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Abstract

Purpose The purpose of this study was to compare the effects of squat training with different depths on lower limb muscle
volumes.

Methods Seventeen males were randomly assigned to a full squat training group (FST, n=8) or half squat training group
(HST, n=9). They completed 10 weeks (2 days per week) of squat training. The muscle volumes (by magnetic resonance
imaging) of the knee extensor, hamstring, adductor, and gluteus maximus muscles and the one repetition maximum (1RM)
of full and half squats were measured before and after training.

Results The relative increase in 1RM of full squat was significantly greater in FST (31.8 +£14.9%) than in HST (11.3 +8.6%)
(p=0.003), whereas there was no difference in the relative increase in IRM of half squat between FST (24.2 +7.1%) and HST
(32.0+12.1%) (p=0.132). The volumes of knee extensor muscles significantly increased by 4.9 +2.6% in FST (p <0.001)
and 4.6 +3.1% in HST (p=0.003), whereas that of rectus femoris and hamstring muscles did not change in either group.
The volumes of adductor and gluteus maximus muscles significantly increased in FST (6.2 £2.6% and 6.7 +3.5%) and HST
(2.7+3.1% and 2.2 +2.6%). In addition, relative increases in adductor (p =0.026) and gluteus maximus (p =0.008) muscle
volumes were significantly greater in FST than in HST.

Conclusion The results suggest that full squat training is more effective for developing the lower limb muscles excluding
the rectus femoris and hamstring muscles.

Keywords Knee extensor - Hamstring - Adductor - Gluteus maximus - Magnetic resonance imaging

Abbreviations IRM One repetition maximum

ANOVA Analysis of variance RF Rectus femoris muscle

BFl1 Biceps femoris long head muscle VI Vastus intermedius muscle

BFs Biceps femoris short head muscle VL Vastus lateralis muscle

EF Effect size VM Vastus medialis muscle

FST Full squat training

HST Half squat training

SD Standard deviation Introduction

SM Semimembranosus muscle

ST Semitendinosus muscle Squat training is one of the most common exercises for

increasing the strength and power of the lower limbs.
According to cross-sectional studies (Ikebukuro et al. 2011;
Communicated by William J. Kraemer. Kanehisa et al. 1998), the knee extensor muscles of weight-
lifters, who performed squat training, were more specifi-
cally developed. Previous studies demonstrated that squat
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Furthermore, Bloomquist et al. (2013) and McMahon et al.
(2014) reported that squat training with a deep knee bend
(120° knee flexion for Bloomquist et al. 2013, 90° knee flex-
ion for McMahon et al. 2014) resulted in greater increases in
the cross-sectional areas of knee extensor muscles than that
with a shallow knee bend (60° knee flexion for Bloomquist
et al. 2013, 50° knee flexion for McMahon et al. 2014). In
these studies, however, muscle cross-sectional areas, but not
muscle volumes, were evaluated using limited slices from
magnetic resonance imaging and ultrasonography. Since the
muscle volume represents an important factor influencing
the force-generating capacity (Fukunaga et al. 2001), squat
training induced-changes in muscle volumes of the lower
limbs should be investigated in more detail.

Previous studies that examined the effects of squat depth
on activation levels of the hamstring muscles (Caterisano
et al. 2002; Contreras et al. 2016; Gorsuch et al. 2013)
showed no significant differences in the electromyographic
activities of the hamstring muscles between deep and shal-
low knee bend squat exercises. Moreover, changes in the
signal intensity and transverse relaxation time of magnetic
resonance images of the hamstring muscles were negligible
following squat exercises (Ploutz-Snyder et al. 1995; Sugi-
saki et al. 2014). Bloomquist et al. (2013) reported that the
cross-sectional areas of the hamstring muscles did not sig-
nificantly change after 12 weeks of full and shallow squat
training, whereas that of knee extensor muscles increased as
mentioned earlier. These findings indicate that the muscle
volumes of the hamstring muscles do not increase after squat
training regardless of squat depth.

