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Abstract
Determining the oxygenation level of skeletal muscle is an effective non-invasive method of evaluating its 

physiological changes. Nevertheless, the relationship between muscle fiber composition and intramuscular oxygenation 
is still unclear. In the present study we examined the differences in muscle fiber composition and their relationship to 
muscle oxygenation levels by comparing power lifters (Training group), who regularly engaged in muscular resistance 
training, with ordinary healthy people (Control group). The vastus lateralis muscle oxygenation level was measured via 
near infrared continuous wave spectroscopy, and muscle tissues were collected and used for histochemical analyses 
in order to calculate muscle fiber compositions. When the rate of decrease in muscle oxygenation after performing a 
single squat at 50 and 80% of the participants’ maximal lifting weight (MLW) was examined, the rate of decrease was 
significantly higher at 80% of MLW than at 50% of MLW in Training group, and was significantly higher in the Training 
group than in the Control group. Moreover, after performing multiple squat movements at 80% of MLW, compared 
with the Control group, the Training group showed a significant delay in the time it took for their muscle oxygenation 
level to recover to 50% of its original level at resting time (T1/2). A significant correlation between the occupancy of 
Type IIa fiber and T1/2, or between an average cross-sectional area of muscle fibers and T1/2 was noted. The present 
study demonstrated that in the Training group, in a cross-sectional area of Type IIa fiber that had increased, the 
decreased muscle oxygenation level due to performing squat exercises exhibited a delay in recovery at the resting 
time, suggesting that the amount of oxygen consumption was increased in the Training group because the cross-
sectional area of Type IIa fiber was larger, compared with the Control group.
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Introduction
Skeletal muscle is composed of several types of muscle fibers such 

as Type I, Type IIa, and Type IIx, all of which differ in contractile and 
metabolic characteristics. Skeletal muscle is referred to as a “plastic” 
tissue because it adapts to exercise. In fact, the exercise-induced 
stimulation from muscular resistance increases muscle mass and 
strength, changes muscle composition and improves muscle function. 
This process is thought to be the after-effect of hypertrophy of muscle 
fiber size, an increase in muscle fiber number, accretion of connective 
tissue around muscle fiber, or some combination of these [1].

Recently, the effects of hypoxia on muscle structure and function 
have been investigated. Resistance training under local hypoxia 
reportedly induces muscle hypertrophy (Type II fiber) and increases 
muscle strength [2-5]. Also, it has been suggested that under hypoxia, 
low-intensity resistance training, which is generally thought not to 
induce muscle hypertrophy, can induce muscle hypertrophy [6,7]. On 
the other hand, hypoxia-induced intramuscular environmental changes 
are synergistically developed by resistance exercise [8]. A muscle 
contraction-induced rise in intramuscular pressure excretes blood and 
results in the flow of more blood after relaxation. Thus, the ischemic 
interval is dependent upon the length of the muscle contractile time. 
Therefore, the extension of an ischemic interval induced by resistance 
training attracts hypoxia and affects muscle structure and function.

Examination of muscle oxygenation levels is thought to be effective 

as a non-invasive method of evaluating physiological changes in skeletal 
muscle caused by exercise. Near infrared continuous wave spectroscopy 
(NIRcws) has been used to evaluate the kinetics of skeletal muscle 
oxygenation during various types of exercise non-invasively and 
continuously [9-11]. In fact, some studies have examined the relationship 
between changes in exercise intensity and muscle oxygenation level by 
having participants perform squat exercises [12-15]. For example, muscle 
oxygen recovery kinetics appeared to be influenced by differences in 
the intensity and volume of exercise [12]. Nevertheless, in addition to 
exercise intensity and volume, little is known about factors that affect 
changes in muscle oxygenation. In the present study, we hypothesized 
that muscle fiber composition affected intramuscular oxygenation 
because of differences in oxygen consumption and oxidation capacity of 
each muscle fiber type. Therefore, we investigated differences in muscle 
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fiber compositions and their relationship with muscle oxygenation levels 
were evaluated via NIRcws between powerlifters (Training group) and 
ordinary healthy people (Control group). 

