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Abstract. Our purpose is to compare the changes in muscle oxygen-
ation in the vastus lateralis �VL� and biceps brachii �BB� muscles si-
multaneously using near-infrared spectroscopy �NIRS� during incre-
mental rowing exercise in eight rowers. Based on the BB and VL
muscle oxygenation patterns, two points are used to characterize the
muscle oxygenation kinetics in both the arm and the leg muscles. The
first point is the breaking point �Bp�, which refers to an accelerated fall
in muscle oxygenation that correlates with the gas exchange threshold
�GET�. The second point is the leveling-off point �Lo�, which suggests
the upper limit of O2 extraction. The GET occurred at 63.3±2.4% of
maximal oxygen uptake �V̇O2 max�. The Bp appeared at 45.0±3.8%
and 55.6±2.4% V̇O2 max in the BB and VL, respectively. The Lo ap-
peared at 63.6±4.1% and 86.6±1.0% V̇O2 max in these two
muscles, respectively. Both the Bp and the Lo occurred earlier in BB
compared with VL. These results suggest that arm muscles have lower
oxidative capacity than leg muscles during rowing exercise. The row-
ers with higher exercise performances showed heavier workloads, as
evaluated by Bp and Lo. The monitoring of muscle oxygenation by
NIRS in arm and leg muscles during rowing could be a useful guide
for evaluation and training. © 2010 Society of Photo-Optical Instrumentation Engi-
neers. �DOI: 10.1117/1.3309741�

Keywords: biomedical optics; near-infrared spectroscopy; muscle oxygenation;
rowing exercise; lactate; oxygen uptake.
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Introduction

omparison of physiological responses between incremental
rm and leg exercise is a meaningful way to obtain a clearer
nderstanding of the subject’s exercise performance and strat-
gy. Numerous researchers have performed outstanding work
n this issue over the past several decades. They found that

he maximal oxygen uptake �V̇O2 max� and heart rate
HRmax�, as well as peak cardiac output attained during incre-
ental arm exercise, were significantly lower than those from

ncremental leg exercise.1–3 Some studies showed that the
lood lactate threshold �LAT� occurred at lower oxygen up-
ake during incremental arm exercise compared to incremen-
al leg exercise.4 The blood lactate concentration was signifi-
antly higher in arm exercise than in leg exercise at the same
elative exercise intensity.5 Moreover, lower muscle deoxy-
enation was observed in biceps brachii �BB� muscles during
ncremental arm cranking compared to that attained in vastus
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ournal of Biomedical Optics 017007-
lateralis �VL� muscles during incremental leg cycling at all
relative exercise intensities.6 These results implied that exer-
cising arm muscles show poorer oxidative capacity than exer-
cising leg muscles, although the measurements were con-
ducted with either the arm or the leg independently.

Some studies have investigated the interactions of physi-
ological responses between exercising arm and leg muscles.
Secher et al. found an increase in leg vascular resistance and
a decrease in leg blood flow when arm exercise was added to
leg cycling.7 Richardson et al. found that although an increase
in leg noradrenalin spillover was observed when arm cranking
was added to leg exercise, the vascular resistance was not
increased and the blood flow was not decreased.8 Volianitis et
al. reported that the muscle oxygenation in the BB muscle
decreased because of the reduction in the blood flow to the
arm when leg cycling was added to arm cranking.9 Ogata et
al. found that both the blood volume and oxygenated hemo-
globin decreased in the inactive VL muscle during moderate-
intensity arm exercise. However, the decrements of exercising
VL muscle were attenuated.10 All of the preceding experimen-
tal results show that the physiological responses of arms and
legs interact with each other during exercise. In most sports

