. Brachial venous blood
flow was significantly larger with the forearm at heart level than that below heart level at the begin-
ning of exercise. In contrast, the brachial arterial blood flow was higher with the forearm below heart
level. The blood volume (THD) estimated by NIRS increased gradually with exercise duration and the

increase was significant during exercise below heart level. These results suggested that the venous out-

flow and arterial inflow during the rhythmic handgrip became out of balance toward the arterial

inflow, due to an increase in vascular bed and blood pooling in the muscle.

°BH i

AT, B & OFIGRT I, BRI E

DKL ~OVICES XD b, DL D TiIcBwizgs
DFFHEENC X BB K E L, Z0HBHIRIMGTIC



[]

 —

: [

11th-15th

O

Fig. I11.1.9.1-1

l

Venous (upper) and arterial (lower) blood flow changes during the contraction (left) and relaxation

(right) phases of handgrip exercise. Handgrip exercises were performed with the forearm at heart level (at H) or

below heart level (below H).
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Effect of blood pooling on blood supply and oxygenation during plantar
flexion exercise

Abstract

Arterial and venous blood flow responses to rhythmic plantar flexion exercise were compared before
and after 30-min upright sitting rest to determine the effect of pooling. Eight female subjects participat-
ed in this study. During 30-min upright rest, the blood volume (total Hb) in the calf muscles estimated
by near-infrared spectroscopy increased significantly, suggesting blood pooling in the calf muscles.
Either venous or arterial blood flow change did not differ significantly before and after pooling.
Further study should be conducted to clarify the effect of pooling on venous and arterial blood flow
changes during exercise.
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Fig. 1II.1.9.2-1 The muscle oxygenation changes during upright sitting rest and during dynamic plantar flexion
exercise before and after 30-min upright rest. < : O:Hb.
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Fig. 111.1.9.2-2 Venous ([J) and arterial (l) blood flow in popliteal vessels during upright sitting rest and during

rhythmic plantar flexion exercise. Significant difference was found between arterial blood flow and venous blood

flow, whereas no significant difference was found those parameters between 1st and 2nd bout of exercise.
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Readjustement or circulatory system
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Regional and central circulatory adjustment to exercise.
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Control of renal and splanchnic circulations during exercise

2.1.1 FHEERICH (T3 BEIRE & U LIERRENIRO M

Renal and splanchnic vascular responses during static exercise and
postexercise muscle ischemia

Abstract
Since visceral regions are consisted of functionally different organs such as kidneys and gastroin-
testinal tracts, it was hypothesized that blood flow regulation induced by the autonomic activation dur-
ing exercise is different among arteries supplying to specific organs. To verify the hypothesis. We stud-
ied blood flow responses in renal artery (RA) and the superior mesenteric artery (SMA) during static
handgrip exercise and the postexercise muscle ischemia (PEMI). Ten healthy female volunteers per-
formed a sustained static handgrip exercise at 30 % of maximum voluntary contraction for 2 min fol-
lowed by a 6-min recovery period (control condition). Subjects also underwent the occlusion condi-
tion, in which arterial blood flow in the upper arm was arrested immediately after the handgrip exer-
cise. Mean arterial blood pressure (Finapres), heart rate (ECG), and blood flow in RA (RABF) and SMA
(SMABF) were measured by Doppler ultrasound technique. Vascular resistance in RA and SMA (RAVR
and SMAVR) were calculated. During handgrip exercise, RAVR significantly increased and sustained at
the higher level during PEMI in occlusion condition, whereas RAVR in control condition returned to
the resting level. On the contrary, SMAVR in both conditions slightly increased during exercise and
returned to the resting level during PEMI. These results supported the hypothesis that blood flow regu-
lation among different visceral organs is differential during exercise and PEMI. RA appeared to be
more sensitive to exercise stimulus and the reflex signals arising from muscle metaboreceptors than
SMA. The artery supplying to the digesting gastrointestinal tract such as SMA might be to some degree

exempt from flow-reducing participation during exercise.
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o Td 2 A8, BRI 3G OBt %

BMRSE B0, MRHPORNRELSZ EvbR ° MRAE
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Renal artery (RA) vascular resistance and superior mesenteric artery (SMA) vascular resistance dur-

ing rest, static handgrip (HG) exercise and postexercise muscle ischemia (PEMI) in control and occlusion conditions.
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Renal and splanchnic vascular responses during dynamic exercise with

graded worklord

Abstract

From our previous report observed during static exercise it was hypothesized that the blood flow in
the renal artery (RA) decreased more than the blood flow in the superior mesenteric artery (SMA) dur-
ing dynamic exercise. To verify this hypothesis, we studied the blood flow responses in RA and SMA
during dynamic exercise with graded workloads. Nine healthy female volunteers participated in the
present study. After 10-min resting, the subject performed a 15-min bicycling exercise including three
workloads of 30%, 50%, and 70 % of peak oxygen uptake for 5 min for each workload. During dynam-
ic exercise, the responses in oxygen uptake, minute ventilation, mean arterial blood pressure, cardiac
output, and heart rate, respectively, increased linearly with three workloads from rest to 30%, 50%, to
70% of the peak oxygen uptake. The conductance in RA, however, demonstrated a significant reduc-
tion during three workloads, by 1911 (SD) %, 29 £ 13 %, 45 £ 13 % of the value at rest for 30%,
50%, and 70% of the peak oxygen uptake, respectively. In contrast, the conductance in SMA showed
no significant change from the resting level. The percent reduction of the conductance in SMA during
exercise was 515 %, 11 £16 %, and 19 =16 % for the three workloads, respectively. Thus, the
present data supported the hypothesis that the renal blood flow decreased more than that in SMA dur-
ing dynamic exercise with graded loads.
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Heart rate, cardiac output, mean arterial blood pressure, oxygen uptake, mean flow velocity and

peripheral conductance in renal artery (RA) and superior mesenteric artery (SMA) at rest and during exercise with

intensity of 30%, 50% and 70% of peak oxygen uptake.
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Cerebral blood flow regulation during exercise

2.2.1 FRRESNE K OESEREHEMICYS 9 2 BTt ERE

Cerebral blood flow responses to static exercise and postexercise mus-
cle ischemia

Abstract

To elucidate the cerebral blood flow responses to static exercise, we measured arterial blood flow
responses in three sites of “the carotid artery root” and one site of “the vertebral artery root”. Ten
healthy female volunteers performed a 3-min sustained static handgrip exercise with ramp load
increasing from 10% to 30% of maximum voluntary contraction followed by a 3-min postexercise mus-
cle ischemia (PEMI). The blood flow (BF) in left common carotid artery (CCABF), the left internal
carotid artery (ICABF), and the left vertebral artery (VABF) was measured by ultrasonography. Mean
flow velocity in the left middle cerebral artery (MCAV) was also recorded. Mean arterial blood pres-
sure (MAP; Finapres) and heart rate (HR; ECG). The vascular resistance (VR) was calculated from the
ratio of MAP to the CCABF, ICABF, VABF, or MCAV. During static exercise (Fig. 1) the vascular resist-
ance in all arteries increased from the resting level in parallel with the increase in MAP, but the mag-
nitude of increase was greater in the “carotid artery root” than the “vertebral artery root”. During
PEMI, CCABF-VR, ICABF-VR, and MCA-VR were significantly higher than the resting level, whereas
VABF-VR returned to the resting level. These data suggested that the static exercise produced greater
vasoconstriction in the “carotid artery root” than the “vertebral artery root” and that the muscle meta-
boreflex played an important role in vasoconstriction in the “the carotid artery root” but not in the
“vertebral artery root”.
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Percent changes in vascular resistance in common carotid artery (CCABF-VR), internal carotid

artery (ICABF-VR), middle cerebral artery (MCA-VR) and vertebral artery (VABF-VR) during rest, static handgrip
exercise, and postexercise muscles ischemia (PEMI). For the calculation of MCA-VR, mean flow velocity was used

instead of volume blood flow. Resting vascular resistance was defined as 100%, and shadow area indicates exercise

period in the figure.
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2.2.2 Comparison of the blood flow responses between internal carotid and
vertebral artery during dynamic exercise

Abstract

The development of the Doppler ultrasonography technique enabled the measurement of the change
in the blood flow in the extra- and intracranial arteries at rest and during exercise. The purpose of the
present study was to clarify the effect of exercise intensity on the cerebrovascular response in the ICA
and VA during semi-recumbent bicycle exercise by using the Doppler ultrasound technique. A total of
10 healthy young adults (1 man, 9 women) [age: 22.5 = 2.5 years (mean = SD)] participated in this
study. The exercise consisted of a 5-min baseline followed by levels of exercise load at 30%, 50%, and
70% of the power of the \‘]Ochak with 5-min duration of each stage. We continuously monitored
cardiovascular (Model flow method with finometer), ventilatory (breathe-by-breathe method), internal
carotid artery blood flow (QICA), and vertebral artery blood flow (QVA) at rest and during exercise. QICA
and Qua was measured by a Doppler ultrasound system and cerebrovascular resistance index (CVRica
and CVRw) were also calculated as MAP divided by CBF. In this study, mean arterial pressure (MAP)
and end-tidal partial pressure of CO: (P:r CO:) increased significantly with increase of exercise
intensity. Qus increased by 12 £ 2% during 30% \./OZpenk and reached a maximum 8 £ 3% during 50%
\’/OZpeak. However, during 70% \.702},9;.k, increase in QICA had a level off, in contrast to a continued
increase in CVRica throughout exercise. On the other hand, Qus increase in proportion to the increase
of exercise intensity (17 £ 3, 33 £ 4, and 40 + 4% at 30, 50, and 70% \.]OZpenk, respectively). In addition,
CVRw did not change from the resting level throughout exercise. These data suggested that during
dynamic exercise the blood flow responses in VA and ICA are different. The difference might be main-

ly explained by CVR responses.

® Purpose

The development of the Doppler ultrasonogra-
phy technique enabled the measurement of the
change in the blood flow in the extra- and
intracranial arteries at rest and during exercise,
i.e., the common carotid artery (CCA), internal
carotid artery (ICA), vertebral artery (VA), and
middle cerebral artery (MCA). Hellstrom et al.
(1996) demonstrated using the Doppler ultrasound
that the blood flow in the CCA, ICA, and MCA
increases during graded dynamic exercise, indi-
cating an increase in the blood flow in the carotid
artery and a large part of the brain. Interestingly,
they reported that compared with moderate exer-
cise (60% maximal oxygen uptake (\./OZmax), heavy
exercise (80% \./OZmax) tended to reduce blood flow
in the ICA and MCA. However, the blood flow
response in the VA during dynamic exercise has

not been evaluated and the effect of exercise
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intensity on CBF during dynamic exercise is less
clear. Therefore, the purpose of the present study
was to clarify the effect of exercise intensity on
the cerebrovascular response in the ICA and VA
during dynamic exercise by using the Doppler

ultrasound technique.