The strength and power generation capabilities of hip
extension are essential factors affecting performance in
various sports (e.g., Fukashiro and Komi 1987; Watanabe
et al. 2000). Anatomically, the gluteus maximus muscle con-
tributes to hip extension. Some researchers suggested that
the adductor muscles function in hip extension and flexion
as well as hip adduction (Simonsen et al. 1985; Wiemann
and Tidow 1995). Wiemann and Tidow (1995) reported
that the adductor muscles were markedly activated during
the forward and backward swing of the femur on sprinting.
Regarding the effects of squat depth on activation of the
gluteus maximus and adductor muscles, Caterisano et al.
(2002) demonstrated that the electromyographic activity of
the gluteus maximus muscle increased with greater squat
depths. Sugisaki et al. (2014) also showed using the trans-
verse relaxation time of magnetic resonance imaging that the
activation levels of adductor muscles were equal to those of
knee extensor muscles during squat exercises. To the best of
our knowledge, the influence of squat training on the sizes
of the gluteus maximus and adductor muscles has not been
investigated. Based on these findings, it is considered that
the volumes of the gluteus maximus and adductor muscles
increase after squat training and that squat training with a
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deep knee bend (i.e., full squat) results in greater increases
in the sizes of these muscles than that with a shallow knee
bend (i.e., half squat).

In the present study, we aimed to investigate the effects
of squat training with different depths on muscle volumes of
the lower limbs. We hypothesized that relative increases in
the muscle volumes of the knee extensor, gluteus maximus,
and adductor muscles are greater with full squat training
than with half squat training, while the muscle volumes of
hamstring muscles do not change after full and half squat
training.

Methods
Subjects

Twenty healthy males volunteered for the present study.
Subjects were assigned to a full squat training group (FST,
n=10) or half squat training group (HST, n=10) by match-
ing average baseline physical characteristics and the one
repetition maximum (1RM) of full and half squats between
the two groups. During the training intervention (10 weeks),
three subjects (n=2 in FST, n=1 in HST) dropped out due
to injury or illness (n=2) and a loss of interest (n=1).
Therefore, data are presented for 17 subjects: n=8 in FST
and n=9 in HST. The physical characteristics of both groups
are shown in Table 1. Subjects were physically active, but
had not participated in any organized program involving
regular exercise for at least 1 year before testing. In the pre-
sent study, we used untrained subjects since the obtained
results would be affected by the effects of training experi-
ences before the experiment if trained subjects were used. In
addition, subjects were instructed to maintain their normal
diet and avoid taking any supplements during the experi-
mental period. They were fully informed of the procedures
to be utilized as well as the purpose of the study. Written
informed consent was obtained from all subjects. This
study was approved by the Ethics Committee for Human

Table 1 Age, physical characteristics, and 1RM before training in
both groups mean (sd)

Full squat training Half squat train-

group (n=28) ing group (n=9)
Age (years) 20.7 (0.4) 20.9 (0.8)
Height (cm) 173.6 (4.1) 172.3 (5.8)
Body mass (kg) 63.2 (6.6) 64.1(6.1)
IRM of full squat (kg) 78.8 (14.6) 82.8 (15.2)
1RM of half squat (kg) 95.0 (16.0) 96.7 (15.0)

IRM one repetition maximum
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Experiments, Department of Life Science (Sports Sciences),
The University of Tokyo.

RM of full and half squats

Subjects completed two familiarization sessions to receive
instructions on the proper squat technique for the full and
half squat exercises. Regarding the full squat exercise, sub-
jects performed a full range of motion squat (from complete
knee extension to approximately 140° knee flexion) and
then immediately returned to the extended knee position.
In the half squat exercise, subjects performed a half range
of motion squat (from complete knee extension to approxi-
mately 90° knee flexion) and then immediately returned
to the extended knee. After a standardized warm-up (e.g.,
stretching of the major muscle groups), subjects performed
2 sets of 5 repetitions at approximately 50% and 70% of
their estimated 1RM for each squat depth with a 2-min rest
between sets. The load was then progressively increased
until subjects were unable to lift the load with a correct squat
form. An average of five to six trials was required to com-
plete the 1RM test. The order of the measurements of IRM
for both exercises (full and half squats) was randomized to
avoid any systematic effects. After IRM was evaluated for
a given condition, a 15-min rest was allowed before 1IRM
assessment of the alternative exercise.