1083-3668/2010/15�1�/017007/8/$25.00 © 2010 SPIE
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ctivities, the arm and the leg are involved simultaneously,
lthough with different levels of engagement. For example,
eg muscles are more active in biking than in swimming, and
he arm muscles are more active in lifting than in rowing.
herefore, it would be useful to have a noninvasive and in
ivo monitoring system that is able to measure both arm and
eg local muscle metabolism simultaneously, as this would
llow for an evaluation of the exercise performance of each
uscle of interest and identification of the different muscles

n use during exercise.
Near-infrared spectroscopy �NIRS� has been broadly used

o evaluate trends in local muscle oxygenation and blood vol-
me during exercise11–13 due to its noninvasive, dynamic, and
ocal measurement capabilities.14,15 The NIRS signals from
he measured muscles mainly reflect the changes in the oxy-
enated hemoglobin �O2Hb� and deoxygenated hemoglobin
HHb�.14,16 Based on the muscle oxygenation patterns, two
oints used to characterize the muscle oxygenation kinetics
ave been reported during incremental exercise:17 the break-
ng point �Bp�, which refers to an accelerated fall in muscle
xygenation that correlates with ventilatory or lactate
hresholds,18–20 and the leveling-off point �Lo� related to the
eveling-off phase in muscle oxygenation, which suggests an
pper limit of O2 extraction in the local muscle.21,22 Used to
valuate the balance between muscle O2 supply and demand,
IRS provides a noninvasive solution to monitor the oxida-

ive metabolism of the arm and leg muscles simultaneously.
To the best of our knowledge, concurrent recordings of

xidative capacity in both the arm and the leg muscles with
IRS measurements have not been conducted. Therefore, the
urpose of this study was to compare the oxidative capacities
f the BB and VL muscles simultaneously using NIRS during
ncremental rowing exercise. On the basis of previous NIRS
ata and related studies that have been conducted in this area,
e hypothesized the following: �1� the Bp and Lo points used

o characterize the muscle oxygenation kinetics should appear
n both the BB and the VL muscles during incremental rowing
xercise, and �2� the Bp and Lo points should occur earlier in
rm muscles than in leg muscles, suggesting that arm muscles
ave a lower oxidative capacity than leg muscles when they
re coordinated during exercise.

Methods
.1 Subjects
ight collegiate male rowers from a sports institute �Wuhan

nstitute of Physical Education, China� volunteered to partici-
ate in this study. Their average ��SD� age, height, and body
ass were 18.6�1.5 years, 190.0�3.5 cm, and
2.4�10.6 kg, respectively. The thickness of subcutaneous
dipose tissue on the surface of each subject’s BB and VL
uscles was measured before the test, and the mean ��SD�

alues were 2.1�0.8 mm and 4.0�0.8 mm, respectively.
he experiment was approved by the Human Subjects Re-
earch Protection Program of each participating institution.

ritten informed consent was obtained from every subject
efore participation, and subjects were allowed to withdraw
rom the study without any restrictions. All subjects were free
rom metabolic and cardiorespiratory disorders.
ournal of Biomedical Optics 017007-
2.2 Exercise Protocol
All subjects performed incremental rowing exercise on a row-
ing ergometer �Concept 2, Inc., Morrisville�, the most widely
used rowing ergometer for training purposes. The ergometer
uses an air-braked resistance mechanism in the form of a fly-
wheel with fans. The flywheel is accelerated with each stroke
by pulling on a handle. The harder the subjects pull, the
greater the resistance. Each test was initiated with a 150-s rest
period while the subject was seated on the ergometer. Then,
the subject began to complete a stepwise incremental protocol
of 50 W every 180 s until exhaustion or the attainment of two
or more of the following end points:6 �1� age-predicted maxi-
mal heart rate �HR�, which was calculated as 220-age in

years, �2� leveling-off of the V̇O2 �increase of less than
100 ml·min−1� with increasing power output, and �3� respira-
tory exchange ratio �RER��1.10. The subjects rowed at their
preferred stroke rate. They could monitor the power outputs
on the monitor �PM3� of the ergometer and were instructed to
keep the power at each workload as constant as possible dur-
ing the tests.23

2.3 Muscle Oxygenation Measurements
Muscle oxygenation changes in the BB and VL muscles were
measured by a two-probe continuous-wave �CW� NIRS de-
vice developed in our laboratory.24 According to the Beer–
Lambert law,25 the light intensity after absorption and scatter-
ing of tissue can be expressed by