® Methods

A total of 10 healthy young adults (I man, 9
women) [age: 22.5 = 2.5 years (mean = SD),
height: 163.0 =£5.9 cm, body mass: 57.6 £ 5.1 kg,
and peak oxygen uptake (\‘/OZpeak): 37.3+£5.4
ml/kg - in'] participated in this study. The proce-
dure consisted of a 5-min baseline period (Rest),
followed by exercise with loads of 30%, 50%, and
70% of the power at with \./Ozpcak occurred in the
upright position, with each stage lasting for 5 min.
The mean blood flow in the ICA (QICA) and the VA

(C:lm) were measured with a high-resolution



ultrasound system (VIVID7 PRO and LOGIQ5, GE
Medical Systems, Japan) equipped with a 10 MHz
linear transducer. The mean MAP was measured
non-invasively by photoelectric plethysmography
with a Finometer (Finapres Medical Systems BV,
Netherlands). Furthermore, the heart rate (HR),
stroke volume (SV), and thus cardiac output (CO),
were determined from the blood pressure wave
form with the aid of the Modelflow software pro-
gram, which incorporates gender, age, height, and
weight (Beat Scope 1.1, Finapres Medical Systems
BV, Netherlands). The CO was calculated as SV X
HR. Ventilatory parameters were determined with

an online system for the breath-by-breath method.

® Results and Discussion

Carotid blood flow studies using Doppler ultra-
sound measurements have been used to evaluate
changes in the gCBF. Such measurements might
be of value when estimating changes in the blood
flow in the ICA. We observed that Qi increased
by ~12% during exercise with 30% \.702peak and
with a maximum increase of ~18% during exer-
cise with 50% \./Ochak. However, exercise with 70%
\‘/Omek did not further increase (::»)ICA compared with
the value at 50% \’]OZpeak. In contrast to Qrm
response that leveled off at 70% \‘/OZpenk, graded
exercise significantly increased Qva with
increasing exercise intensity. Thus, we considered
that the blood flow responses during dynamic
exercise should differ in responses between ICA
and VA.

The differential responses of the ICA and VA
blood flow during dynamic exercise should be
mainly explained by the difference in the CVR
responses. It is possible that there is little sympa-
thetic and autoregulatory control of the blood
flow and cerebrovascular in the peripheral
branches of the VA as compared with the periph-
eral branches of the ICA. In this case, QVA
passively increased with the MAP and CO during

dynamic exercise. Nevertheless, this is specula-
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Fig. I11.2.2.2-1 (A) Change (%) in blood flow in the
ICA and VA during dynamic exercise and recovery.
(B) Change (%) in the cerebrovascular resistance in
ICA and VA during dynamic exercise and recovery.
Values are means + SE. 30%, 30% VO:pus 50%, 50%
\.]Omek; and 70%, 70% \‘]Ochak; Rec, Recovery. *, *:
significantly different from the Rest (P < 0.05). §: sig-
nificant (P < 0.01) difference between ICA and VA.

tion, given that there is no evidence to suggest
regional differences in sympathetic and autoregu-
latory control in humans brain study. The other
mechanism could contribute the difference in the
CVR in the ICA and VA. First, the difference in
the areas of the brain supplied by the ICA and VA
may be a contributory factor. In a previous ani-
mal study, submaximal and maximal exercise
induced small increases in the vascular resistance
in the regions of the brain that were related to
motor control and locomotion (spinal cord and
cerebellum), maintenance equilibrium (cerebellum
and vestibule), and cardiorespiratory control
(medulla and pons), which are mainly supplied by

the peripheral arteries of the vertebrobasilar sys-



tem, as compared with the cortical regions associ-
ated with motor and somatosensory functions
(frontal cortex), which are mainly supplied by the
peripheral branches of the ICA (Delp er al. 2001).
A second, possibility is that two or more opposing
and offsetting vasodilatory stimuli and substance
are present in peripheral branches of vertebral-
basilar system. There may be a sympathetic vaso-
constriction in response to the increase in perfu-
sion pressure, and simultaneously an equivalent
vasodilatory stimulus resulting from increase neu-
ronal metabolic release. In this case, the net
effect is that vascular resistance remains
unchanged as in our result of CVRva. Third, mor-
phological differences in the two arteries might be
directly connected with this phenomenon. Within
the cranium, the two VA fuse into the basilar
artery. In contrast, the two ICA independently run
up to the brain. Accordingly, it is considered that

several factors may contribute on the difference
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in the CVR in the ICA and VA. However, the
detailed mechanism underlying the differential
CVR responses of ICA and VA are unclear.
Further investigation is required to clarify this.

In conclusion, during dynamic exercise, the
increase in the Qex had leveled off at 70% VOzpu,
in contrast to a continued increase in the Qua
increased with increasing exercise load. This dif-
ference might be induced by the difference in the

CVR response to graded dynamic exercise.
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Development of cardiovascular function in children

Abstract

To understand the development of cardiovascular functions, we studied age-related changes in cardiac
output, total peripheral resistance, cerebral blood flow and the index of cerebral flow distribution in 207
healthy female children between 10 and 18 years of age. Mean arterial blood pressure (MAP) was meas-
ured non-invasively by photoelectric plethysmography with a Finometer. Heart rate (HR) and stroke vol-
ume (SV) and cardiac output (CO) were determined from the blood pressure waveform by using Model
flow software program. The blood flow in left common carotid artery (BFCCA) was measured during sit-
ting rest by ultrasonography. The index of cerebral blood flow distribution (%) was calculated as
BFcca/CO X 100. The total peripheral resistance, an index for changes in vascular growth, was calculated
as MAP/CO. CO began to increase from 11 years and was nearly complete by 15 years. The increase in
CO was due to a significant increase in SV since HR tended to decrease from 10 to 15 years. TPR
decreased also from 10 to 15 years indicating a significant growth in the vascular beds of whole body.
BFcea gradually decreased from 10 to 15 years and the index of cerebral flow distribution (18 %) was
highest at 10 years and followed by a gradual decline to 15 % at 15 years of age. Over the age of 15
years, the values in CO, TPR, BFcca and the index of cerebral blood flow distribution were almost stable
and identical to those in adult females. The present data suggested that the development in cardiovascu-
lar functions and cerebral flow distribution are accomplished by the age of 15 years in females.
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Developmental changes in cardiac output (CO), total peripheral resistance (TPR) and cerebral blood flow

(CCA) and index of cerebral flow distribution (CCA/CO*100) from 10 to 18 years of age in female. The horizontal axis

indicates the grade of elementary school (E), junior high school (J), and high school (H).
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Analysis of central command and reflex regulation of cardiovascular
system during exercise with respect to muscle sympathetic nerve activity

Mitsuru Saito
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Comparison of sympathetic nerve activity responses between dominant

and nondominant arm

Abstract
The aim of this study was to investigate whether muscle sympathetic nerve activity (MSNA) during

handgrip exercise performed with the dominant (D) and nondominant arm (ND) was different.

Intermittent static handgrip with maximal effort and rhythmic handgrip under the forearm circulation

arrest with maximal effort followed by two 2-min post exercise arterial occlusion (PEAO) were used for

test exercises. MSNA was recorded from the tibial nerve by microneurography. MSNA increased dur-

ing intermittent static exercise while the response was not different between D and ND. During rhyth-
mic handgrip and PEAO, MSNA increased 197% and 369% of resting value for D and 140% and 197%
for ND respectively, and those differences between D and ND was significant. The different MSNA
responses in D and ND may be due to the difference in size of muscle metaboreflex than that exercise

effort.
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Comparison of muscle sympathetic nerve activity between dominant and nondominant arm during

intermittent static handgrip exercise (left panel) and ischemic rhythmic handgrip exercise and post exercise arterial

occlusion (right panel). A: dominant arm, @: nondominat arm, * p < 0.05 compare to the resting control, # p < 0.05

dominant vs nondominantarm.
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Effect of resistance training on the muscle sympathetic nerve activity

during handgrip exercise

Abstract
To reveal the effect of resistance training on central and muscle reflex control of muscle sympathetic
nerve activity (MSNA) during exercise, MSNA was investigated pre- (PRE), post-training (POST) and
4 weeks detraining after resistance training using fatigue-inducing handgrip exercise and post-exer-

cise forearm occlusion (PEFO). Eighteen volunteers underwent forearm training, which contained 30

maximal effort, 10-s-duration static handgrips 4 days per week for 4 weeks. MSNA was recorded

from the tibial nerve by microneurography. Maximal handgrip force increased at POST. The MSNA

response during fatigued handgrip also increased at POST, as compared to PRE (52 =£5 vs. 40 £4

bursts/min (mean = SEM) respectively. However, at detraining, MSNA activity returned to PRE level
(44 £ 5 bursts/min; p < 0.0001). The MSNA response during PEFO was constant throughout the exper-
iment. The results indicate that an increased MSNA response after resistance training is likely to be

the result of central command rather than the muscle metaboreflex.

o8 B

R b L —= v 730 R 0 BRI o
wam, EEHREOLPBCIMEDK T 2MES . s
D JEZAVNT N A FEIE B D 2L 2SBIR 2 & &
Zo6Nb, INET, AL —= Vv 7ICHT 25
IR O { R E ARG B O SO AR T 92 2 & s
INTVBEY, LYAY VAL —=r2 (RT) I
BIL Tl —ED ARz o vy (GFiE 2004).
AWFETld, RTIZAMIESEHG 7210 <% < LA s
5 DOPMIERIC O HET 2 L ORFUSHEITVT, T
L — = v JHi s O B IR O i 2 ARG E) (MSNA)
FIGPE VLY RAE VAL —= v 7 DRIFIZOWT
Wt L 7.

° 7 Ik

fEREZIMA B 18 a2 R E L, 943 IER Z i
Z M7 RT 2 93, %0 9AIRREE Lz, L
— =V 7R 10BEDRKENFHRNANY F 7Y v T
(HG) iE)% 10 BE DK 2P A T 10[E#E D KT
FMEZ, 1H3®y &, @51, 4ERFEEL 7.

7 A bEB) o PG & AUE A A S O R R %

69

29 2 HIW T A HG RS (MVC) @ 33 %ikJ1d8
HERFCTE {72 5 £ TR 2V HG & ZhucHi <
2 S BRI % F v 72, SEBF A Pl h L —=
YJHL, b=, BXUO L -y JEIR4
I IENE L 72,

HEHEHEIEMSNA, Lin#, IE, HGERITH -
7o, MSNA ZCEMRE X D Gk, 1Mo N— 2 F 5
$¥ (BF) T&RL 7. LEXRIGHMREBGRFELEIC XD,
MFEE7 4 F 7L ALK D HlEL 7,

FL—= v Ui ORKES, LdE, ik X
OSEBEBHIM T O MSNA, D%, IERIG IE#D
BLOD 2508 ohrciEL, TAAREICIE
Wilcoxon test Z @ L 7.