Materials and Methods
Participants

Thirteen healthy male adults participated in the study: 7 
powerlifters for the Training group and 6 healthy graduate students 
and working adult volunteers for the Control group. The powerlifters 
belonged either to a powerlifting club at the University of Tsukuba 
in Japan or to a powerlifting association in Japan, and had entered 
a powerlifting competition. The average length of competitive 
experience in powerlifting of the Training group was 8.0 ± 2.8 years. 
All the participants had almost the same age, weight, BMI, and skinfold 
thickness, except for height (Table 1). The study was conducted with the 
participants who agreed to participate after having received sufficient 
explanation on the purpose, method, safety, and problems of this study. 
Experimental procedures were approved by the Ethics Committee of 
the Institute of Health and Sport Science, University of Tsukuba, Japan.

Protocol for measuring

The protocol of this research is shown in Figure 1. After a muscle 
biopsy, the participants were given time to recover until muscular 
activities could be done smoothly. We determined the maximal lifting 
weight (MLW) of each participant in advance and calculated relative 
exercise loads at 50 and 80% of their MLW. The determination of 
the MLW for the powerlifters was based on their best records in a 
powerlifting competition. On the other hand, for determinations 
of MLW for the Control group, we measured each of 6 repetition 
maximum (RM) loads during a squat exercise. A 6RM load is known 
to be reliable (Intra-class correlation coefficient > 0.95) and can be an 
alternative to a 1RM load determination [16]. The 1RM load can be 
estimated from a 6RM load using the following conversion equation: 
1RM load=6RM load / 85% [17].

The participants took a standing posture in the squat rack (NISHI 
Athletic Goods Co., Ltd., Tokyo, Japan) after resting on a chair for 2 
minutes. Each participant assumed their exercise posture 10 seconds 
before the start of the exercise. At the moment when they were given 
a signal, they started a squat movement at 50% of their MLW. Next, 
after confirming that the muscle oxygenation level had recovered to 
the resting level (almost 2 min), the participants performed a squat 
at 80% of their MLW. Finally, after sufficient recovery time (almost 3 
min), the participants performed multiple squats at 80% of their MLW 
until exhaustion (almost 10 times, 30 sec). We judged subjects as 
being in an exhausted state when failure to perform the squat exercise 
(failure to stand, decreases in knee flexion angle, stagger, and so on) 
was observed. Because the Control groups lacked sufficient experience 
in squat exercises, assistants with sufficient knowledge and experience, 
supervised the exercise performances of the Control group to avoid 
accidents during exercise. Moreover, immediately after each squat 
movement, assistants on both sides of a participant lifted the barbell by 
hand so that the participant could be in the recovery period in a relaxed 
condition. This was done to avoid the influence of muscle oxygenation 
during the recovery process in participants after the exercises. Five 
minutes after the completion of all the exercises, arterial occlusion was 
performed.