I = GI0 exp�− ��HHbCHHb + �O2HbCO2Hb�L� , �1�

where G is constant attenuation, I0 is input light power, and
�HHb and �O2Hb are the molar extinction coefficients of HHb
and O2Hb, respectively. CHHb and CO2Hb are the concentra-
tions of HHb and O2Hb, respectively, and L is the photon
path. Our NIRS device measured only the relative concentra-
tion changes in HHb and O2Hb. Assuming I� as the baseline,
the optical density �OD� can be expressed by

OD = ln
I�

I
= ��HHb�CHHb + �O2Hb�CO2Hb�L , �2�

where �CHHb and �CO2Hb are the relative concentration
changes in HbO2 and Hb from the baseline. Light at the
730-nm wavelength is mainly absorbed by HHb when it pen-
etrates the tissue, while at the 850-nm wavelength, the main
absorption chromophore is O2Hb. The 805-nm wavelength is
the isosbestic point of the absorption coefficients of O2Hb and
HHb. The light intensity changes of 805 nm could be used to
calculate the concentration changes in total hemoglobin �tHb�,
which is considered the blood volume index. We choose 16,
16, and 15 cm as the photon paths for 730, 805, and 850 nm,
respectively.25 Using the known molar extinction coefficients
of HHb and O2Hb at these three wavelengths in Eq. �2�, the
relative concentration changes in HHb, O2Hb, and blood vol-
ume can be obtained.

One probe of the CW NIRS device was firmly attached on
the motor point of the right VL muscle, approximately
14 to 18 cm above the knee, parallel to the major axis of the
thigh, while the other probe was placed on the motor point of
the medial aspect of the right BB muscle, approximately
January/February 2010 � Vol. 15�1�2
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to 8 cm from the elbow crease.6 Each probe consisted of
ne light source �Epitex, Japan� and one detector �OPT101,
urr–Brown�. The light source integrated three light-emitting
iodes �LEDs� with wavelengths of 730, 805, and 850 nm in
TO18 package. Those LEDs were switched sequentially by
timing controller circuit. The detector was 3 cm from the

ight source in order to collect the diffusely back-reflected
hotons from 1.5 to 2.0-cm-deep tissue.25 Most of the col-
ected photons penetrated the measured muscle, because the
ubjects had little subcutaneous adipose tissue on the surface
f the measured muscles, as mentioned earlier.

The NIRS signals were collected at a sampling frequency
f 2.9 Hz. The difference between the relative concentration
hanges in O2Hb and HHb ���O2Hb-HHb�� was taken as the
uscle oxygenation index.19,22,26 Average relative concentra-

ion changes in total hemoglobin ���tHb�� and
�O2Hb-HHb� values attained from BB and VL muscles
ere calculated at rest and during the last 30 s of each
orkload.19 All data were expressed in arbitrary units �a.u.�
ith resting values set at 0. The characteristic points of
uscle oxygenation index, breaking point �Bp� and leveling-

ff point �Lo� were determined by three experienced investi-
ators, who reviewed the NIRS measurements from each sub-
ect independently. The recorded resting values were not
onsidered. The values of the characteristic points were re-
ained when at least two investigators were in agreement.

.4 Cardiorespiratory Measurements
he respiratory gas exchange parameters, such as minute ven-

ilation �V̇e�, oxygen uptake �V̇O2�, carbon dioxide output

V̇CO2�, and respiratory exchange ratio �RER�, were moni-
ored by a metabolic system �MAX II, Physio-Dyne Instru-

ent Corp., New York� during the experiment. The oxygen
nd carbon dioxide sensors in the instrument were calibrated
sing known precision gases �100% nitrogen for the low cali-
ration process; 21% oxygen, 5% carbon dioxide, and the
alance as nitrogen for the high calibration process� according
o the instruction manual of the instrument. The volume of the

ass flow sensor was calibrated using a 3-l syringe. The heart
ate �HR� was recorded using a heart-rate detector that is a
art of the MAX II, and the signals were received in the form
f output pulses of a polar transmitter and receiver. The data
or respiratory gas exchange and HR were averaged every