Muscle volume

A series of cross-sectional images of the lower limb mus-
cles on the right side were obtained using magnetic reso-
nance imaging (FLEXART MRT-50GP, Toshiba Medical
Systems, Tokyo, Japan). Before the measurement, subjects
lay supine on the bed for 20-30 min to allow for body fluid
shift stabilization (Berg et al. 1993). T1-weighted spin-echo
imaging in the axial plane was performed with the following
variables: TR 580 ms, TE 20 ms, matrix 256 X 192, field of
view 250 mm, slice thickness 10 mm, and interslice gap
0 mm. Each subject lay supine in the body coil with the
knee kept at 0° (full extension). Transverse scans were per-
formed from the spina iliaca anterior superior to extremitas
distal of the tibia. The muscles investigated were as fol-
lows: knee extensor muscles: rectus femoris (RF), vastus
lateralis (VL), vastus intermedius (VI), and vastus medialis
(VM), hamstring muscles: biceps femoris short head (BFs),
biceps femoris long head (BFl), semitendinosus (ST), and
semimembranosus (SM), and adductor muscles: adductor
magnus, adductor longus, and adductor brevis. In addition,
each subject lay prone in the body coil with the knee kept
at 0° to obtain a series of cross-sectional images of the glu-
teus maximus muscle. Transverse scans were performed
from the iliac crest to gluteal tuberosity. Typical examples

of magnetic resonance images of the mid portions of the
thigh and buttock are shown in Fig. 1. The number of axial
images obtained for each subject was the same before and
after training and was 39.5 + 2.3 for the knee extensor mus-
cles: 37.2 +2.4 for the hamstring muscles, 29.4 + 3.1 for the
adductor muscles, and 28.5 + 1.5 for the gluteus maximus
muscle. Images obtained with magnetic resonance imaging
were transferred to a computer and analyzed using Osirix
DICOM image analysis software (Pixmeo, Geneva, Switzer-
land). In the present study, we did not analyze the cross-sec-
tional area of each synergistic muscle for the adductor mus-
cles since it was difficult to identify the interfaces between
the synergistic muscles. Muscle volumes were obtained
by multiplying the anatomical cross-sectional area of each
image by the thickness (10 mm).

The repeatability of muscle volume measurements was
investigated on two separate days with six young males in a
preliminary study. No significant differences were observed
between the test and retest values for muscle volumes.
Test-retest correlation coefficients and coefficients of vari-
ance were 0.92 and 2.2% for the knee extensor muscles,
0.86 and 3.2% for the hamstring muscles, 0.94 and 2.4%
for the adductor muscles, and 0.97 and 1.6% for the gluteus
maximus muscle.