Evaluation of oxygenation levels in skeletal muscle

NIRcws is used as the measurement of oxygen concentration in 
tissues by utilizing the absorbance characteristics of hemoglobin and 
myoglobin at the near infrared region. To measure NIRcws, we used 
Omron’s near-infrared spectroscopy device (HEO-100, Kyoto, Japan). 
This device uses a two-wavelength method of two near infrared 
wavelengths (760 and 850 nm) as the basis of measurement [18]. 
Its probe is composed of two LEDs, which emit two near infrared 
wavelengths, photo diode, and photodetection amplifier. The probe 
was attached to the vastus lateralis muscle of the right thigh, which was 
the same part where the muscle biopsy was conducted. Near-infrared 
light of 760 and 850 nm wavelengths emitted from the light source was 
injected into the muscle tissue and changes in oxygenation levels of 
skeletal muscle were measured based on the amount of light that reached 
the photodetector sensor after being absorbed by oxyhemoglobin 
and oxymyoglobin (oxy-Hb+Mb), as well as deoxyhemoglobin and 
deoxymyoglobin (deoxy-Hb+Mb). A relative value of skeletal muscle 
oxygenation cannot be calculated by the measurement of oxy-Hb+Mb 
using NIRcws. Therefore, following the arterial occlusion method ≥ 280 
mmHg of pressure was applied to the thigh cuffs until the oxy-Hb+Mb 
showed the minimal value [19-21]. The minimal oxy-Hb+Mb value was 
determined when the oxy-Hb+Mb value had reduced (almost 2 min) 
and maintained a steady state for 1-2 min. The relative value of skeletal 
muscle oxygenation was calculated with the following formula, using 
the minimum value obtained (M), the value obtained at resting (R), and 
the value obtained during exercise (E):

 (Formula) Muscle oxygenation (%) = (M-E)/(M-R)×100.

The distance between the light source of the probe and the 
photodetector used was 3 cm. Therefore, the depth of measurement 
was assumed to be 1 to 2 cm below the skin surface [21-23]. Based 
on the fact that the thigh skinfold thickness in subjects tested in this 

Age (yr) Height (cm) Weight (kg) BMI (kg/m2) Skinfold thickness (cm) Training experience (yr)

Control group (N=6) 33.2 ± 5.1 171.4 ± 0.7 71.4 ± 1.9 24.3 ± 0.7 0.5 ± 0.1  -
Training group (N=7) 30.0 ± 4.8 165.5 ± 2.2* 68.7 ± 4.4 25.1 ± 1.4 0.4 ± 0.1 8.0 ± 2.8
Values are means ± SE. BMI = body mass index; skinfold thickness = thickness of skin and tissue at the place of NIRcws probe. *p < 0.05 vs. Control group.

Table 1: Characteristics of subjects. 
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Figure 1: Experimental protocol of the muscle oxygenation during a 
squat exercise 
Relative muscle oxygenation was determined by assigning the resting oxy-
Hb+Mb value (R) (100%) and the minimum oxy-Hb+Mb value (M) obtained 
from arterial occlusion (0%). Muscle oxygenation (%) was expressed by using 
algebraic expression, i.e., muscle oxygenation (%) = (M-E)/(M-R)×100. MLW 
= maximal lifting weight.
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experiment averaged 0.4 ± 0.1 cm for the Training group and 0.5 ± 0.1 
cm for the Control group, respectively, it could be assumed that the 
oxygen levels measured were derived mainly from skeletal muscle.

Muscle biopsy

A physician who specialized in exercise physiology conducted the 
muscle biopsies. Dexterity with vastus lateralis muscle was the focus of 
this experiment. Skin was sterilized with an anti-bacterial preparation 
(Isodine) and then muscle tissue (20~30 mg) was sampled under 
local anesthesia (1% xylocaine). Two specimens of muscle tissue were 
sampled for histochemical analysis. The muscle tissue was rapidly 
embedded in a compound (TISSUE-TEK, Miles Co., Elkhart, USA) 
and instantly frozen in 2-methylbutane (isopentane; WAKO, Osaka, 
Japan), then maintained with liquid nitrogen. Frozen samples were 
stored at -80°C until moments before use.