0 s.V̇O2 max was defined as the maximal V̇O2 observed dur-
ng each test. The gas exchange threshold �GET� was identi-
ed by the ventilatory equivalent method: GET was the break-

ng point at which there was an increase in the ventilatory

quivalents for oxygen �V̇e /V̇O2� versus time without a si-
ultaneous increase in the ventilatory equivalents for carbon

ioxide �V̇e /V̇CO2� versus time.22,27 The breaking point was
valuated visually by three investigators independently, and it
as identified when at least two investigators were in agree-
ent. We also used the V-slope method to identify the GET

utomatically with a computer to confirm the GET identified
y the ventilatory equivalent method.28,29

.5 Statistical Analysis
ll data were expressed as means�SE unless indicated oth-

rwise. One-way repeated measure ANOVA was used to com-
ournal of Biomedical Optics 017007-
pare the cardiorespiratory data at GET and the points of
muscle oxygenation in the measured muscles. The relation-
ship between the time corresponding to the appearances of
GET and the characteristic points of muscle oxygenation was
assessed using Pearson’s product-moment correlation. The
level of significance was set at P�0.05. All statistical analy-
ses were performed using SPSS computer programs.

3 Results
The subjects were numbered from 1 to 8 according to their
best 2000-m rowing competition results. Figure 1 shows the
typical results of muscle oxygenation kinetics measured by

NIRS in BB �Fig. 1�a��, VL �Fig. 1�b��, and V̇e /V̇O2 and

V̇e /V̇CO2 versus time profile �Fig. 1�c�� for one rower �sub-
ject 5� during an incremental rowing test. An accelerated de-
crease in the muscle oxygenation index of the BB
�BB��O2Hb-HHb�� was observed from the breaking point
called BpBBO2, as illustrated in Fig. 1�a�. A similar acceler-
ated fall in the muscle oxygenation index of the VL
�VL��O2Hb-HHb�� was also found from the breaking point
BpVLO2, as shown in Fig. 1�b�. These two characteristic
points of muscle oxygenation in BB and VL were found in all
eight subjects’ results. As shown in Fig. 1, muscle oxygen-
ation began to level off from the second characteristic point,
the leveling-off point �Lo�, called LoBBO and LoVLO in

Fig. 1 A typical example of the kinetics of muscle oxygenation in �a�

the BB and �b� the VL. �c� V̇e / V̇O2 and V̇e/ V̇CO2 versus time profile
for one rower �subject 5�. The NIRS signals were expressed in arbi-
trary units �a.u.�, as resting values were set at 0. BB��tHb� and
VL��tHb� ��� represent the changes in blood volume in the BB and
VL; BB��O2Hb-HHb� and VL��O2Hb-HHb� ��� represent the
changes in muscle oxygenation in the BB and VL; BpBBO2 and
BpVLO2 represent the breaking points �Bps� in the BB and VL muscle,
respectively, from which an accelerated fall in muscle oxygenation
was observed; and LoBBO2 and LoVLO2 represent the leveling-off
points �Lo� in the BB and VL muscle, respectively, from which a
leveling-off phase in muscle oxygenation was shown. V̇e / V̇O2, ven-
tilatory equivalent for O2; V̇e / V̇CO2, ventilatory equivalent for CO2;
and GET, gas exchange threshold.
2 2
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the BB and VL, respectively. Five subjects �subjects 4 to 8�
showed leveling-off phases in both the BB and the VL
muscles during incremental exercise.

Three rowers with higher exercise performance �subjects 1
to 3� did not show the leveling-off phases in their BB and VL
muscle oxygenation indices in this study. The typical muscle
oxygenation kinetics of these elite athletes �subject 1� are il-
lustrated in Fig. 2. The muscle oxygenation indices decreased
sharply from BpBBO2 and BpVLO2 to the end of the exer-
cise in the BB and VL muscles. Similar tendencies in BB and
VL muscle oxygenation were also observed in subjects 2 and
3.