Squat training

Both groups completed 10 weeks (2 days per week) of squat
training. FST performed full squat exercise (see above) and
HST performed half squat exercise (see above). The safety
bar was raised or lowered in the squat rack for each subject to
provide a visual gage of the depth required. For both groups,
subjects were instructed that stance width was almost the
same as shoulder width. The barbell was positioned across
their shoulders on the trapezius. All subjects were allowed to
use a lifting belt during squat training. All training sessions
were monitored and supervised to ensure correct squat depth
and form by at least one experienced investigator. In order to
become accustomed to training and acquire a correct form,
subjects performed 3 sets of 60% 1RM X 10 repetitions in the
first week, 3 sets of 70% 1RM X 8 repetitions in the second
week, and 3 sets of 80% 1RM X 8 repetitions in the third
week. In the present study, we adopted the moderate-to-high
intensity protocol (§RM) that was thought to provide enough
mechanical and metabolic stress on the muscles (Ratamess
et al. 2009). 8RM usually corresponded to approximately
80% of 1RM (e.g., Mayhew et al. 2008 JSCR). However,
we expected the muscle strength of subjects to increase in
the fourth week, since subjects trained using lighter loads
until the third week. Therefore, 90% of 1RM was used in
the first session of the fourth week. In the first session of
the fourth week, the training protocol was 3 sets of 90%
1RM X 8 repetitions. If subjects were able to perform 3 sets
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PRIMEIRO ERRO CRUCIAL.
NÃO AVALIARAM O TENSOR DO VASTO INTERMÉDIO QUE É O 5º MÚSCULO DO QUADRÍCEPS QUE TEM UMA ORIGEM, INSERÇÃO E INERVAÇÃO DISTINTA E ÚNICA. PORTANTO, PODENDO GERAR HIPERTROFIA SIGNIFICATIVA PARA CONTRIBUIR COM O VOLUME MUSCULAR DO GRUPAMENTO QUADRÍCEPS.
ESTE ERRO ABSURSO PODE SER COMPARADO A ANALOGIA DE SE COMPARAR A HIPERTROFIA DE GLÚTEO APENAS COM A DO RETO FEMORAL E DIZER QUE GLÚTEO HIPERTROFIOU MAIS QUE O QUADRÍCEPS. SENDO QUE O QUADRÍCEPS É COMPOSTO DE MAIS MÚSCULOS ALÉM DO RETO FEMORAL.
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No presente estudo, não analisamos a área de secção transversa de cada músculo sinergista para os músculos adutores, pela dificuldade de identificar as interfaces entre os músculos sinérgicos.
Os volumes musculares foram obtidos multiplicando-se a área de secção transversa anatômica de cada imagem pela espessura (10 mm).
.
SERÁ QUE PELA DIFERENÇA NA QUANTIDADE DE IMAGENS OBTIDAS ENTRE O QUADRÍCEPS E O GLÚTEO; MULTIPLICADO PELA ESPESSURA 10mm, PODE DAR ALTERAÇÃO NO RESULTADO?
.
POR ISSO BIÓPSIA É MELHOR
RESSONÁNCIA ENTRA INCHAÇO JUNTO!!!
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8RM = REPETIÇÕES MARCADAS!!!
NÃO TRABALHARAM ATÉ A FALHA CONCÊNTRICA. ISSO SIGNIFICA QUE PELAA AVDs O QUADRÍCEPS É UM MÚSCULO QUE SOFRE MAIORES ADAPTAÇÕES NO DIA A DIA POR SER MAIS SOLICITADO. PORTANTO, AO LONGO DO TREINAMENTO O PERCENTUAL DE 1RM UTILIZADO PODERIA LEVAR O GLÚTEO A FADIGA E O QUADRÍCEPS NÃO. RESULTANDO EM MENOR HIPERTROFIA DO QUE PODERIA ACONTECER SE A ANÁLISE FOSSE FEITA ATÉ A FALHA CONCÊNTRICA.
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Fig.1 Typical magnetic resonance images showing transverse sec-
tions of the mid-thigh (a before training, b after training) and mid-
buttock (¢ before training, d after training). RF rectus femoris, VL
vastus lateralis, VI vastus intermedius, VM vastus medialis, BFs
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biceps femoris short head, BFI biceps femoris long head, ST semiten-
dinosus, SM semimembranosus, ADD adductor muscles, GLU gluteus
maximus muscle
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of 8 repetitions per set, the training load was increased by
5 kg for the next training session. The training volume was
calculated from the load X repetition X movement distance
of the barbell. Regarding the movement distance of the bar-
bell, subjects were filmed with a digital video camera (MV-
GS250, Panasonic, Tokyo, Japan) at a sampling frequency
of 30 Hz during the first session of the fourth and seventh
weeks. The movement distance of the barbell during squat
training was measured using open-source image analysis
software (ImagelJ, NIH, Bethesda, MD).