Histochemical analysis

A continuous cross-section (10 µm) of muscle tissues was obtained 
by cryostat (OF/FAS5030; Bright Instrument, Cambridgeshire, UK) 
at -20°C. The sections were subjected to myosin-ATPase stain (pre-
incubation; pH 10.3 and 4.6) [2,24]. The sections were photographed 
using a photomicrographic camera (Nikon M-35FA, Nikon, Tokyo, 
Japan). According to methods established by Brooke and Kaiser each 
sample of muscle fiber was separated into either Type I or Type II (Type 
IIa, Type IIx, and Type IIc) fiber, and the % of Fiber Type was calculated. 
Each type of muscle fiber from the same sample was randomly traced 
and calculated as to mean fiber area per fiber with respect to each of 
the types using image analysis software [3,25]. Based on those values, 
the muscle fiber cross-sectional area per capillary vessel (i.e., Diffusion 
index between capillary vessel and muscle fiber and muscle fiber type 
area distribution) was also calculated. On the other hand, other sections 
were subjected to amylase-PAS stain (pre-incubation; 0.5% α-amylase) 
for visualization of capillaries [26]. The number of capillaries around 
the fiber type and the number of capillaries per unit area (1000 µm2) for 
each fiber type were calculated.

Statistical analysis

The numerical values obtained are indicated as means ± SE. An 
unpaired t-test was applied to compare the data between the two 
groups. Furthermore, Pearson’s correlation analysis was conducted to 
examine the correlation between different measured values. The level of 
statistical significance was set at less than 5 percent.

Results
Changes in muscle oxygenation level caused by performing 
squat exercises

Figure 2A shows the changes in muscle oxygenation after performing 
a single squat at 50% of MLW. Muscle oxygenation in both groups 
decreased with the start of the squat movement, and after reaching the 
lowest peak value, it tended to gradually recover to the original level at 
resting (Figure 2A). The lowest peak value during the decrease in muscle 
oxygenation was 84.3 ± 5.6% for the Control group and 68.1 ± 8.1% 
for the Training group, respectively (Figure 2A). Similar results were 
obtained after performing a single squat at 80% of the participants’ MLW 
(Figure 2B). The muscle oxygenation level observed immediately after 
exercise was 89.8 ± 5.7% for the Control group and 84.0 ± 3.1% for the 
Training group, respectively (Figure 2B). The lowest peak value during 
the decrease in muscle oxygenation was 65.1 ± 9.8% for the Control 
group and 58.3 ± 9.2% for the Training group, respectively (Figure 2B). 
On the other hand, during the multiple squats, a muscle oxygenation level 

at 80% of the participants’ MLW decreased in a linear fashion followed 
by a stable condition in both groups (Figure 2C). After performing the 
movement, recovery to the original level at resting was time-dependent 
(Figure 2C). However, although the Control group’s recovery time of 
muscle oxygenation was quick (especially between 10 and 25 seconds), 
the Training group showed a more gradual recovery rate during the same 
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Figure 2: Changes in muscle oxygenation level caused by performing 
squat exercises
Changes in muscle oxygenation during one trial squat exercise with 50% (A) 
and 80% (B) of MLW and a recovery period in the Training (close circle) and 
Control (open circle) groups is shown.  Values are means ± SE.  Rec=Recovery.  
C: Changes in muscle oxygenation during squat exercises to exhaustion with 
80% of MLW and recovery period in the Training (close circle) and Control 
(open circle) groups. Values are means ± SE. Rec = Recovery.
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time period, which indicated a delay in recovery (Figure 2C).

Changes in the rate of decrease in muscle oxygenation level 
caused by performing a single squat

With the results shown in Figures 2A and 2B, the rate of decrease 
in muscle oxygenation after performing a single squat at 50 and 80% 
of the participants’ MLW was examined (Figure 3). At both loads, the 
rate of decrease in muscle oxygenation after performing a squat was 
significantly higher (p<0.05) in the Training group than in the Control 
group. The rate of decrease in muscle oxygenation in the Training group 
was significantly higher (p<0.01) at 80% of MLW than at 50% of MLW.

Changes in recovery time of muscle oxygenation after 
multiple squats

After performing multiple squats at 80% of the participants’ MLW 
until exhaustion, recovery of muscle oxygenation was slower in the 

Training group than in the Control group (Figure 2C). The time it 
took for the muscle oxygenation level to recover to 50% of its original 
value at rest (T1/2) was examined. As a result, the delay in recovery was 
significantly longer (p<0.05) in the Training group than in the Control 
group (Figure 4).