The pertinent cardiorespiratory responses during incremen-
tal rowing tests are shown in Table 1. BpBBO2

��622.5�7.5 s, 45.0�3.8%V̇O2 max� occurred earlier than

BpVLO2 ��735.0�56.4 s, 55.6�2.4%V̇O2 max�, and both
appeared earlier than GET ��813.8�54.4 s,

63.3�2.4%V̇O2 max�. The physiological responses are sig-
nificantly different among these three points. Significant cor-
relations were found between the time at which BpBBO2 and
GET appeared �r=0.81, P�0.05� and the time corresponding
to BpVLO2 and GET occurrences �r=0.98, P�0.01�.
LoBBO2 ��762�72.0 s, 63.6�4.1%V̇O2 max� appeared
earlier than LoVLO2 ��1014�67.4 s,

86.6�1.0%V̇O2 max�, and the physiological responses corre-
sponding to these two points are significantly different. No
significant correlation was found between the time corre-
sponding to LoBBO2 and LoVLO2 �P�0.05�. The maximal
cardiorespiratory and metabolic data reached by the subjects
are also shown in Table 1.

ps� of an accelerated fall in BB muscle oxygenation �BpBBO2� and VL
veling-off points in the BB muscle oxygenation �LoBBO2� and the VL

GET LoBBO2 LoVLO2 Max

8±54.4*§ 762±72.0 1014±67.4 # 1275±56.4

±0.24*§ 2.89±0.33 3.96±0.28 # 5.03±0.25

8±1.9*§ 38.8±3.5 53.3±2.0 # 62.3±0.9

±0.21*§ 2.75±0.31 4.25±0.23 # 5.64±0.26

6±5.5*§ 70.6±6.6 111.8±1.8 # 161.4±5.7

5±0.55 24.78±1.44 28.72±1.92 32.82±1.47

0±0.74 25.93±1.16 26.62±1.50 28.85±0.95

±0.01*§ 0.96±0.03 1.07±0.03 # 1.16±0.03

3±2*§ 142±8 170±3 # 185±3

.3±2.4 63.6±4.1 86.6±1.0

take; V̇CO2, carbon dioxide output; V̇e, minute ventilation; RER, respiratory
�0.05�. § indicates significantly different from BpVLO2 �P�0.05�. There are
ET �P�0.05�. # indicates significant difference between LoBBO2 and LoVLO2
able 1 Cardiorespiratory responses corresponding to the breaking points �B
uscle oxygenation �BpVLO2�, to the gas exchange threshold �GET�, to the le
uscle oxygenation �LoVLO2�, and to maximal exercise �Max�.

Parameters BpBBO2 BpVLO2

Time �s� 622.5±7.5 735.0±56.4* 813.

V̇O2 �L/min� 2.29±0.25 2.73±0.23* 3.18

V̇O2 �ml/min/kg� 28.0±2.1 33.7±1.9* 39.

V̇CO2 �L/min� 1.98±0.24 2.48±0.21* 2.91

V̇e �L/min� 51.4±5.8 62.7±4.8* 74.

V̇e/V̇O2
22.7±1.01 23.12±0.62 23.5

V̇e/V̇CO2
26.23±0.81 25.63±0.73 25.5

RER 0.87±0.02 0.91±0.01* 0.93

HR �beats/min� 130±5 140±3* 15

Percentage of V̇O2 max �%� 45.0±3.8 55.6±2.4 63

ote: Values are means±SE. V̇O2, oxygen uptake; V̇O2 max, the maximal oxygen up
xchange ratio; and HR, heart rate. * indicates significantly different from BpBBO2 �P
ignificant differences among cardiorespiratory parameters at BpBBO2, BpVLO2, and G
P�0.05�.
ig. 2 Typical muscle oxygenation changes of subjects with high ex-
rcise performance �subject 1� who did not show a leveling-off phase
n the muscle oxygenation index. Values were expressed in arbitrary
nits �a.u.�, as resting values were set at 0. BB��tHb� and VL��tHb�
�� are the changes in blood volume in the BB and VL, respectively;
B��O2Hb-HHb� and VL��O2Hb-HHb� ��� are the changes in
uscle oxygenation in the BB and VL, respectively; BpBBO2 and
pVLO2 are the breaking points �Bps� in the BB and VL muscle oxy-
enation, respectively. V̇e / V̇O2, ventilatory equivalent for O2;