O ERBLUER
1) N\ RTUYTERA

FL—=y 7HORKHGENZ L —= v 7
17.6% (P<0.05) ¥L, bL—=r7{E1kE4H
BOLERICHOCHGENSHER Sz, kL
MHEBEORAKHGERAIE ML —= 7T, %, hL—
=y 7 EIE4EB OB AR 2 2LIZFEY s s h



Fig. 111.3.2-1
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Comparison of the changes in burst frequency (dBF) during fatiguing handgrip exercise (HG) and post

exercise forearm occlusion (PEFO) at pre-training (B), 1 week post-training (A) and 4 weeks post-training (D) in the

trained (left panel) and control group (right panel).
values.
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*p < 0.05 compared to the pre-training or 4 weeks post-training
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Effects of Different Exercise Modalities on Skeletal Muscle
and Prefrontal Cortex Oxygenation Monitored by Near
Infrared Spectroscopy

Valentina Quaresima

Abstract
The research activity has mainly been focused on the study of the vascular and metabolic mecha-
nism regulating the cerebral and muscular oxygenation and metabolism by using near infrared spec-
troscopy (NIRS) and functional NIRS with a multidisciplinary approach. In particular, the results want
to give a contribution for: 1) understanding the mechanism of the muscle fatigue during exercise and
the kinetics of the transition rest-exercise, and 2) supporting the hypothesis that prefrontal/frontal lobe
plays a role in maintaining strength of the forearm muscles and ensuring a correct execution of motor

tasks which require a fine motor control and coordination.

4.1

Metabolic pattern of the leg skeletal muscle groups dur-

ing very short and intense isometric exercise

The purpose of the study was to assess on
heavy-resistance strength trained and untrained
subjects the vastus lateralis (VL) muscle O: satura-
tion (TOI) time course in response to a brief maxi-

mal voluntary isometric contraction.

® Methods
Trained (n = 10) and untrained (n = 10) sub-
jects performed a trial consisting of: 1) a 1-min
rest period, 2) a leg press exercise of about 3 s,
and 3) a 2-min recovery period. The leg press
exercise consisted of a static maximal voluntary
contraction using only the dominant leg. The leg
press strength was recorded using a load cell. The

TOI was measured by NIRS (NIRO-300; 0.17 s

sampling time).

® Results
Fig. 1l1.4.1-1 left panel shows the VL oxygena-
tion pattern observed in a athlete. TOI was

unchanged over the 3-s exercise and started to
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drop immediately after the exercise end. Fig.
II1.4.1-1 right panel shows the typical TOI pattern
of a sedentary subject. TOI was stable only over
the first 1.5-2.0 s of the exercise; thereafter, TOI
started to decline. The time to the onset of TOI
decrease was consistently shorter in the untrained
than in the trained subjects. In all the trained sub-
jects, TOI started to decrease 0.5-1.0 s after the
end of the contraction. After the end of the exer-
cise, TOI transiently decreased reaching its mini-
mum value in about 15 and 10 s in the trained
and untrained subjects, respectively.

In conclusion, the results of this in vivo study
demonstrated that the aerobic oxidative metabolic
system occurs earlier in untrained than in
strength power trained subjects upon a very short
isometric high-intensity exercise. From this point
of view, NIRS could be employed to: 1) profile in
each muscle group the aerobic and, indirectly,
anaerobic energy system contribution during even

single brief maximal exercise, and 2) follow the
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Fig. [11.4.1-1 Left: Time course of leg force output (upper panel), and vastus lateralis TOI and tHb (lower panel)
before, during, and after static leg press exercise. Right: Time course of leg force output (upper panel), and vastus
lateralis TOI and tHb (lower panel) before, during, and after static leg press exercise.

alteration of the profile as function of specific aer- The details of this study are reported in the pre-
obic or anaerobic training or rehabilitation pro- vious study (Cettolo et al. 2007).
grams.

4.2 Acute effects of whole body vibration exercise (an
alternative exercise intervention) on gastrocnemius
medialis and vastus lateralis oxygenation

Whole body vibration (WBV) has been promoted In most of the vibrating plates currently available
as an alternative exercise intervention able to on the market, vibration frequency is the only
affect neuromuscular performance in young and parameter that can be changed, and notwithstand-
old individuals. This new neuromuscular training ing manufacturers’ instructions, there is no real
method consists of squatting on specially designed evidence to suggest the optimal training frequency
plates producing sinusoidal oscillations of different to be adopted. Therefore, the determination of the
frequencies and amplitudes. It has been suggested effects of different WBV frequencies on muscle
that the sinusoidal vibration generated by the plate oxidative metabolism represents an important
oscillations elicits reflex muscle activity in the aspect to be analysed in order to provide guide-
lower limbs mainly via monosynaptic pathways. lines for WBV training programs. Considering the
Muscle activation during squat exercise on vibrat- lack of information regarding muscle oxygenation
ing surfaces is still a controversial topic. Vibration during WBV exercise, we aimed at investigating
exercise intensity can be determined by manipu- the effects of different WBV frequencies on oxy-
lating two parameters: amplitude and frequency. genation of VL and gastrocnemius medialis (GM)
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muscles during static squatting in sedentary and
physically active healthy males. We hypothesized
that vibration would determine a decrease in mus-
cle oxygenation in GM and VL greater than control
condition, due to an increase in muscle activation.
Furthermore, we hypothesized that the oxygena-
tion of GM muscle, due to its proximity to the
vibration source, would be more affected than the

oxygenation of VL. during WBV.

® Methods

Ten subjects were sedentary individuals and ten
were athletes practicing different sports. All sub-
jects completed 4 trials (Control, 30 Hz, 40 Hz
and 50 Hz WBYV) in a randomised-controlled
cross-over design. The trials consisted of static
squatting on a vibrating platform for a total dura-
tion of 110 s. Muscle oxygenation status was

recorded with NIRS (NIRO-300).

® Results

The data analysis revealed no significant treat-

ment by time interactions in both TOI and A total
hemoglobin volume (tHb) in VL and GM muscles.
A significant main effect of time in TOI of both VL
and GM muscles was identified (P < 0.001). TOI
significantly decreased from baseline in VL in
control conditions after 90 s and 110 s (P < 0.05
and P < 0.05, respectively), in 30 Hz condition
after 110 s (P < 0.01), in 40 Hz condition after 30
s (P < 0.05), and significantly increased after 30 s
in 50 Hz condition. GM TOI was found to be sig-
nificantly lower than baseline at 60 s (P < 0.05),
90 s (P<0.01)and 110 s (P < 0.01) in control con-
dition, and at 110 s (P < 0.05) in 30 Hz condition.

In conclusion, this study showed that WBV
exercise with frequencies of 30, 40 and 50 Hz and
small amplitudes does not affect muscle oxygena-
tion of VL. and GM muscles to a higher degree
than a non-vibration condition.

The details of this study are reported in the pre-
vious study (Cardinale et al. 2007).

4.3 Biceps brachii myoelectric and oxygenation changes
during static and sinusoidal isometric exercises

Surface myoelectric signal changes occurring
during sustained isometric contractions have been
extensively studied with quantitative surface elec-
tromyography (sEMG) and are described by
means of some SEMG global variables in time and
frequency domain (such as the median power
spectral frequency).

The purpose of this work was to combine NIRS
and sEMG techniques to analyze the relationship
between modifications of SEMG parameters and
the underlying metabolic status of the exercising
biceps brachii muscle. This relationship was test-
ed under different isometric contraction modali-

ties, namely static (ST) at 20, 40, 60 and 80%
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MVC and sinusoidal (SIN) at 40 +£20 and 60 *=
20% MVC.

® Results

Results clearly indicate the presence of an ini-
tial fast phase of muscle O: desaturation followed
by a slow phase, regardless of the contraction
modality. Moreover, the initial rate of muscle O:
desaturation was related to the level of force out-
put (R = 0.92), but it was independent on the con-
traction modality (P < 0.05). Similarly, changes in
SEMG parameters were related to force level
(Conduction Velocity - CV vs. Force: R = 0.87;
SsEMG Median Frequency - MDF vs. Force: R =



0.86). The high correlation found between CV-
MDF and Tissue Oxygenation Index (TOI) slope (R
= 0.73 and 0.72, respectively) suggests a strong
relationship between NIRS and sEMG data.
Finally, this study indicates that muscle O:

demand during isometric contractions from low to

high force levels is influenced by the type of
active motor units and not from the type of iso-
metric exercise modality.

The details of this study are reported in the pre-
vious study (Felici et al. 2007).

4.4 Auxiliary muscles oxygenation during a rowing exercise

The aim of this study was to investigate the
contribution of the auxiliary muscles, utilized to
sustain the subject’s position on the ergometer, to

the oxygen uptake slow component phenomenon.

® Methods

Three tests were performed at the same severe
relative intensity on a rowing ergometer: a stan-
dard rowing exercise test, a rowing exercise per-
formed with the arms and one performed with the
legs only. During the three exercise modalities
oxygen uptake, local oxyhemoglobin saturation
and surface electromyography signals of the
trapezius and vastus lateralis muscles were meas-

ured.

® Results

The slow component amplitude, in absolute val-
ues resulted statistically lower for rowing (343.9 &
232.2 ml - min') than for arms (795.6 & 405.6
ml - min') and legs (695.8 £ 292.8 ml - min") exer-
cise modes. The same result was found when the
slow component amplitude was calculated as per-
centage of VOzpeac (7.1 5.0 % for Rowing; 17.2 £
6.6 % for Arms; 17.3 =6.4 % for Legs). The lower
slow component amplitude measured for the rowing
exercise mode with respect to both arms and legs
modes, demonstrates that the auxiliary muscles
involved in the exercise contribute to the increasing
energetic cost due to the slow component.

The details of this study are reported in the pre-

vious study (Demarie et al. 2008).

4.5 Effects of handgrip exercise on frontal cortex oxygenation

Neuroimaging studies have reported a propor-
tional relationship between cortical signals and
exerted joint force in humans, indicating that
brain signals are positively correlated to voluntary
efforts, as a high level of effort is required for
exerting greater muscle force. The effect of
diverse skeletal muscle exercises on brain cortex
oxygenation, and in particular on ipsi- and con-
tralateral prefrontal cortex (PFC) has not been

fully clarified yet.
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The purpose of the study was to investigate the
time course of the oxygenation of the frontal cor-
tex (FC) during a handgrip task performed sepa-
rately with right and left hand.