Muscle fiber composition

As shown in Table 2A, the proportion of Type I and IIa fibers was 
not significantly different between both groups. The area distribution 
of Type IIx fiber was significantly lower (p<0.05) in the Training group 
than in the Control group (Table 2B). The cross-sectional area of Type 
IIa fiber was significantly higher (p<0.05) in the Training group than 
in the Control group, but that of Type IIx fiber was significantly lower 
(p<0.05) in the Training group than in the Control group (Table 2C). 
The number of capillary vessels around each muscle fiber was not 
significantly different between the groups.

Figure 3: Changes in the rate of deoxygenation obtained during recovery 
Rate of deoxygenation obtained during recovery (%/s) after both one trial squat 
exercise (50% and 80% of MLW) was calculated. Values are means ± SE. 
*p<0.05 vs. Control group; # p<0.01 vs. 50% of MLW in Training group.

Figure 4: Changes in half-time of oxygenation recovery after squat 
exercises 
Half-time of oxygenation recovery (T1/2) after squat exercises to exhaustion 
with 80% of MLW was calculated. Values are means ± SE. *p<0.05 vs. Control 
group.

(A) Fiber type composition (%) 
Fiber type
 

Control group
N = 6

Training group
N = 7

P-value
 

Type I 41.7  ±  3.9 47.8  ±  6.9 NS
Type IIa 33.9  ±  3.8 41.1  ±  6.4 NS
Type IIx 23.6  ±  3.6 10.0  ±  4.5 NS
Type IIc 0.8  ±  0.4 1.0  ±  0.7 NS

(B) Fiber type area distributuion (%)
Fiber type
 

Control group
N = 6

Training group
N = 7

P-value
 

Type I 41.9  ±  4.4 44.8  ±  6.7 NS
Type IIa 36.7  ±  4.1 45.7  ±  7.0 NS
Type IIx 20.8  ±  2.9 8.7  ±  3.9 0.05
Type IIc 0.7  ±  0.4 0.8  ±  0.6 NS
(C) Fiber type cross-sectional area (µm2)
Fiber type
 

Control group
N = 6

Training group
N = 7

P-value
 

Type I 4708  ±  376 5672  ±  287 NS
Type IIa 5099  ±  459 6880  ±  481 0.05
Type IIx 4207  ±  447 3004  ± 1087 0.05
Type IIc 2034  ±  911 1447  ±  939 NS
Mean 4012  ±  548 4251  ±  697 NS
(D) Number of capillaries around fiber type 

Fiber type Control group
N = 6

Training group
N = 7

P-value
 

Type I 4.8  ± 0 .4 5.6  ±  0.3 NS
Type IIa 4.4  ±  0.5 5.4  ±  0.2 NS
Type IIx 3.9  ±  0.5 2.3  ±  0.8 NS
Type IIc 1.2  ±  0.6 1.9  ±  1.2 NS
Mean 3.6  ±  0.5 3.8  ±  0.6 NS

Values are meals ± SE
P-values denote level of significance between Training and Control groups
Table 2: Morphological characteristics of vastus lateralis muscle in Training and 
Control groups. Control group 

N = 6
Training group 

N = 7 P-value

Mean area (µm2) 4781  ±  397 6153  ±  377 0.05

Number of capillaries around muscle fiber 4.5 ± 0.5 5.3  ±  0.1 NS

Number of capillaries per muscle fiber 2.3  ±  0.2 2.7  ±  0.1 0. 05
Number of capillaries per unit area 451.7  ±  32.2 415.6  ±  21.3 NS
Diffusion index ( µm2) 2108  ±  146 2289  ±  119 NS

Values are meals ± SE
P-values denote level of significance between Training and Control groups
Table 3: Mean Cross Sectional area of the vastus lateralis muscle in both groups. 
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Table 3 shows the morphological characteristics of the vastus 
lateralis muscles. The mean value for the cross-sectional area of muscle 
fiber was significantly higher (p<0.05) in the Training group than in 
the Control group. Furthermore, the number of capillary vessels per 
muscle fiber was also higher (p<0.05) in the Training group than in the 
Control group. However, the number of capillary vessels per unit area 
was similar for both groups. Likewise, there was no difference in the 
diffusion index between the groups.