˙ e/ V̇CO2, ventilatory equivalent for CO2; and GET, gas exchange
hreshold.
January/February 2010 � Vol. 15�1�4
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The maximal power outputs �POmax�, the maximal oxygen

ptakes �V̇O2 max�, and the power outputs �POs� attained at
ET, Bp, and Lo points by the subjects are shown in Table 2.
he subjects with higher exercise performances reached

igher V̇O2 max, heavier POmax, and heavier POs at Bp and Lo
oints in both the BB and the VL muscles. Significant corre-

ations were found between V̇O2 max and PO attained at Bp

PO at BpBBO2 versus V̇O2 max: r=0.94, P�0.01; PO at

pVLO2 versus V̇O2 max: r=0.97, P�0.01� and between

Omax and V̇O2 max �POmax versus V̇O2 max: r=0.97, P
0.01�.

Discussion
his is the first study to compare the acute changes in muscle
xygenation and blood volume of the VL and BB muscles
imultaneously using NIRS during incremental rowing exer-
ise in well-trained rowers. We found two characteristic
oints in each muscle during incremental tests: the breaking
oint �Bp�, which refers to an accelerated fall in muscle oxy-
enation that correlates with the gas exchange threshold
GET�, and a leveling-off point �Lo� in muscle oxygenation,
hich implies the near maximal oxygenation extraction in

hese subjects. Both the Bp and the Lo points appeared earlier
n the BB muscle than in the VL muscle.

Our endurance-trained rowers have little subcutaneous adi-
ose on the surface of the measured muscles, so most of the
IRS signals detected came from the measured muscles, and

he adipose tissue did not affect the related trends in muscle
xygenation.30 The nature of CW NIRS measurement is still
ualitative,16,30 mainly due to the unknown scattering coeffi-
ient of the measured tissue.31 The subcutaneous adipose tis-
ue at the surface of the muscle, which influences the light
enetration path length, also greatly affects the quantitative

Table 2 The power outputs �POs� attained at B
�POmax� and oxygen uptake �V̇O2 max� obtained b

Subject

PO at
BpBBO2

�W�

PO at
BpVLO2

�W�

PO at
GET
�W�

PO a
LoBBO

�W�

1 250 250 250 —

2 250 250 250 —

3 200 250 250 —

4 200 250 250 300

5 150 200 200 200

6 150 200 200 200

7 150 150 150 200

8 100 150 150 200

Note: The subjects were numbered from 1 to 8 accord
BpVLO2, the breaking points �Bps� of accelerated fall
exchange threshold; and LoBBO2 and LoVLO2, the level
tively.
ournal of Biomedical Optics 017007-
measurements by CW NIRS. Therefore, we used arbitrary
units �a.u.� in our study with resting values set at 0, and we
focused only on the characteristic points of muscle oxygen-
ation kinetics �breaking point and leveling-off point�, which
can be used reliably in any subject.22

Some studies reported that ��O2Hb-HHb� can be influ-
enced by the changes in blood volume ���tHb��, so they used
��HHb� as the muscle oxygenation index.32–34However, other
studies did not report this influence.17,22,35,36 In the design of
our homemade CW NIRS device, the ��O2Hb-HHb� is cal-
culated from the difference between OD 850 and OD 730,
while the tHb is calculated from OD of 805 nm. The changes
in blood volume could not be influenced by the changes in
OD 850 and OD 730. Thus, there is almost no cross talk
between the blood volume and oxygenation changes.25 In fact,
the ��O2Hb-HHb� and ��HHb� also showed the same char-
acteristic points in our study �unpublished data�, which is in
agreement with previous studies.22 Therefore, ��O2Hb-HHb�
was chosen as the muscle oxygenation index in this study.