® Methods

Mean (% SD) age, height, and body mass of the
12 right-handed subjects were 27 £4 vy, 177 £5
cm and 76 = 12 kg, respectively. Participants

completed two separate experimental sessions



performed at the same time of day and separated
by a minimum period of 24 hours. In the first ses-
sion each subject performed 5 maximal voluntary
contractions (MVC) for each hand. The partici-
pant was instructed to squeeze a handgrip device
with each hand to his maximum ability while stay-
ing in a supine position. Each MVC lasted approx-
imately 2-s with a 120-s rest period between tri-
als. In the second session, two identical rhythmic
handgrip exercises at MVC were executed, one
exercise for each hand. The exercise consisted of:
a 5-min rest condition, a 5-min rhythmic exercise
(100 MVCs; 2-s contraction and 1-s relaxation)
and a 5-min recovery. Fifteen min later, the same
exercise was repeated with the other hand.
Handgrip force was measured by a system con-
sisting of a handgrip device and a digital handgrip
analyzer (MIE, Medical Research, UK). Subjects
exerted handgrip contractions looking at a traffic
light generated by the handgrip analyzer software.
The visual stimulus was projected towards the
ceiling over the subject by a video-projector.
When the traffic light was green the subject had
to exert his maximum force upon the transducer
and maintain the force at his peak until the traffic
light changed to red. Upon a red traffic light sig-
nal, the subject had to relax so that did not exert
any force upon the transducer. The subject
repeated this process for each cycle following the
traffic light prompts. The sampling rate for force
data was 33 Hz. Heart rate (HR) was measured by
a pulse oximeter equipped with a ear lobe probe
(Nellcor N600, USA).

A 8-channel fNIRS system (NIRO-200 with
multi-fiber adapter, Hamamatsu Photonics K.K.,
Japan) was used to measure frontal changes in
[O-Hb] and [HHb]. Two optical fiber bundles (2.5
m length; 3 mm diameter) carried the light to the
left and the right frontal cortex; whereas eight
optical fiber bundles of the same size (4 for each
lobe) collected the light emerging from the frontal

areas. The two illuminating bundles and the col-
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lecting ones were assembled into a specifically
designed flexible probe holder (Elastomer
LCG20R, Chiorino S.p.A, Italy) ensuring that the
position of the 10 optodes, relative to each other,
was fixed. The probe holder consisted of two mir-
ror-like units (10 X 8 cm each) held together by a
flexible junction. The 8 fNIRS measurement points
(channels) were defined as the midpoint of the
corresponding detector-illuminator pairs (distance
set to 3 cm). The optodes were inserted into the
elastomer probe holder through fiber optical bun-
dle socket connectors, and then placed over the
forehead of both hemispheres. The probe holder
was fixed to the head by a velcro brand fastener,
adapting them to the individual size and shape of
the different heads. This flexible probe holder and
its position on the head allowed the creation of
stable optical contact with the forehead’s scalp
for all optodes. The channels 8, 5, 4, and 1 corre-
sponded to Fpl, AF3, Fp2, and AF4 respectively,
according to the extended international 10/20 sys-
tem of electrode placement. The quantification of
concentration changes, expressed in AuM, was
obtained by including an age-dependent constant
differential pathlength factor (DPF) (5.13 + 0.07 X
age®®). Data were acquired at 1 Hz and trans-
ferred online from the NIRO-200 monitor to a
computer.

Statistical analyses were performed using the
SigmaStat 3.5 package (Systat Software Inc.,
Richmond, CA). The average values were
expressed as mean = SD. The criterion for signifi-
cance was P < 0.05. In order to determine the
significance of [O-Hb], [HHb] heart rate and force
changes one way repeated measures analysis of
variance (one way RMANOVA) and post-hoc
Tukey test were performed. For [O:-Hb], [HHDb]
and HR the control condition was the mean value
of the 30-s rest condition.

To examine the effect of the handgrip exercise
on [O:Hb] and [HHDb] changes, areas under the

curve (AUCs) were computed using the curves
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Fig. I11.4.5-1 Force tracings; heart rate tracing and FC oxygenation changes during right and left handgrip exercise
(left and right panels, respectively). Although the force was decreasing and the HR was constantly high during the
exercise period, FC was found activated (increase in O:Hb and a concomitant decrease in HHb) throughout the
investigated frontal region. A higher activation was found ipsilateral to the exercising hand. The horizontal lines
indicate the significance interval. Means = SD.

over the time associated with the exercise. This The AUC of the rest period was subtracted to
analytic approach is well established in the quan- the AUC of the exercise period and resulting data
tification of concentration change over time and it were analyzed by using a three-way analysis of
would be maximally sensitive to task-related variance model using post hoc Tukey test to
changes on [O:Hb] and [HHb] regardless of the determine the significance of individual changes
shape of the response profile. between three experimental factors[hemisphere
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Fig. 11.4.5-2 Laterality index for the [O-Hb] and [HHb] changes of the 12 subjects for the right (filled circle) and
left (empty circle) hand exercises. The two dashed lines indicate the significant thresholds for the two exercises.

(2) X channels (4) X task execution(2)].

In order to determine left/right asymmetry of
FC activity during the handgrip task, a laterality
index (LI) for the [O:Hb]| concentration changes
was calculated using the formula (R-L)/(R+L),
where R and L indicated the sum of the AUC val-
ues of the right side (channels 1, 2, 3, 4) and the
left side (channels 5, 6, 7, 8). LI > O indicates
greater activity of the right FC, while LI < 0 indi-
cates greater activity of the left FC. When the acti-
vation of one side was 1.4 times greater than that
one found on the other side, the absolute value of
LI became greater than 0.15. One side predomi-
nance was arbitrarily defined as the absolute LI
greater than 0.15.

The summary of the study is reported in Fig.
II1.4.5-1. A significant progressive decline (up to
about 60%) of force was observed over the exer-
cise duration. The so-called cortical activation of
both frontal areas (ipsi and contralateral) was
observed in all subjects during rhythmic maximal

handgrip exercise. The mismatched patterns of
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HR and O:Hb changes suggest that the observed
FC oxygenation changes were task related. The
laterality index for [O:Hb] changes (the most sen-
sitive parameter to cortical blood flow changes) is
reported in Fig. [11.4.5-2. The amplitude of [O-Hb]
changes was found greater in the FC ipsilateral to
the exercising hand with respect to the contralat-
eral one.

These results confirm the previous ones
obtained by others using fIMRI and provide fur-
ther evidence that FC plays a role in maintaining
strength of the forearm muscles and ensuring a
correct execution of motor tasks which require a

fine motor control and coordination.
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Technical Developments of Multi-channel Near-infrared
Devices for Studying Oxygenation and Hemodynamics in
Brain Cortex and Skeletal Muscle

Marco Ferrari

Abstract
The research activity has mainly been focused on the development and application of near infrared
spectroscopy (NIRS) or imaging (NIRI) in different fields of medicine including sports medicine, cogni-
tive neuroscience and psychiatry. In particular, 1) specific probe holders were designed and realized

for measuring oxygenation changes at cortical frontal lobe level of both hemispheres, 2) a software for

data handling and statistical analysis was developed/tested, and 3) research efforts were made on the

refinement of NIRS muscle/brain measurements and data analysis.

5.1 Test of a near infrared spectroscopy-continuous wave
imager (NIRStation 16, Shimadzu)

Thanks to relatively low cost, simplicity and
overall robustness, near infrared spectroscopy-
continuous wave (NIRS-CW) systems have been
widely used not only in basic research, but also in
clinical applications including tissue oximetry and
functional brain/muscle imaging. Recently, sever-
al groups began to use multi-channel NIRS-CW
imaging systems that allow, with high temporal
resolution (up to 10 Hz), the generation of images
of a large area of the subject’s head and muscle
and, thereby, the production of maps of cortical
and muscle oxygenation changes. Unfortunately
few imagers are commercially available and they

are quite expensive.

® Methods
In the framework of the project, two imagers
produced by Japanese companies (Shimadzu and

Hamamatsu), were tested. During a visit in Tokyo,
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the NIRS-CW imager (NIRStation 16, Shimadzu)
(http://www.med.shimadzu.co.jp/products/om/01.
html) was utilized for investigating the effect of an
exhaustive handgrip exercise on the oxygenation
of the frontal cortex. The subject (with eyes
closed) was sitting and, when requested, exerted
his maximum effort grasping a builder grip with

the right hand.

® Results

A cortical activation (decrease in deoxy-hemo-
globin (HHb) accompanied by an increase in oxy-
hemoglobin (O:Hb)) was observed over the 31
measurement points in the right and left frontal
cortex (source-detector distance: 3 cm). The high-
est increase in O:Hb was found in the measure-
ment point #3 of the left frontal cortex. The
NIRStation 16 is not commercially available out-

side Japan.



5.2 Test of a 8-channel near infrared spectroscopy-contin-
uous wave imager (Hamamatsu)

A 8-channel-NIRS-CW imager (NIRO-200 with a
multi-fiber adapter, Hamamatsu; http://jp.hama-
matsu.com/resources/products/sys/pdf/eng/e_niro
200.pdf) was installed in our laboratory in 2006.
This is the only system operating in Europe.

Probe holders, dedicated for carrying out corti-
cal oxygenation measurements over the frontal
lobe of both hemispheres, were custom made.
Two optical fiber bundles (2.5 m length; 3 mm
diameter) carry the light to the left and the right
frontal cortex; whereas eight optical fiber bundles
of the same size (4 for each lobe) collect the light
emerging from the frontal areas. The two illumi-
nating bundles and the collecting ones were
assembled into a specifically designed flexible
probe holder (Elastomer LCG20R, Chiorino S.p.A,
Italy) ensuring that the position of the 10 optodes,
relative to each other, was fixed (Fig. 1I1.5.2-1).
The probe holder consists of two mirror-like units
(10 X 8 cm each) held together by a flexible junc-

tion. The 8 fNIRS measurement points (associated

Fig. 111.5.2-1
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to the 8 channels) are defined as the midpoint of
the corresponding detector-illuminator pairs (dis-
tance set to 3 cm) (Fig. I11.5.2-2). The optodes are
inserted into the elastomer probe holder through
fiber optical bundle socket connectors, and then
placed over the forehead of both hemispheres.
The probe holder can be fixed to the head by a
velcro brand fastener, adapting them to the indi-
vidual size and shape of the different heads.

A software was developed and tested for the
data handling and statistical analysis. The possi-
bility to adapt the software “Functional Optical
Signal Analysis (fOSA)” developed by the
“Department of Medical Physics and Bioengine
ering of the University College” of London was
also investigated.

This instrumental set up has been utilized in
two cognitive neuroscience studies (Curcio et al.
2005; Quaresima et al. 2009) and in other ones as

stated in the report by Quaresima.

Schematic drawing of the flexible probe holder.



Fig. [I[.5.2-2 Eight measurement points (channels, Ch) over the frontal lobe. S: source; D: detector.

5.3 Test of a 8-channel
Milan, Italy)

The key limitation of NIRS-CW is the coupling
between the absorption and the scattering coeffi-
cient causing the lack of quantitative assessment.
The simultaneous estimation of both absorption
and scattering can be achieved by NIRS-time
resolved (NIRS-TR) systems, which deliver ultra-
short laser pulses into tissue and record the time
distribution of diffusive photons. In the past, for
both technological and financial constraints,
NIRS-TR systems have grown on a complex labo-
ratory scale, yet, in recent times, they have
evolved towards compact and portable instru-
ments. Up to now, such systems have not been
commercially available either on the market or at
the research and laboratory stage.