The relationship between the ratio of Type IIa fibers and T1/2, 
and between the cross-sectional area of muscle fiber and T1/2 
after multiple squats

Finally, we examined the relationship of the ratio of Type IIa 
fibers and mean cross-sectional area of muscle fiber (μm2) with T1/2. 
Significantly positive correlations were observed both between the ratio 
of Type IIa fibers and T1/2 (Figure 5A), and between the mean cross-
sectional area of muscle fiber and T1/2 (Figure 5B).

In the present study, a decrease in muscle oxygenation that 
depended on exercise intensity was observed after performing a single 
squat exercise for both the Training and the Control groups, even 
though the muscle fiber compositions were different between the two 
groups. However, this decrease was more remarkable in the Training 

group than in the Control group. Furthermore, the rate of decrease in 
muscle oxygenation was significantly higher in the Training group than 
in the Control group. In addition, in the Training group, the decreased 
muscle oxygenation level due to performing multiple squat exercises 
showed a delay in recovery at resting time, and as the ratio of the Type 
IIa muscle fiber increased, this phenomenon became more significant.

Discussion
The decrease in muscle oxygenation level in the Training group was 

significantly higher at 80% of the participants’ MLW than at 50% of the 
participants’ MLW. Also, even though it was not statistically significant, 
the Control group appeared to show a higher rate of decrease in muscle 
oxygenation at 80% of MLW than at 50% of MLW. The physiological 
reactions of the vastus lateralis muscle in the right thigh caused by 
performing a squat included a constriction of arterioles and blood 
capillaries due to an increase in intramuscular pressure associated with 
muscular contraction, microcirculatory dysfunction, and decreased 
peripheral muscle blood flow. These reactions appeared to become 
stronger as the exercise load increased.

The changes in the types of muscle fibers recruited were 
associated with the changes in the capacity of oxygen consumption by 
mitochondria, which brought about changes in muscle oxygenation. 
Oxygen consumption of mitochondria is thought to be governed by 
ADP, Pi, NADH, and oxygen concentration and oxygen consumption 
by mitochondria increases according to an increase in the intensity of 
exercise [27,28]. In fact, Haga et al. [21] have reported that, when a high 
intensity exercise is performed, oxygen consumption by mitochondria 
increases and muscle oxygenation decreases from the beginning of the 
exercise. It can be assumed that the higher rates of decreases in muscle 
oxygenation observed at 80% of the participants’ MLW in both groups 
were partly associated with the changes in the types of muscle fiber 
recruited due to the increase in exercise load. In both groups, activities 
employing Type I fiber might be significant at 50% of the participants’ 
MLW. However, changes were seen in the rate of decrease in muscle 
oxygenation at 80% of MLW. It can be assumed that this occurred 
because activities employing Type IIa fibers, which have a relatively 
higher capacity of oxygen consumption than Type IIx fibers, were also 
prompted during the exercise performed at 80% of MLW.

On the other hand, the rate of decrease in muscle oxygenation after 
performing a single squat movement at both loads was significantly 
higher in the Training group than in the Control group. We may assume 
that the amount of oxygen consumption increased in the Training 
group because the cross-sectional area of skeletal muscle is larger in 
the Training group compared to the Control group, leading to more 
increased muscle oxygenation. T1/2 after performing multiple squats at 
80% of the participants’ MLW until exhaustion showed a significant 
delay in the Training group. The recovery time of muscle oxygenation 
level after exercise reflects the synthesis of phosphocreatine that 
decreased due to exercise and oxygen transport to mitochondria, as 
well as the speed of oxidative ATP resynthesis [22]. Therefore, this time 
factor is considered to be an index of the aerobic capacity of skeletal 
muscle [18].