In this study, GET was evaluated visually by three inves-
tigators independently according to the ventilatory equivalent
method. However, this method is sometimes inaccurate due to
its reliance on ventilatory response.28,29 It is difficult to iden-
tify the GET using this method in some subjects due to insen-
sitive ventilatory chemoreceptors, e.g., obstructive lung dis-
ease, or even in some normal subjects. We also sometimes
experienced difficulty in identifying the GET in this study. As

shown in Fig. 1�c�, although V̇e /V̇CO2 showed a slight in-
crease from where the arrow indicated, two investigators still

experientially chose this point as the GET because V̇e /V̇O2
began to systematically increase at this point. Therefore, we
also used the V-slope method to identify the GET automati-
cally with a computer �unpublished data� to confirm the GET
identified by the subjective ventilatory equivalent method. We

, and Lo points and the maximal power outputs
ubjects.

O at
VLO2
�W�

POmax
�W�

V̇O2 max
�ml·min−1�

2000-m rowing
performance

�s�

— 350 5896 442

— 350 5551 451

— 350 5589 460

50 350 5404 465

00 300 4854 486

00 300 4767 495

50 250 4302 513

50 250 3896 542

their best 2000-m rowing performances. BpBBO2 and
B and VL muscle oxygenation, respectively; GET, gas
oints �Lo� in the BB and VL muscle oxygenation, respec-
p, GET
y all s

t
2

P
Lo

3

3

3

2

2

ing to
in the B
ing-off p
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ound that the GET identified by the ventilatory equivalent

ethod occurred at 63.3�2.4% V̇O2 max, while the GET
dentified by the V-slope method occurred at 62.8�2.0%
˙ O2 max. Significant correlation was found between the GET
dentified by these two methods according to their occurrence
ime �r=0.994, P�0.01�. Actually, the GET identified by
hese two methods occurred at the same time point in six
ubjects �subjects 1 to 6�, while only two subjects �subjects 7
nd 8� showed a different GET, with only about a 30-s time
ag. Since it is difficult to show the results of the V-slope

ethod with time as the x axis, we presented the results of the
entilatory equivalent method here.

.1 Characteristic Points in the BB and VL Muscles

he breaking points �Bps� of muscle oxygenation kinetics,
alled BpBBO2 and BpVLO2 in the BB muscle and the VL
uscle, respectively, were found in every subject. Both the
pBBO2 and the BpVLO2 occurred earlier than the GET in

his study. NIRS measures local blood deoxygenation of the
easured tissue, and GET is identified by the respiratory gas

xchange measurements. The time lag between Bp obtained
y NIRS and GET from the whole body may be explained by
he local versus systemic apparatuses.

To meet the ATP requirements at high work intensity, more
lycolytic muscle fibers will be recruited, which will lead to
he accumulation of lactic acid in the local exercising

uscles. Lactic acid can dissociate into lactate and H+. A
revious study has demonstrated an accumulation in the H+

oncentration �H+ threshold� in the local exercising muscle.
he H+ threshold is correlated with classic metabolic thresh-
lds during incremental exercise and could be identified by
IRS measurements.37 The accumulated H+ in the local
uscle will increase the oxyhemoglobin dissociation via the
ohr effect and consequently accelerate the decrease in
uscle oxygenation.17 The accumulated H+ will also be trans-

orted out of the muscle and be buffered by bicarbonate or
ther buffers in the systemic blood, resulting in the production
f carbonic or other acids. The carbonic acid will dissociate
nto water and carbon dioxide, resulting in an increase in ar-
erial CO2 tension. The increased CO2 tension will stimulate
he central chemoreceptors and cause a nonlinear increase in
as exchange.17,18 These steps may result in delayed reaction
etween the local muscle H+ accumulation and the increase in
as exchange.

The Bp point in VL muscle appeared to be close to the
ET, which was consistent with previous studies.17,20 How-

ver, the Bp point in the BB muscle was not close enough to
all it “near GET.” BpBBO2 appeared earlier than BpVLO2.
revious studies have reported that the BB has a lower per-
entage of oxidative muscle fiber than the VL.38,39 The re-
ruitment of more glycolytic muscle fibers to meet the ATP
equirements during incremental exercise should occur earlier
n the BB muscle than in the VL muscle. Skeletal muscle is
he major producer of lactic acid, but its oxidative fibers are
lso the primary consumers of lactic acid.40–42 The muscle
apacity for lactic acid clearance will be enhanced by a pre-
ominance of oxidative muscle fibers.41 Thus, the accumula-
ion of lactic acid would occur later in the VL muscle than in
he BB muscle. The earlier Bp points in BB muscles should
ournal of Biomedical Optics 017007-
be attributed to the lower oxidative capacity of arm muscles,
owing to the lower percentage of oxidative muscle fibers.