In collaboration with Politecnico of Milan
(Italy), a compact eight-channel NIRS-TR system
was developed for the non-invasive measurement
of tissue oxygen saturation and total hemoglobin

volume (tHb). The system has a high temporal
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time-resolved imager (Politecnico,

resolution (200 ms) and a fast image reconstruc-
tion/data analysis. The instrument was used for
monitoring spatial changes in calf oxygen satura-
tion (SO-) during dynamic plantar flexion exercise
(Torricelli et al. 2004). The same system was uti-
lized to investigate the bilateral PFC oxygenation
responses to a letter-fluency task (Quaresima et al.
2005). The cross-subject mean values of PFC SO-
were 68.8 £ 3.2% (right) and 71.0 £ 3.6% (left),
and of tHb were 69.6 £ 9.6 ¢ M (right) and 69.5 =
9.9 u M (left). The typical cortical activation
response to the cognitive task was observed at
each measurement point. O-Hb is the most sensi-
tive indicator of increases in cerebral blood flow
(neurovascular coupling) and the direction of the
changes in HHb is determined by the oxygenation
and volume of the venous blood.

The same system was used to monitor the optical
response following a motor task (finger opposition,

3 Hz) (Contini et al. 2006). The Fig. 111.5.3-1 (left
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Panel A) Time course of changes in O:Hb (open symbols) and HHb (filled symbols) of the left motor

area during the exercise performed with the right hand (triangle) and with the left hand (square). The vertical lines

represent the task interval.

Panel B) Grey level maps representing changes in O:Hb (top row) and HHb (bottom row) over the left motor area
cortex during the baseline period (left column), the finger opposition task performed with the right hand (middle

column), and the recovery period (right column).

panel) shows the time course of the changes in
0O:Hb and HHbD for a single detection channel. The
grey level maps of O:Hb and HHb changes
(obtained by interpolating the results from the eight
collection points) is shown in the right panel. As it
would be expected, during the task, the activated
area is revealed by an increase in O:Hb (black area
in the central image of the upper line) and by a
concomitant decrease in HHb (white area in the
central image of the lower line).

The development of improved NIRS-TR systems

and their application in functional imaging studies
will serve not only to definitely set its potentiality,
but also as a feedback to the development of
improved NIRS-CW set-ups for next-generation
optical imaging devices. In the future we want to
continue in giving a contribution to the develop-
ment of multi-channel NIRS systems for better
studying oxygenation and hemodynamic changes
in brain cortex and skeletal muscle during differ-

ent challenges.

5.4 Preparation of two review articles on NIRS technical
developments and applications

Two review articles (Hamaokaer al. 2007; Wolf
et al. 2007) were written to give a contribution to
the Special Section of the Journal of Biomedical
Optics entitled: “Pioneers in Biomedical Optics for
honoring Professor Frans F. Jobsis of Duke
University” (Delpy et al. 2007).

The first one (Hamaoka et al. 2007) reports the
progress of the in vivo NIRS and near infrared

imaging (NIRI) instrumentation for brain and mus-
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cle clinical applications. The article summarizes
the main characteristics of the present commer-
cially available NIRS and NIRI instrumentation.
Moreover, it discusses strengths and limitations.
The second one (Wolf et al. 2007) highlights the
progress that has been made in developing and
adapting NIRS and NIRI technologies for evaluat-
ing skeletal muscle oxygen dynamics and oxida-

tive energy metabolism. NIRS measurements have



been extended to resting, ischemic, localized
exercise, and whole body exercise conditions. In
addition, the review article describes the applica-

tion of NIRS to the study of a number of chronic

health conditions, including patients with chronic
heart failure, peripheral vascular disease, chronic
obstructive pulmonary disease, varying muscle

diseases, spinal cord injury, and renal failure.

5.5 Contribution to the refinement of NIRS muscle meas-

urements

Unfortunately in several recent publications the
presentation of the CW NIRS muscle or brain data
is still confusing and inadequate. In order to give
a contribution to the correct use of the NIRS
instrumentation in skeletal muscle and brain stud-
ies, five letters were submitted to the Editor-in-
Chief of different International Journals. All the
letters, related to one of the following topics:

- the light source-detector spacing of near-
infrared-based tissue oximeters and the influ-
ence of skin blood flow (Ferrari e al. 2006)

- the evaluation of skin blood flow contribution
to the muscle oxygenation measurement

(Quaresima and Ferrari 2006a)

the quantification of quadriceps oxygen
desaturation at the onset of exercise
(Quaresima and Ferrari 2007)
- the quantification of calf oxygenation in para-
plegic patients (Quaresima and Ferrari 2006b)
- the clinical significance of cerebral oxygena-
tion during exercise in patients with coronary
artery disease (Quaresima and Ferrari, 2009)

have been accepted for publication.
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Discharge properties of motor unit with respect to the mode, intensity,
duration of the exercise and muscle metabolism
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Force output of human muscle fibers during repetitive electrical stimu-

lation using physiological rates

Abstract
This study examined changes in an evoked force of human muscle fibers by electrical stimulation

using inter-stimulus interval within physiological range occur during submaximal contraction. Muscle

fibers in vastus medialis muscle were percutaneously stimulated for 3min using constant inter-stimulus
interval at 100 and 50ms. The evoked tetanic forces of muscle fibers initially appeared significant
increment during the electrical stimulation. The initial increment force had two peaks; initial transient

and following gradual slow increase during 100 ms and had one peak during 50 ms simulation. The

results confirmed that increase in tetanic force of muscle fibers like potentiation is evident during

repetitive activation within physiological rate in human. Therefore, spike interval elongation would be

necessary to achieve a constant force during isometric contraction at low level.
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Fig. II1.6.1-1 Representative changes pattern of

evoked force during constant inter-stimulus interval
stimulation at 100ms. Vertical line shows magnitude of
peak force of twitch.
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Mechanisms responsible for spike interval elongation of motor unit

during submaximal contractions

Abstract
Discharge of motor units (MU) is well known to show elongating trends in the spike interval during

voluntary constant-force isometric contraction, but neural mechanisms underlying those trends remain

unclear. This study examined effects of peripheral afferent stimulation on MU activity during voluntary

contraction. Some MUs were discharged at the longer interval without an elongating trend during

involuntary constant-force contraction via tonic vibration reflex. Furthermore, irrespective of peripher-

al afferent manipulation, the spike interval’s elongating trend did not disappear during the contraction

after prolonged vibration and during the contraction with intermittent vibration. Results suggest that

changes in neural input information to single MUs with peripheral afferent stimulation do not elimi-

nate the spike interval's trend of elongation in the presence of voluntary drive.
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Fig. I11.6.2-1 A typical change in the mean spike inter-
val of a single motor unit during contractions. Filled
and open points respectively represent the means (x
SD) of results in vibration-induced response (Vib) and
voluntary reproduction (Vo). Asterisks and daggers indi-
cate statistically significant differences from value at
Omin, and between Vo and Vib, respectively.
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Effects of motor unit activity on circulatory responses and muscle oxy-

genation

Abstract
Motor unit activities and cardiovascular responses during voluntary ascending ramp contraction

(30s, -

10% maximal voluntary contraction) were compared with those during involuntary via tonic

vibration reflex. Heart rate and blood pressure changed immediately before and after the onset of the
ascending ramp contraction, but no change occurred during vibratory contraction. Integrated value of
electromyography and decreased oxygenated hemoglobin in the muscle during the voluntary contrac-
tion were larger than those during the reflex contraction. More efficient muscle oxygen consumption
during voluntary contraction will result not only from cardiovascular regulation by central cardiovas-

cular command, but also from motor unit activities by central motor command.
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Fig. 111.6.3-1

Motor unit activities and oxygenated hemoglobin during a representative experiment.

A: force, B: force impulse/integrated value of electromyogram, C: decrease in oxygenated hemoglobin. Black and
gray lines represent value during voluntary contraction and during reflex contraction, respectively in A.
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Effect of exercise proguram on the recovery of mucsle strength after anterior

cruciate ligament reconstruction

Abstract

To investigate how muscle strength is recovered after the reconstructing operation of anterior cruci-

ate ligament (ACL), we examined the effects of two exercise programs, distal and proximal resistance

exercise (DPRE) and proximal resistance with traction exercise (PRTE), in 7 female subjects. The peak
force exerted during dynamic knee extension in low (60 deg/s) and high (180 deg/s) speeds was meas-
ured in the operated leg and the contralateral control leg before and 3 months after the operation.
Both programs of DPRE and PRTE recovered the muscle force in the operated leg by 76-79 % from the
pre operation level and by 98-100 % from the control leg in both speeds. These data suggested that
both exercise programs of PRTE and DPRE are effective for recovering muscle force after ACL recon-

structing operation.
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Fig. 111.6.4-1 Experimental setup
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Fig. 111.6.4-2 Peak force during dynamic knee extension at the speed of 60 deg/sec before operation and 3 month

to 6 month after operation.

Pre-ope; before operation, 3M; 3 month after operation, 4M; 4 month after operation, 5M; 5 month after operation,

6M; 6 month after operation.

96



110%

o

90%

80% /: z/qu
70% x//

60% /

50%

40%

Pre-ope 3M

4 M

5M 6M

Fig. [11.6.4-3 Peak force during dynamic knee extension at the speed of 180 deg/sec before operation and 3 month

to 6 month after operation.

Pre-ope; before operation, 3M; 3 month after operation, 4M; 4 month after operation, 5M; 5 month after operation,

6M; 6 month after operation.
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Cardiac output during exercise and distribution of blood flow into the
various vessels

Shizuyo Shimizu-Okuyama
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Cardiac output and leg blood flow during incremental plantar flexion
exercise prolonged to exhaustion

Abstract

The purpose of this study was to determine central and peripheral hemodynamic responses to incre-
mental exercise. Seven physically active women performed static plantar flexions until exhaustion.
Exercise comprised of incremental 30-s static plantar exercise separated by 30-s recovery. The initial
load was 5% MVC, and then the load was increased by 5%MVC until exhaustion. During exercise we
measured stroke volume using a Doppler ultrasound method and the heart rate using an electrocardio-
gram (ECG). Cardiac output was calculated as products of SV and HR. The mean blood velocity and
the vessel diameter of the popliteal artery were measured by using a Doppler and B-mode ultrasound
method. Cardiac output began to increase from 50%MVC (3.8 £0.1 I/min). In contrast to popliteal
arterial blood flow began to increase slightly from 25%MVC. These results suggest that popliteal arteri-
al blood flow began to increase earlier than cardiac output at low intensity exercise during incremental
exercise to exhaustion on the planter flexion. In addition, the percentage of cardiac output the
popliteal arterial blood flow was increased with exercise intensity. In conclusion, peripheral blood flow
was differentially regulated from central circulation, and the increase in peripheral blood flow demand
did not always require the increase in cardiac output. Relationships between central and peripheral
circulatory changes were intensity-depending.
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Fig. I1.7.1-1
tion.