Statistical analysis

Descriptive data included mean + SD. A two-way analysis
of vari: (ANOVA) {2 (groups) X 2 (test times)} with
repeated measures was used to analyze data. The F ratio
for the main effects and interactions was considered to be
significant at p < 0.05. Significant differences among means
at p <0.05 were detected by a post hoc test using the Bon-
ferroni procedure. Percent changes from the baseline were
also compared between groups using an unpaired ¢ test. The
effect size (ES) was calculated for all dependent variables
between before and after training using Cohen’s d formula:
ES =M sier = Miefore)SDpootea> Where Mg, is the mean vari-
able after training, My, 1S the mean variable before train-
ing, and SD,, ;¢ Is the pooled SD of the measured variables
of before and after training. Power calculations (statistical
power) were performed using G*power computer software.
Statistical power of > 0.8 was obtained for the main signifi-
cant changes, e.g., muscle volume.

Results

No significant differences in age, physical characteristics,
or 1RM before training were found between FST and HST
(Table 1), although three subjects dropped out as described
earlier. From the first session of the fourth week to the end
of the training session (except for the first 3 weeks when
lighter training loads were used in order to become accus-
tomed to training and acquire a correct form), the load used
significantly increased by 26.6 +8.0% in FST (p <0.001,
ES=1.73) and 29.2+11.5% in HST (p <0.001, ES=2.21)
(Fig. 2). As mentioned earlier, the movement distance of
the barbell during squat training was measured in the first
session of the fourth and seventh weeks. No significant dif-
ferences in the movement distances of the barbell during full
squat for FST and half squat for HST were found between
the fourth and seventh weeks. The movement distance of the
barbell during squat training was 87.9+2.1 cm in FST and
53.8+1.8 cm in HST. There was no significant difference
in the total training volume (calculated from the fourth to
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Fig.2 The load used during the first session of the fourth week
(open) and the second session of the tenth week (oblique) in full
squat training (upper) and half squat training (lower) groups. *Signifi-
cantly different between the two sessions (***p <0.001)

last week) between FST (186.4 +34.0 kg rep m) and HST
(198.4 +19.9 kg rep m) (p=0.388, ES=0.45).

In both groups, the 1RM of full and half squats sig-
nificantly increased after training (Fig. 3). The relative
increase in 1RM of the full squat was significantly greater
in FST (31.8 +14.9%) than in HST (11.3 +8.6%) (»p=0.003,
ES =1.74), whereas there was no difference in the relative
increase in 1RM of half squat between FST (24.2 +7.1%)
and HST (32.0+12.1%) (p=0.132, ES=0.81).

The volumes of knee extensor muscles significantly
increased by 4.9 +2.6% in FST (p <0.001, ES =0.34) and
4.6+3.1% in HST (p=0.003, ES =0.43) (Fig. 4a). No
significant differences were observed in relative increases
in the volumes of knee extensor muscles between the two
groups (p=0.812, ES=0.11). Similarly, there were no
significant differences in relative increases in the mus-
cle volumes of VL, VI, and VM between the two groups
(p=0.497-0.892, ES =0.02-0.34; Table 2). However, the
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ELE ESCOLHEU ANOVA.
SE ELE ESCOLHESSE OUTRA ANÁLISE, POR EXEMPLO ANCOVA... PODERIA NÃO DAR DIFERNEÇA ESTATÍSTICA?
OU MUDAR ALGUM VALOR PARA ALGUM GRUPO MUSCULAR?


European Journal of Applied Physiology

0 Full squat ***
#

< 40

<

=

[~

— 30

g

5]

?:‘D kek
£ 20

Q

o

2

g

2 10

0
307 Half squat —_

< 404

X

E sksksk

~

— 30
.8

5]

on

=

£ 204

o]

o
2

=
2 104
0
Full squat Half squat

training group training group

Fig.3 Relative changes in one repetition maximum in full (upper)
and half (lower) squat exercises for full squat training (open) and half
squat training (closed) groups. *Significantly different from before
(**¥p<0.01, **¥p<0.001). *Significantly different between the two
groups (*p <0.01)

muscle volume of RF did not significantly change after
training in FST (p=0.608, ES =0.08) or HST (p =0.233,
ES =0.10). The volumes of each constituent of all ham-
string muscles did not significantly change after training in
either group (p=0.129-0.911, ES=0.01-0.07) (Table 3,
Fig. 4b).