To search for the causes underlying the differences in the recovery 
time of muscle oxygenation between the Control and Training groups, 
we further examined the muscle fiber composition in both groups. The 
results of this study suggest that with resistance training, increases in 
occupancy depend on the number and size of Type I and IIa fibers that 
result from the migration caused not only by an increase in the number 
and size of Type I and IIa fibers, but also by a decrease in the number and 
size of Type IIx fibers. It is well known that an increase in the amount 
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Figure 5: The relationship of the ratio of Type IIa fibers and mean cross-
sectional area of muscle fiber with half-time of oxygenation recovery
A: Relationship between the % Type IIa fibers and half-time of oxygenation 
recovery (T1/2) after squat exercises to exhaustion with 80% of MLW in Control 
and Training groups. Close and open circles indicate Training (N=7) and Control 
(N=6) groups, respectively.  B: Relationship between the mean area of muscle 
fiber (µm2) and half-time of oxygenation recovery (T1/2) after squat exercises to 
exhaustion with 80% of MLW in Control and Training groups. Close and open 
circles indicate Training (N=7) and Control (N=6) groups, respectively.
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of physical activity transitions into a slow-twitch type of muscle fiber, 
and, conversely, a decrease in the amount of physical activity transitions 
into a fast-twitch type of muscle [29]. Since subjects in the Training 
group of this study had habitually performed squat exercises, their Type 
I and IIa fibers were mainly stimulated and hypertrophied according 
to the “Principle of size” [6,30]. Furthermore, it is accepted that high-
intensity endurance training and sprint training promote the migration 
of the Type II fiber subtype (decrease in Type IIx fiber and increase 
in Type IIa fiber) which is the opposite effect of detraining [16,31-
33]. Actually, cast immobilization and bed rest is known to decrease 
the cross-sectional area of Type I fibers and conversely increase that 
of Type IIx fibers [34]. These reports demonstrate that the amount of 
physical activity that is defined by either intensity or endurance can be 
associated with the resultant transition to fiber type. Moreover, in the 
present study, because an increase in the cross-sectional area of Type 
IIa fiber was observed in the Training group, and there was significantly 
positive correlations between the ratio of Type IIa fibers and T1/2. One 
of the reasons for the delay in oxygenation recovery in the Training 
group is thought to be due to increased cross-sectional area of the Type 
IIa fiber.

The present study also showed that resistance training relatively, 
but not significantly, increased the number of capillary vessels around 
Type I and IIa fibers, and conversely decreased that around Type IIx 
fibers. The results from this study agreed with those from Schantz [26]. 
However, it is an accepted fact that intramuscular hypoxia induces 
the growth of capillary vessels and angiogenesis [35]. In particular, 
endurance training is known to increase the capillary plexus [24]. 
Additionally, since the endurance training-induced formation of the 
capillary plexus is recognized as being much higher under a hypoxic 
environment than under a low ground environment exercise-induced 
hypoxic stimulus to muscle tissue should contribute to the growth of 
the capillary plexus [36].

In summary, in the present study, we compared the differences 
in muscle fiber compositions and their relationship with muscle 
oxygenation levels between powerlifters, who regularly engaged in 
muscular resistance training, and ordinary healthy people. As a result, the 
present study demonstrates that habitual muscular resistance training 
increases the cross-sectional area of Type IIa fibers, but exhibits a delay 
in recovery of decreased muscle oxygenation level due to performing 
squat exercises. These results suggest that habitual muscular resistance 
training increases the amount of oxygen consumption because the 
cross-sectional area of Type IIa fiber is larger, compared to that found 
in ordinary healthy people.
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