Popliteal arterial blood flow of cardiac output during incremental plantar flexion exercise to exhaus-

At 40, 45, 50 and 55 %MVC increased significantly from baseline value.

* ¥ p <0.05, p <0.01 compared to baseline value.
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The influence of aorta and femoral arterial blood flow valocity during
contraction and relaxation phases

Abstract

The purpose of this study was to observe the changes in the blood velocity in aorta and femoral
artery during muscle contraction and relaxation phases of knee extension exercise. Seven female sub-
jects (aged 22.4 £ 1.9 years) participated in this study. They performed one-legged knee extension
exercise (KE) in upright position at 10% and 50% of maximal voluntary contraction (MVC) until
exhaustion. Blood velocity was measured using the Doppler ultrasound method for aorta artery and
femoral artery. Blood pressure was monitored from the finger of the left hand at the heart level.
During the muscle contraction phase of KE, the blood velocity in femoral artery was significantly (p <
0.01) lower than in aorta artery. In contrast, the blood velocity in femoral artery higher than the aorta
during the relaxation phase. The femoral/aorta rations were -67.4 = 9.2% (10%MVC), and -80.6 = 4.9%
(50%MVC) during the contraction phase. However, during the relaxation phase, they were 30.0 =
11.6% (10%MVC), 50.7 +22.3% (50%MVC). Mean blood pressure was not different significantly
between the contraction and relaxation phase. These results suggest that the effect of muscle contrac-
tion and relaxation on blood velocity differs between aorta artery and femoral artery. The femoral

artery blood flow velocity was more accelerated compared to aorta during the relaxation phases.
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Fig. I11.7.2-1 The femoral/aorta rations during the contraction and relaxation phases at 10, 50%MVC.
The femoral/aorta rations were -67.4 = 9.2% (10% MVC), and -80.6 =4.9% (50% MVC) during the contraction
phase. However, during the relaxation phase, they were 30.0 = 11.6% (10% MVC), 50.7 &+ 22.3% (50% MVC).
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The relationship between cardiac muscle and skeletal muscle mass in

elderly women

Abstract
The purpose of this study was to clarify the relationship between left ventricular muscle mass

[LVmass] and skeletal muscle volume in elderly women. We measured the thigh muscle thickness

(Vastus intermedius and Rectus femoris) using B-mode ultrasound method. Posterior wall thickness,

interventricular septal thickness and left ventricular end-diastolic internal diameter were measured by

B-mode echocardiography. A significant correlation coefficients were obtained between vastus inter-

medius and interventricular septal thickness (r = 0.221, p < 0.05), rectus femoris and posterior wall

thickness (r = 0.240, p < 0.05). In addition, significant correlation coefficients were also obtained

between the estimated skeletal muscle volume and left ventricular mass in elderly women (r = 0.561, p

< 0.05). These results indicate that the left ventricular muscle is closely related to the skeletal muscle

volume in ordinary elderly women.
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Fig. 111.7.3-1
muscle volume and left ventricular muscle mass
[LVmass] in elderly women.

Significant correlation coefficients were obtained
between the estimated skeletal muscle volume and
LVmass in elderly (r = 0.543, p < 0.01).

Relationship between estimated skeletal
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Blood flow profile in relation to exercise-induced muscle ischemia in
the patients with peripheral arterial disease

Takuya Osada
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Blood flow profile in relation to exercise-induced muscle ischemia in
the patients with peripheral arterial disease

Abstract

The present study examined the femoral arterial blood flow response in each leg during intermittent
isometric knee extension at incremental exercise intensities in patients with peripheral arterial disease.
Changes in blood flow during exercise tend to be higher in the more-affected leg (PAD side) than the
control healthy leg. Hyperemic response in the working skeletal muscle may be different in both legs.
It is speculated that peripheral vascular disease may influence the blood flow response in muscle con-
tractions during a state of exercise. The peripheral blood flow regulation may be altered due to the
severity in the vascular disease during limb exercise as well as resting state.

°EH M © 7 ik

KRR (Fontaine 7S IIEE) 2 & 791 AAEEREE (MEEYICERsnTws) 2
IR PZEME BIRIEALAE PR & 2 RIS, SEBRFIC I 1) & 729 5 1D BUPAZEEBIIRBLIER G (PRI
ZIMATEIREIC DV TR 2179 2 & & L7, 71 £ 27%) ZWRIC, EAEATOLBEIEAMER

P A S B 2 7 > 72, B AR AT O LR 2

—O0— healthy leg (ABI:1.06) o % e
—®— PVD leg (ABI:0.72) ] . *le
»®
4 o ®
[ ]

e p|
c
=
~
=
=
2
- o o9 [ele’e)
3 OOO o
o
2
[~

[S
8

LS

o-| 5%MVC 10%MVC 30%MVC 50%MVC | Recovery

0 3 6 9 )

g7

Fig. [11.8.1-1 Limb blood flow response during incremental intermittent isometric knee extensor exercise. Changes
in blood flow during exercise tend to be higher in the more-affected leg (PVD side) than the control healthy leg.
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9.1 Cerebral blood flow response at the beginning of

voluntary exercise and passive movement

Kohei Sato, Mayumi Moriyama, Tomoko Sadamoto

Abstract

In this study, we try to reinvestigate the role of central command in regulating the cerebral blood
flow at the onset of exercise under a non-invasive condition. Eleven young women performed volun-
tary elbow flexion-extension exercise with no-load (VOL), activating both the central command and
the muscle mechanoreflex, and passive elbow flexion-extension (PAS), selectively activating the mus-
cle mechanoreflex. We continuously monitored the cardiorespiratory and cerebrovascular responses at
rest and during VOL and PAS over a 2-min duration. The Vuea and Qcm began to increase before the
onset of VOL and peaked immediately after the onset of exercise. VOL simultaneously produced a sig-
nificant increase in the heart rate (HR) and cardiac output (CO) and a decrease in the mean arterial
blood pressure (MAP), thereby inducing a significant decrease in the cerebrovascular resistance at the
onset of VOL. There were no significant changes in these parameters at the onset of PAS. These
results suggested that the increases in cerebral blood flow at the beginning of no-load voluntary exer-
cise were most likely mediated by feedforward control of central command. To the contrary, the mus-
cle mechanoreflex appeared to have little effect on the adjustments in cerebral blood flow responses at

the onset of no-load voluntary exercise.

® Purpose

We aimed to investigate the role of central com-
mand in regulating the cerebral blood flow at the
onset of exercise. The comparison of the cere-
brovascular adjustments between voluntary exer-
cise and passive movement would provide the
contribution of central command (Nébrega et al.
1994; Williamson et al. 1997). In the present
study, we studied the time course of the responses
in cerebral blood flow at the onset of voluntary
exercise with no-load and passive movement
accomplished by dynamic elbow flexion and

extension of a single arm.

® Methods

Eleven young women (age, 23.5 = 0.7 years)
participated in this study. In this study, the single
arm elbow flexor-extensor exercise and passive
movement were performed using a computer-
based multifunctional dynamometer device. For

the voluntary dynamic exercise, the subjects were

113

instructed to move their forearm between elbow
angles of 50° and 90° (0° equaling full extension)
at an angular velocity of 90 deg-sec! in time to a
rhythmic sound from a cassette being played in a
tape-recorder. Voluntary exercise was continued
for 2-min. Passive movement was achieved by a
motor-driven lever arm that rotated around an
axis at a constant velocity. All the subjects were
requested to relax and not to resist the arm move-
ment. Passive movement was performed with the
same range of movement, angular velocity, and
frequency as the voluntary exercise. Common
carotid artery blood flow (QCCA) and mean middle
cerebral blood flow velocity (Vuea) examination
was performed using a high-resolution ultrasound
system (LOGIQ5; GE Medical Systems, Japan).
The cardiovascular responses were measured
noninvasively by photoelectric plethysmography
using a Finometer (Finapres Medical Systems BV,
Arnhem, Netherlands) and the respiratory param-

eters were determined using an online system for
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Changes in the cardiorespiratory and cerebral blood flow responses at the onset of voluntary exercise

and passive movement. Relative changes were obtained by normalizing to the resting values. The time courses of
the variables are shown from 30 s before to 60 s after the onset of exercise and movement. (A) Vwuca, middle cere-
bral artery mean blood velocity; (B) Qcm, common carotid artery mean blood flow; (C) HR, heart rate; (D) CO,
cardiac output; (E) MAP, mean arterial blood pressure; (F) P:xCO:, end-tidal CO:; (G) MAP/Vucea, index of the cere-
brovascular resistance; (H) MAP/QCCA, common carotid artery resistance. Values are expressed as the mean (SE).

* Different from the resting value (P < 0.05). {Difference between the voluntary exercise and passive movement at

each time point (P < 0.05).

the breath-by-breath method.

® Results and Discussion

The major findings of this study were as fol-
lows. Vwea, QCCA, HR, and CO began to increase
significantly immediately before and at the onset
of voluntary exercise in parallel with a transient

decrease in the cerebrovascular resistance. There
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were no significant changes in these parameters
during passive movement, and thus, significant
differences were observed in these parameters
between voluntary exercise and passive move-
ment immediately after their onset. These results
indicate that the rapid adjustment in the cere-
brovascular responses at the beginning of volun-

tary exercise with no-load was probably attributa-



ble to the feedforward control of central com-
mand descending from the higher brain centers.
The mechanism concerning the central com-
mand-related increase in the cerebral blood flow
may be mainly explained by based on the follow-
ing two possibilities. Studies investigating the
functional anatomy of the central command-
induced changes in the regional cerebral blood
flow have shown a network of cortical structures
involved (Williamson et al. 2006). Therefore, the
first possibility is neural activation in these
regions, which may serve as a central command
network, is responsible for observed increases in
brain blood flow (Williamson er al. 2002;
Williamson et al. 2006). Second, the central com-
mand is generally thought to have a greater effect
on HR and, thus on CO, than blood pressure.
Thus, it is possible that an abrupt increase in HR
and CO at the onset of exercise may contribute to
the rapid change in Vuea and Qcer because in this
study, Vwmea and Qe changed during voluntary
exercise in parallel with the HR and CO respons-
es. Recent studies have suggested that CO is an
important factor involved in the change in Vwca
during exercise (Ide er al. 1998; Ogoh et al. 2005).