The volumes of the adductor muscles significantly
increased by 6.2 +2.6% in FST (p <0.001, ES=0.55) and
2.7+3.1% in HST (p=0.030, ES=0.33) (Fig. 4c). Similarly,
the volume of the gluteus maximus muscle significantly
increased by 6.7 £3.5% in FST (p <0.001, ES =0.35) and
2.2+2.6% in HST (p=0.041, ES=0.14) (Fig. 4d). Relative
increases in adductor and gluteus maximus muscle volumes
were significantly greater in FST than in HST (p =0.026,
ES =1.23 for the adductor muscles, p =0.008, ES =1.50 for
the gluteus maximus muscle).
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Discussion

The main results of the present study were that (1)
10 weeks of full and half squat training increased the vol-
umes of the vasti muscles, but not rectus femoris or ham-
string muscles, and (2) relative increases in the volumes
of the adductor and gluteus maximus muscles were greater
with full squat training than half squat training.

In the present study, the muscle volumes of the knee
extensor muscles (except for the RF) equally increased
after 10 weeks of squat training regardless of the squat
depth. Previous studies reported no significant differences
in the electromyographic activities of the knee extensor
muscles among partial, half, and full squat exercises
(Caterisano et al. 2002; Contreras et al. 2016; da Silva
et al. 2017). The present results for the knee extensor
muscles (except for the RF) were consistent with these
findings. According to the findings of previous studies
investigating the chronic effect of squat training on knee
extensor muscle sizes (Bloomquist et al. 2013; McMahon
et al. 2014), relative increases in the cross-sectional areas
of the knee extensor muscles were significantly greater
for squat training with a deep depth than that with a shal-
low depth. In these studies, however, the range of motion
at the knee joint (50°-60°) for a shallow squat was less
than that in HST of the present study (90°). In addition,
the number of muscles and slices analyzed were limited
in these studies. In any case, we considered our results on
changes in the sizes of the vasti muscles to be accurate
because we evaluated muscle volumes from all slices of
magnetic resonance imaging from the origin to insertion of
the muscles. Therefore, we may reasonably conclude that
full squat training was equal to half squat training in regard
to changes in the sizes of vasti muscles if the relative load
was equal between full and half squat training.

Among the knee extensor muscles, only the size of RF
did not change in FST and HST. Previous findings obtained
using the transverse relaxation time from magnetic reso-
nance images revealed that the activation level of the rec-
tus femoris muscle was relatively lower than that of other
vasti muscles (Ploutz-Snyder et al. 1995; Sugisaki et al.
2014). According to cross-sectional studies (Ema et al.
2014; Ikebukuro et al. 2011), the rectus femoris muscle
for rowers and weightlifters, who frequently perform squat
exercises without active hip flexion, was relatively smaller
than that of untrained individuals. Accordingly, the present
results on RF are consistent with these findings.

Regarding the hamstring muscles, FST and HST did not
increase muscle sizes. Previous studies showed that the
activation levels of the hamstring muscles measured by
electromyography and magnetic resonance imaging were
lower during squat exercises regardless of the squat depth
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NÃO VI AQUI SE ELE EQUALIZOU A GARGA PELA AMPLITUDE OU SE ELE FEZ A MESMA MERDA QUE O CATERISANO. OU SEJA, USOU A MESMA CARGA E SÓ MUDOU A AMPLITUDE.