A leveling-off point �Lo� was found in five of the subjects
�subjects 4 to 8�, suggesting that the upper limit of O2 extrac-
tion was attained in these subjects.17,21 The earlier occurrence
of Lo in the BB muscle might suggest that “peak” O2 extrac-
tion capacity was reached earlier for BB exercise. The differ-
ences in maximal arm and leg O2 extraction might be attrib-
uted to the physical properties of the exercising muscles, such
as the muscle mass or the percentage of slow twitch oxidative
muscle fibers.39 Moreover, it is evident that the blood volume
began to decrease in the VL muscle and seemed to level off in
the BB muscle, as shown in Fig. 1. This might suggest that the
leveling off in muscle oxygenation could be due to limited
oxygen availability in these muscles. In addition, because the
use of the arm and leg muscles can be different in different
athletes, we cannot rule out other possibilities due to the small
number of statistics samples.

4.2 Comparisons among the Subjects

Previous studies have found that most of the energy needed
for 2000-m rowing was derived from oxidative metabolism,
so the rowers with higher oxidative capacity usually showed a
better rowing competition performance.43,44 The exercise per-
formances of rowers are correlated with their maximal power

outputs �POmax� and V̇O2 max attained during incremental
exercise.23,45 In this study, significant correlation was also

found between POmax and V̇O2 max �r=0.97, P�0.01�.
Significant correlations were found between V̇O2 max and

power outputs �POs� attained at Bp in our study �PO at

BpBBO2 versus V̇O2 max: r=0.94, P�0.01; PO at BpVLO2

versus V̇O2 max: r=0.97, P�0.01�. The correlations between

PO attained at Lo and V̇O2 max were not evaluated due to the
small number of the statistics samples. However, it is still
evident that the rowers with higher exercise performance at-
tained heavier workload intensities at Lo points, as shown in
Table 2. It is believed that endurance training would improve
the oxidative capacity of muscles by improving their capacity
for lactic acid utilization and clearance.41 Thus, it is reason-
able that the well-trained rowers with higher exercise perfor-
mances could attain heavier power outputs at both the Bp and
the Lo points.

The subjects in this study are all endurance rowers. They
have been trained regularly on the rowing ergometer and were
able to keep the power output as constant as possible at each
step during the experiments. The maximal cardiorespiratory
metabolic data, the POmax, and the PO attained at GET are
consistent with previous studies.23,46 Some studies reported
that the results of a performance test on the rowing ergometer
between rowers and nonrowers had to be considered sepa-
rately because specific muscle mass and oxidative capacity of
working muscles might be increased by specific training.46,47

It is unclear whether the untrained subjects will still show
earlier Bp and Lo points in arm muscles compared with leg
muscles, and this is an interesting question in need of further
study.
January/February 2010 � Vol. 15�1�6
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Conclusion
he oxidative capacities of the BB and VL muscles were
ompared using NIRS during incremental rowing exercise in
his study. The breaking point �Bp� and leveling-off point �Lo�
sed to characterize the muscle oxygenation kinetics were
ound in both the BB and the VL muscles. The Bp and Lo
oints occurred earlier in arm muscles than in leg muscles,
uggesting that arm muscles showed lower oxidative capaci-
ies than leg muscles during incremental rowing exercise. This
oincided with the results of previous studies about the oxi-
ative exercise capacities of rowers, in which the arm and leg
xercises were recorded separately.3 Moreover, rowers with
igher exercise performances attained heavier workload inten-
ities at the Bp and Lo points in both the BB and the VL
uscles. The monitoring of muscle oxygenation by NIRS in

rm and leg muscles during rowing might provide a new and
seful means to evaluate an athlete’s training regimen.
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