Accordingly, it is suggested that the central com-
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mand-mediated brain activity in several regions
and/or the increase in circulatory variables, par-
ticularly the CO response, may significantly con-
tribute to the rapid adjustment of the cerebral

blood flow responses at the beginning of exercise.
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9.2 Effect of mode of ventilation on cerebral blood flow
response during static arm exercise

Kohei Sato, Ai Hirasawa, Tomoko Sadamoto

Abstract

Heavy resistance exercise may be associated with a small risk of cerebral aneurysm rupture, sub-

arachnoid hemorrhage, and symptoms of dizziness 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 hold-

ing 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 extending to the recovery phase. Our data suggested that even during

heavy upper body exercise, the mode of ventilation is very important for maintaining cerebral circula-

tion.

® Purpose

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. A
previous study reported marked change in the
mean cerebral blood flow velocity in the middle
cerebral artery (MCA Vuea) during heavy two
legged extension with concomitant Valsalva-like
maneuver (Pott et al. 2002). Romero and Cooke
(2006) demonstrated that hyperventilation before
exercise exacerbates the reduction in MCA Vuemn
during leg-press resistance exercise. These studies
suggested that during heavy exercise the associat-
ed mode of ventilation may be of deterministic
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 informa-

tion regarding the effect of the mode of ventila-
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tion on the cerebral blood flow response during
upper body heavy exercise involving a small mus-
cle mass. Therefore, the purpose of the present
study was to elucidate the effect of the mode of
ventilation on cerebral blood flow response dur-

ing heavy upper body exercise.

® 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 committee of Japan
Women’s College of Physical Education. In this
study, single arm elbow flexion exercise was per-
formed 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 ven-

tilation (in random order): 1) continued normal
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Cerebrovascular responses at rest, during, and after heavy exercise. (A) MCA Vuen, Mean middle

cerebral artery mean blood velocity and (B) CVR, Cerebrovascular resistance index.

ventilation (EX), 2) exercise with concomitant
breath holding (EX+BH), and 3) pre-exercise
hyperventilation till an end tidal partial pressure
of CO:z (Per CO2) of 3.5% was achieved (HV).

HV, after a 2-min rest, the subjects were instruct-

In

ed to perform voluntary hyperventilation for 1-
min in order to achieve a Per CO: of ~3.5%. After
the 1-min hyperventilation, the subjects per-
formed 15-s static exercises with continued nor-
mal ventilation. MCA Ve measurement was per-
formed with an ultrasound system (Vivid 7pro; GE
Yokogawa Medical Systems) equipped with a 2.0
MHz sector transducer. The MCA Ve was
defined as the time-averaged mean velocity
obtained in automatic calculation mode. Mean
arterial pressure (MAP) was measured non-inva-
sively by photoelectric plethysmography with
Finometer (Finapres Medical Systems BV).

Furthermore, we determined the stroke volume
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(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 of MAP/ MCA Vuean was calcu-
lated as an index of cerebrovascular resistance

(CVR).

® Results and Discussion

The expiratory strain during a Valsalva-like
maneuver might reduce blood flow to the brain.
Forced expiration against a closed glottis increas-
es intrathoracic pressure and central venous pres-
sures and marked reduces in SV and thus CO.
Previous studies indicated that CO is an important
determinant of cerebral blood flow during exer-
cise (Ogoh eral. 2005). However, our data suggest-
ed relationship between CO and MCA Ve was

not simply under this situation. Furthermore, the



rapid increase in the CVR at the onset of exercise
may also contribute to the change in MCA Ve
and the increase in the CVR may be induced by
sympathoexcitation due to heavy exercise and/or
the reduction in CO and P.CO:. The increase in
the CVR during EX+BH suggested vasoconstric-
tion of the peripheral branches of the MCA. On
the other hand, over shooting of the MCA Vuemn
immediately after the end of exercise may be
induced by rapid decrease in CVR, with rapid
recovery of CO and P.COe..

In the HV trials, reduced MCA Ve Occurred in
conjunction with increased CVR. This reduction
in MCA Ve before, during, and after exercise
was attributable to the reduction in P.CO:. These
results indicate that the increase in CVR was
probably associated with vasoconstriction of the
cerebral blood vessels. In summary, our data sug-
gested that even during upper body heavy exer-
cise involving small muscle mass, the mode of
ventilation was very important for maintaining

cerebral circulation. We think that the combina-
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tion of hyperventilation before heavy exercise and
breath holding during exercise is the worst sce-
nario from the perspective of cerebral circulation.
It may be that continued normal ventilation dur-
ing heavy upper body exercise may be safer, in
that it helps to avoid rapid changes in the cere-
bral blood flow and CVR that may in turn cause
symptoms of dizziness or outright weight lifter’s

”black out” and intracranial hemorrhage.
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Central command during the preparatory period before voluntary exer-
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Relationship between cortical oxygenation in the motor area and car-
diovascular responses during the resting preparatory period before vol-
untary exercise

Abstract

We studied the cortical oxygenation in motor area (MA) and the concomitant cardiovascular
responses during resting preparatory period either with sustaining handgrip exercise (Ex) or without
handgrip exercise (Con) in 13 healthy subjects. The oxygenated hemoglobin (oxyHb), deoxygenated
hemoglobin (deoxyHb) and total hemoglobin (totalHb) in the left motor cortex were measured by near-
infrared spectroscopy. Heart rate (HR), cardiac output (CO), mean arterial blood pressure, and the oxy-
genation in the right forearm flexors muscles were simultaneously recorded in both Ex and Con exper-
iments. During the resting preparatory period in Ex, the oxyHb and totalHb in motor cortex were sig-
nificantly higher than those in Con while deoxyHb was similar to that in Con. These changes in Ex
indicated the increase in regional cerebral blood flow resulting from the increases in the regional cere-
bral oxygen metabolic rate in MA. In accord with these changes, HR, CO, and the muscle oxyHb were
elevated significantly in Ex but not in Con. However, the muscle totalHb was not higher significantly
in Ex than that in Con. These results suggested that the increases in HR and muscle flow rate in Ex
were coupled with the increase in cortical activation resulting from a preparation for exercise.
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Williamson JW, McColl R, Mathews D, Mitchell JH,
Raven PB, Morgan WP : Brain activation by cen-
tral command during actual and imagined hand-
grip under hypnosis. J Appl Physiol, 92: 1317-
1324, 2002.
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Cortical oxygenation in the motor area during the resting preparatory
period and the following voluntary exercise

Abstract

We have compared the oxygenation changes in the motor cortex (MCx) during the maximal heart

rate (HR) change session and minimum HR change session during the resting preparatory period with

the sustaining handgrip exercise in 6 healthy subjects. During the resting preparatory period with the

exercise, the oxygenation changes were larger during maximal HR change session than that of mini-

mum HR change sessions. On the other hand, no significant differences in the oxygenation change

during the sustaining handgrip exercise were observed between the maximal and minimum HR change

sessions. These results indicate that the oxygenation changes in the MCx during the exercise are inde-

pendent from that of the resting preparatory period with the exercise.
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Associated changes in muscle oxygenation with circulatory responses
during exercise

Chihoko Ueda-Sasahara
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Reoxygenation of muscles at the superficial and in the deep regions
during static knee extension exercise at varying intensities

Abstract

The purpose of this study was to investigate a hypothesis that circulatory responses to various exer-
cise intensities closely relate to muscle fiber type dominantly recruited during the exercise. We exam-
ined that muscle oxygenation in the vastus lateralis (VL) and circulatory responses to static knee exten-
sion exercise at various intensities. Method: Ten healthy female subjects performed static knee exten-
20%, 30%, 40%, 50%, 60% and 70% maximal voluntary contraction (MVC) for 1-
min at each level in sitting position. Muscle oxygenation in the VL. was monitored using multi channel
near-infrared spectroscopy and arterial mean blood pressure (MBP) was measured by photoelectric
plethysmography. Result: Half time reoxygenation, the time taken to reach a value of half-maximal

sion exercise at 10%,

recovery after exercise, for all channels was significantly delayed in exercise at 70% MVC compared
with the other intensities. However there were no significant differences between the channels. MBP
also increased with respect to exercise intensity. Conclusion: This study shows that reoxygenation time
in the VL after static knee extension was prolonged in accordance with increasing circulatory responses
to ascending exercise intensities. However, reoxygenation was more delayed at higher exercise intensity
than those expected from lower intensities, whereas circulatory parameters increased linearly.
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Fig. III.11.1-1 Half time reoxygenation (T1/2 reoxy time) after knee extension exercise. (A) The effects of exercise
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12.1 Quantification of delayed oxygenation in ipsilateral primary motor cortex compared with con-
tralateral side during a unimanual dominant-hand motor task using near-infrared spectroscopy
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12.2 Reduced activity of the ipsilateral primary motor cortex during repetitive handgrip exercise
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12.3 A comparison between sedentary subjects and athletes of oxygenation kinetics in the contralat-
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12.1. Quantification of delayed oxygenation in ipsilateral pri-
mary motor cortex compared with contralateral side
during a unimanual dominant-hand motor task using

near-infrared spectroscopy

Kenichi Shibuya, Tomoko Sadamoto, Kohei Sato,
Mayumi Moriyama, Masako Iwadate

Abstract

Using near infrared spectroscopy (NIRS) techniques, it is possible to examine bilateral motor cortex
oxygenation during a static motor task. Cortical activation was assumed to be reflected by increased
oxygenation. The purpose of the present study was to examine the time course of oxygenation in the
bilateral motor cortex during a low-intensity handgrip task. Six healthy, right-handed subjects participat-
ed in the study. The near-infrared spectroscopy probes positioned over the bilateral motor cortex were
used to measure the cortical activation throughout a handgrip task carried out. The subjects performed
a 3-min handgrip task with increasing intensity in a ramp-like manner [10-30% of the maximal volun-
tary contraction (MVC) at 6.67% MVC.min"]. Contralateral motor cortex oxygenation increased signifi-
cantly from 100 to 180 s after the start of the motor task compared with the baseline value (p < 0.05).
Ipsilateral motor cortex oxygenation also increased significantly from 130 to 180 s after the start of the
motor task (p < 0.05). The onset of increase in oxyhemoglobin ([HbO:]) and decrease in deoxyhemoglo-
bin ([Hb]) in contralateral motor cortex area (M1) were significantly earlier than in ipsilateral M1
(respectively, p < 0.05). These results show that there is a delayed oxygenation in ipsilateral primary
motor cortex area compared with contralateral side during a unimanual dominant-hand motor task.

® Purpose tus (780, 805,

and 830 nm; NIRStation,

Muscle fatigue is characterized by an exercise-
induced loss of power- and force-generating abili-
ty of the muscle during the course of or after
exercise (Bigland-Ritchie and Woods, 1984; Booth
and Thomason, 1991; Nybo and Nielsen, 2001;
Gandevia, 2001). The purpose of the present
study was to examine bilateral M1 oxygenation

during a low-intensity unimanual handgrip task.

® Methods

Six right-handed, healthy volunteers (age:
21.4+0.2 y, height: 159.1 £1.3 cm, weight:
56.3 £ 1.9 kg, MVC: 315.6 = 11.8 N) participated
in the present study.