European Journal of Applied Physiology

Fig.4 Relative changes in knee
extensor, hamstring, adductor,
and gluteus maximus muscle
volumes in full squat training
(open) and half squat training
(closed) groups. *Significantly
different from before (*p <0.05,
*#p <0.01, ¥**p <0.001).
#Significantly different between
the two groups (*p <0.05,
#p<0.01)

Table 2 Muscle volume of each
constituent of knee extensor
muscles before and after
training mean (sd)

10— Knee
extensor
| skofok s
6 —|
4 |
2 |
o A
104 Hamstring
)
= 6|
=
°
> 4 ]
()
2
= 2
5 V—l—\
£ o B
O
eh
g7
S 10— Adductor #
o Kk
2
5 8
©
~ &
6 |
4 ]
2 _|
o C
10 Gluteus  *¥*
maximus 3
8 ]
6 |
*
4 |
2 |
o D
Full squat Half squat
training group training group
Full squat training group (n=38) Half squat training group (n=9)
Before After Before After
Rectus femoris muscle (cm?) 291.8 (46.5)  290.9 (39.7) 286.2 (31.7)  287.3(38.8)
Vastus lateralis muscle (cm?) 639.0(95.9)  682.7 (93.1)***  653.9 (71.5)  694.1 (83.3)%*
Vastus intermedius muscle (cm?)  556.3(99.0)  576.0 (94.3)%*  499.8 (63.7)  523.8 (63.0)**
Vastus medialis muscle (cm?) 480.2 (72.5)  512.5(72.5)¥*%  457.5(56.0)  488.1 (63.1)%**

*Significantly different from before (**p <0.01, ***p <0.001)
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Table 3 Muscle volume of
each constituent of hamstring
muscles before and after
training mean (sd)

Full squat training group Half squat training group

(n=8) (n=9)

Before After Before After
Biceps femoris short head muscle (cm?) 106.2 (20.2) 106.1 (20.3) 104.6 (22.2) 105.4 (22.2)
Biceps femoris long head muscle (cm?) 194.0 (29.4) 195.2 (27.7) 192.3 (31.9) 193.4 (27.3)
Semitendinosus muscle (cm?) 179.7 (26.9) 182.1 (24.7) 187.5 (39.4) 186.5 (36.1)
Semimembranosus muscle (cm?) 237.7 (36.9) 238.2 (39.9) 214.9 (31.2) 217.0 (27.8)

(Caterisano et al. 2002; Contreras et al. 2016; Gorsuch
et al. 2013). As a reason for the weaker activation of the
hamstring muscles during squat exercises, Sugisaki et al.
(2014) indicated that there was no change in the lengths of
the hamstring muscles, and, thus, these muscles contract
almost isometrically. Other researchers also indicated that
squat training did not provide a sufficient training stimu-
lus for the hamstring muscles (Ebben 2009; Wright et al.
1999). Bloomquist et al. (2013) showed that the cross-
sectional area of the hamstring muscles did not change
after 12 weeks of full and shallow squat training. Tak-
ing these previous findings into account together with the
present results on the hamstring muscles, squat training
regardless of depth was insufficient to induce hypertrophy
of the hamstring muscles.

To date, little attention has been given to alterations
in the size of the gluteus maximus muscle after resist-
ance training, whereas the strength and power generation
capabilities of hip extension are important for performance
in various sports (e.g., Fukashiro and Komi 1987; Watan-
abe et al. 2000). To the best of our knowledge, this is the
first study to demonstrate changes in the volume of the
gluteus maximus muscle after squat training. According
to previous findings on gluteus maximus muscle activity
during squat exercises (Caterisano et al. 2002; Contre-
ras et al. 2016; da Silva et al. 2017), the effects of the
squat depth on gluteus maximus muscle activity were con-
flicting, although the reasons for the discrepancies were
unknown. For example, Caterisano et al. (2002) showed
that the electromyographic activity of the gluteus maximus
muscle was higher during full squat exercises than partial
squat exercises, whereas da Silva et al. (2017) reported
the opposite finding. The present result agreed with the
finding of Caterisano et al. (2002). From the relationship
between the moment arm length and joint angle, the glu-
teus maximus muscle is able to exert higher hip extension
torque in a more flexed position of the hip joint (Dostal
et al. 1986). Furthermore, McCaw and Melrose (1999)
and Paoli et al. (2009) reported that the electromyographic
activity of the gluteus maximus muscle increased with
wider stances during squat exercises. In the present study,
however, this point did not affect the result on changes in
the size of the gluteus maximus muscle, since all subjects
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were instructed that stance width during squat training
was almost the same as shoulder width for FST and HST.