Near-infrared spectroscopy (NIRS) techniques
have been described elsewhere (Elwell et al.

1994). We used a three-wavelength NIRS appara-
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OMM3000, Shimadzu Co., Kyoto, Japan) for
measuring motor cortex oxygenation. The optical
probe consisted of one emitter and one detector
(comprising three separate sensors). These probes
were guided on the subjects' heads using glass
fiber bundles and positioned over the bilateral
motor cortex areas. The distance between the
transmitting and the receiving probes was 3.0 cm.
The probes were positioned over bilateral motor
cortex areas for hand enclosing C3 and C4,
according to the modified international EEG 10-20
system (American Electroencephalo graphic
Society, 1994).

Before the start of the study, the subjects were
familiarized with the protocol. They performed a
static 3-min right-handgrip task with a ramp-like

increase in intensity from 10% MVC to 30% MVC



Table III.12.1-1 The time for oxygenation after the
start of motor task. Astarisks shows significant differ-
ences between the response on hemispheres (p < 0.05).

Contralateral Ipsilateral
HbO: 50.8 =+ 354 60.0 = 31.3*
Hb 325 £ 157 942 + 38.1*
tHb 450 £ 17.3 642 £ 92*

(6.67%+ min'). The subjects were seated and were

given a handgrip meter.

® Results and Discussion

Changes in cerebral oxygenation reflect cere-
bral functional activation (Colier et al. 1997, 1999;
Kleinschmidt er al. 1996; Obrig et al. 1996). In the

present study, we observed a bilateral increase in

M1 oxygenation during the course of a low-inten-
sity static motor task. The increase in ipsilateral
M1 oxygenation was delayed compared with the
increase in contralateral M1 oxygenation. To the
best of our knowledge, this is the first report
showing that ipsilateral M1 oxygenation is
delayed compared with contralateral M1 oxygena-
tion during the course of a motor task.

In conclusion, the results of the present study
show a delayed oxygenation in the ipsilateral pri-
mary motor cortex during the course of a uniman-
ual low-intensity motor task. The increasing oxy-
genation in the ipsilateral motor cortex suggests a
real-time interaction between bilateral hemi-

spheres during a motor task.

12.2 Reduced activity of the ipsilateral primary motor cor-
tex during repetitive handgrip exercise

Kenichi Shibuya, Masako Iwadate, Tomoko Sadamoto

Abstract
The brain function controlling muscle force modulation during exercise has remained unclear. The
purpose of the present study was to examine the bilateral primary motor cortex (M1) oxygenation dur-
ing static and repetitive handgrip exercise performed with the right hand (60% maximal voluntary con-
traction; 10 s exercise/75 s rest; 5 sets). Seven healthy, right-handed subjects participated in the pres-
ent study. Near-infrared spectroscopy (NIRS) probes were positioned over the bilateral M1 area to
measure cortical oxygenation during handgrip exercises. The oxygenation levels of the bilateral M1

significantly changed compared with their resting values in all trials (p < 0.0001). The oxygenation lev-
els of the contralateral M1 did not change significantly across the trials (oxyhemoglobin (HbO:): p =
0.8050; deoxyhemoglobin (Hb): p = 0.8036), while those of the ipsilateral M1 significantly decreased
across the trials (HbO:: p = 0.0371; Hb: p = 0.0317). The present results suggest an intracortical inhi-
bition from the contralateral M1 to the ipsilateral M1 during the repetitive exercise.

® Purpose

The purpose of the present study was to investi-
gate the effect of exercise task repetition on the
ipsilateral M1 activity. The most noteworthy
results of the present study were the constancy of
oxygenation in the contralateral M1 and the sig-

nificant decrease of oxygenation in the ipsilateral
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M1 with the increase in repetition.

® Methods

Seven healthy, right-handed volunteers partici-
pated in the present study. Informed consent was
obtained from each subject after the subject

received a complete explanation of the nature of
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The peak value changes in oxygenation from resting levels. Upper panels represent the results of

oxyhemoglobin (HbO:) changes. Lower panels represent the results of deoxyhemoglobin (Hb) changes. Right panels

represent the results of ipsilateral primary motor cortex oxygenation changes, and left panels represent the results

of contralateral primary motor cortex oxygenation changes. The asterisks show significant differences from the first

trial (p < 0.05). Error bars indicate s.e.m.

the study procedure and its noninvasiveness.

The Near-infrared spectroscopy (NIRS) tech-
nique has been described elsewhere (Elwell et al.
1994). We used a three-wavelength NIRS appara-
(780, 805, and 830 nm; NIRStation,
OMM3000, Shimadzu Co., Kyoto, Japan) to meas-

tus

ure motor cortex oxygenation. The distance
between the transmitting and the receiving probes
was 3.0 cm. The probes were positioned over the
bilateral C3 and C4 hand motor areas according
to the modified international EEG 10-20 system
(American Electroencephalographic Society,
1994).

Subjects performed five to 10-s duration hand-

grip exercises. The subjects took a rest over 30
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min after the detection of an optimal position for
the probe. The subjects performed a static right-
handgrip task [exercise: 10 s, rest: 75 s; the tasks
were performed five times at 60% of MVC, taking

a rest between sessions].

® Results and Discussion

In the present study, we found the early signifi-
cant changes in HbO: and Hb after the start of
exercises. The previous studies found the gradual
changes in HbO: and Hb after the start of tasks
with the exception of exercise (ef: Taga et al.
2003). We excluded the data just before the start
of exercise to calculate the baseline values in

HbO: and Hb for avoiding the inclusion of the



effects of the preparation and/or attention for the
exercise on the oxygenation changes in the analy-
ses. The early changes in HbO. and Hb after the
start of exercises might be influenced by the way
of analysis we used. Another possible explanation
for the early changes in HbO: and Hb in the pres-
ent study was the effect of blood flow changes
after the start of exercise. It is generally believed
that the cerebral blood flow does not change dur-
ing static exercise (Rogers et al. 1990). The possi-
bility of the influence of cerebral blood flow
changes on the oxygenation in the bilateral M1
must be low. The early changes during exercise in
the present study might be the effects of attention
and/or preparation for the start of exercise.

The lack of oxygenation in the ipsilateral M1

during exercise at the fifth trial compared with

the first trail might be affected by the inhibition
from the contralateral M1 to the ipsilateral M1
due to the voluntary fatigue as reported by the
previous studies (Shibuya et al. 2006; Shibuya eet
al. 2007). On the other hand, the results of the
present study might reflect that the ipsilateral M1
partially contributes to the force modulation.
Muscle power output during exercise is funda-
mentally controlled by the contralateral M1.

The present results suggest an intracortical inhi-
bition from the contralateral M1 to the ipsilateral
M1 during the repetitive exercise and the possibil-
ity a collateral contribution of the ipsilateral M1
to force production, and that this contribution
declines with the habituation for exercise. Further
studies should focus on elucidating the contribu-

tion of the ipsilateral M1 to force production.

12.3 A comparison between sedentary subjects and athletes
of oxygenation kinetics in the contralateral primary
motor cortex area during exercise leading to voluntary

exhaustion

Kenichi Shibuya

Abstract

Motor signals are commanded fundamentally from the primary motor cortex contralateral to the
exercising limb (M1coaaera). The signals from the M1coaaea reach the contracting muscle through the
corticospinal and spinal motoneurons. When muscle fibers are repeatedly contracted, energy supplies
are depleted, and the muscles become fatigued. Physiological fatigue is characterized by exercise-
induced loss of the power- and force-generating ability of the muscle during the course of or after
exercise. It remains unclear whether the activation kinetics in the motor cortex area could be different
between athletes and sedentary subjects during exercise leading to voluntary exhaustion. We exam-
ined this in 7 athletes and 7 sedentary subjects. We performed near-infrared spectroscopy over the
positioned motor cortex area to measure oxygenation throughout a handgrip exercise leading to volun-
tary exhaustion. The subjects performed a sustained 50%-60% maximal voluntary contraction handgrip
exercise until voluntary exhaustion. In athletes, oxygenation in the M1 conraiiera decreased significantly at
voluntary exhaustion compared with the resting values (p < 0.05). On the other hand, in sedentary
subjects, oxygenation in the MIwmaaea increased throughout the exercise (p < 0.05). These results sug-
gest that the motor signals from the motor cortex area may be different between athletes and seden-
tary subjects, especially in a fatiguing exercise.
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The values of changes in the sedentary subjects in the contralateral motor cortex from resting val-

ues in (a) oxyhemoglobin concentration (HbO:), (b) deoxyhemoglobin concentration (Hb), and (c) total-hemoglobin
concentration (tHb) during the handgrip exercise in left panels, and in the athletes in the right panels. Values are
represented as means = SD. Asterisks show significant differences, p < 0.05.

® Purpose

Using near-infrared spectroscopy to determine
whether adaptation for exercise changes cortical
activation dynamics during exhaustive exercise, in
the present study, we compared the M1 conwatatera
oxygenation kinetics between athletes and seden-
tary subjects during exercise reaching to volun-

tary exhaustion.

® Methods
Male, right-handed sedentary subjects and ath-
letes (n = 7 each) participated in the present

study. The sedentary subjects were individuals
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with little experience who did not exercise habitu-
ally.

Four wavelengths (775, 810, 850, and 905 nm)
of near infrared spectroscopy (NIRS) were used
(NIRO-300L, Hamamatsu Photonics, Japan) for
motor cortex oxygenation. The optical probe con-
sisted of an emitter and a detector (comprising 3
separate sensors). The system was guided on the
subjects' heads through glass fiber bundles. The
probes were positioned over the Ml conaaea areas
enclosing C3 according to the modified interna-
tional EEG 10-20 system (American Electroen-

cephalographic Society, 1994).



They performed a static right-hand handgrip
task at 50%-60% MVC until they could sustain
50% MVC. While resting in an inclining position,
they were asked to pinch the hydraulic handgrip
meter, a nylon tube connecting the handgrip
device and transducer that was held at heart
level. The exercise trials were repeated 3 times
for each subject. A static right-hand handgrip task
at 50%-60% MVC until they could sustain 50%
MVC. While resting in an inclining position, they
were asked to pinch the hydraulic handgrip
meter, a nylon tube connecting the handgrip
device and transducer that was held at heart
level. The exercise trials were repeated 3 times

for each subject.
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® Results and Discussion

The notable findings in the present study were
the different oxygenation kinetics between the
sedentary subjects and athletes during exercise
reaching to exhaustion. In the sedentary subjects,
the oxygenation in the MIconmamea continued to
increase even at voluntary exhaustion. By con-
trast, in the athletes, the oxygenation in the M1con
waera decreased at exhaustion as compared with
the resting values. In conclusion, the noteworthy
findings in the present study were that the oxy-
genation kinetics in the M1contralateral were dif-
ferent between elite athletes and sedentary sub-
jects during the handgrip exercise leading to vol-

untary exhaustion.