Similar to the gluteus maximus muscle, training-induced
change in the adductor muscles has not been investigated,
whereas the adductor muscles occupy approximately 25%
of the muscle volume in the thigh (Akima et al. 2007). In
the present study, the relative increase in the volume of the
adductor muscles was significantly greater in FST than in
HST (Fig. 4c). Previous studies demonstrated that the trans-
verse relaxation times on magnetic resonance imaging of the
vasti muscles and adductor muscles significantly increased
after repeated parallel squat exercises (Ploutz-Snyder et al.
1995; Sugisaki et al. 2014). Anatomically, the adductor mus-
cles contribute to extension and flexion as well as adduction
of the hip joint (Pressel and Lengsfeld 1998). Furthermore,
Dostal et al. (1986) reported that the adductor muscles
contribute to hip extension when the hip joint is flexed.
Therefore, the adductor muscles may function as hip joint
extensors when the hip and knee joints flex deeply during
full squat exercise, and this resulted in marked hypertrophy
of adductor muscles after 10 weeks of full squat training.
The results obtained for the gluteus maximus and adduc-
tor muscles indicate that full squat training will enhance
performance during sprinting and jumping compared with
half squat training.

There were several limitations of this study. First, the
duration of muscle contractions during full squat exercise
was longer than that during half squat exercise, although
there was no significant difference in total work during train-
ing (load X repetition X moving distance) between FST and
HST. This may be related to the present results on training-
induced changes in the gluteus maximus and adductor mus-
cles. Schott et al. (1995) showed that relative increases in
the muscle strength and cross-sectional area were greater
with a longer isometric contraction (30 s) than a shorter one
(3 s). Practically, it was difficult to be equally the duration
of muscle contractions during the full and half squat exer-
cises. Second, the mechanical work during squat training
was estimated from the load used, repetitions, and movement
of the barbell. At present, however, it is difficult to directly
measure “exerted muscle force” during exercises, except for
measurements using the buckle technique and optic fibers
(e.g., Komi et al. 1987). Third, we did not instruct about
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the angle of external rotation with the hip joint (i.e., direc-
tion of the toe) during squat training. This may be related to
differences in the recruitment pattern of working muscles
during squat training. Fourth, we did not analyze the cross-
sectional area of each synergistic muscle for the adductor
muscles because it was difficult to identify interfaces among
the adductor magnus, adductor longus, and adductor bre-
vis muscles. Watanabe et al. (2009) demonstrated that the
adductor magnus muscle generated extension torque at the
hip joint during pedaling, whereas the adductor longus mus-
cle generated flexion torque at the hip joint. Therefore, there
may be differences in training-induced changes in muscle
volumes among the three muscles of the adductor muscles.
Fifth, the present study was performed with a small sam-
ple size. In the present study, we calculated ES for relevant
variables and statistical power of > (0.8 was obtained for the
main significant changes, e.g., muscle volume. Therefore,
we considered that this point did not affect the main results
of this study.

Conclusion

The results suggested that the volumes of the vasti muscles
increased equally after 10 weeks of full and half squat train-
ing, whereas those of rectus femoris and hamstring muscles
did not. Furthermore, relative increases in the volumes of
the adductor and gluteus maximus muscles were greater
with full squat training than half squat training. Based on
the results obtained for the gluteus maximus and adductor
muscles, full squat training will enhance performance dur-
ing sprinting and jumping compared with half squat train-
ing, since the capability of hip extension is important for
performance in various sports (Fukashiro and Komi 1987;
Watanabe et al. 2000). Taking the safety of subjects into
account together with the present results, full squat training
may be suitable for equally developing the lower limb mus-
cles, except for the rectus femoris and hamstring muscles.
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