
1310  |   wileyonlinelibrary.com/journal/joa Journal of Anatomy. 2022;241:1310–1323.© 2022 Anatomical Society.

1  |  INTRODUC TION

Erect bipedal walking is one of the most unique human character-
istics, and it is considered that humans acquire a different lower 
limb musculoskeletal system (MSS) from that of other primates 
(Ishida, 1972; Ito, 1996). However, the maturation process of this 
system and the acquisition of its movements during the development 
process are yet to be clarified. Precursory locomotor movements are 
exhibited during the fetal and neonatal periods, and normal prenatal 

musculoskeletal development is known to be stimulated by mechan-
ical forces generated by active fetal movements (Nowlan, 2015).

Currently, fetal morphology and movement can be assessed 
using three- dimensional (3D) and four- dimensional (4D) ultrasonog-
raphy; thereby, quantification of fetal activity (such as the timing 
and frequency of movements throughout development) is becoming 
more widespread (Lu et al., 2016). Previous studies have shown that 
fetal movements are first observed between 7-  and 8.5- week post-
menstrual age (PMA). Movements of the limbs, trunk, and head are 
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Abstract
The musculoskeletal system around the human hip joint has acquired a suitable struc-
ture for erect bipedal walking. However, little is known about the process of separa-
tion and maturation of individual muscles during the prenatal period, when muscle 
composition is acquired. Understanding the maturation process of the normal mus-
culoskeletal system contributes to elucidating the acquisition of bipedal walking in 
humans and to predicting normal growth and detecting congenital muscle disorders 
and anomalies. In this study, we clarify the process of thigh muscle maturation from 
the embryonic stage to the mid- fetal stage using serial sections, phase- contrast X- ray 
computed tomography, and magnetic resonance imaging. We also provide a 4D atlas 
of human thigh muscles between 8 and 23 weeks of gestation. As a result, we first 
show that muscle separation in the lower thigh tends to progress from the superficial 
to the deep layers and that all musculoskeletal components are formed by Carnegie 
Stage 22. Next, we show that femur and muscle volume grow in correlation with 
crown- rump length. Finally, we show that the anterior, abductor, and posterior muscle 
groups in the thigh contain a high percentage of monoarticular muscle volume by the 
end of the embryonic period. This ratio approaches that of adult muscle composition 
during normal early fetal development and is typical of bipedal walking. This study of 
fetal muscle composition suggests that preparation for postnatal walking may begin 
in early fetal period.
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rapid but smooth in appearance at 10-  to 12- week PMA (Lüchinger 
et al., 2008). Vertebrate MSS morphogenesis has been elucidated 
through experiments with chicks and mice (Buckingham et al., 2003; 
Christ & Brand- Saberi, 2002; Tickle, 2015). Muscle precursor cells in 
the limbs are derived from the hypaxial domains of somites, and they 
migrate to the limb bud area through signaling. The cells form limb 
muscle masses around the bone primordium, and these masses sep-
arate into individual skeletal muscles along with the development of 
the lower limbs a few days after the upper limbs. Muscle maturation 
proceeds from proximal muscles to distal muscles and is completed 
by the end of embryonic period, or Carnegie Stage (CS) 23 in humans 
(Diogo et al., 2019; O'Rahilly & Gardner, 1975).

Two- dimensional (2D) analytical approaches, such as histologi-
cal sections, do not allow interpretation of complex 3D structure 
changes and the interaction between individual limb elements in 
3D space. Mouse 3D models of lower limb muscle development are 
available (Delaurier et al., 2008). In recent years, several musculo-
skeletal studies have also been conducted using human embryos. 
Warmbrunn et al. (2018) reconstructed detailed 3D models of each 
organ at CS23 from serial sections, including muscles. They found 
that several individual muscle groups develop earlier or later than 
described in the current literature. Diogo et al. (2019) used whole- 
mount immunostaining embryonic images to visualize the muscles 
down to the tips of the limbs. They observed several atavistic mus-
cles in human embryonic limbs, which are present in our ances-
tors but are normally absent in adult humans. In addition, Wilde 
et al. (2021) provided an anatomical description of the upper limb 
muscles of human embryos between CS18 and 22 using optical pro-
jection tomography. These studies show the importance of visual-
izing the MSS in 3D or 4D to study its maturation in more detail. 
Furthermore, understanding embryonic developmental processes is 
of interest because morphological changes during ontogeny may re-
flect evolutionary changes. Therefore, we consider it of importance 
to analyze the development of the lower- limb MSS using 3D or 4D 
techniques.

In recent decades, visualization of biological structures has ad-
vanced significantly in terms of both hardware and software. Since 
the 1990s, magnetic resonance imaging (MRI) has promoted the ac-
quisition of detailed 3D images of relatively small embryos, includ-
ing those of mammals (Pooh et al., 2011; Smith et al., 1994, 1996). 
Although magnetic resonance (MR) images do not provide enough 
resolution to observe morphological changes at the cellular level, 
they can show internal structures without destroying the human 
embryo. Matsuda et al. (2007) developed a super- parallel MR mi-
croscope equipped with 2.34 T and acquired T1- weighted images of 
1204 embryos with a sufficiently high resolution of 40– 150 μm3. In 
our previous studies, 3D models of the human brain from the embry-
onic stage to the mid- fetal stage were reconstructed using MR images 
from 2.34 T, 3 T, and 7 T MR instruments (Yamaguchi et al., 2018). 
More recently, phase- contrast X- ray computed tomography imaging 
(PCXI) technology based on crystal X- ray interferometry has also 
been developed for the non- destructive imaging of the inner struc-
tures of mammals (Kanahashi et al., 2016; Yoneyama et al., 2011). In 

PCXI, X- rays are used as electromagnetic waves that provide infor-
mation regarding the amplitude and phase. When an X- ray passes 
through a sample, its amplitude decreases, and its phase shifts. In 
this method, the phase shift is directly detected by the superposition 
of waves, and very small differences in density in soft materials can 
be captured, including in embryos. In addition, advances in 3D anal-
ysis tools, such as Image J (Schneider et al., 2012), Amira software 
(Stalling et al., 2005), and 3D slicer (Fedorov et al., 2012) have made 
image analysis more accessible. Therefore, a detailed 3D model of 
the embryonic lower limb MSS can be reconstructed using these 
techniques.

The present study aimed to further characterize the morpho-
logical changes that occur in thigh muscles, from the embryonic to 
the fetal stage, using a recently developed imaging technique. Thigh 
muscle maturation during the embryonic stage was recorded three- 
dimensionally using phase- contrast X- ray computed tomography 
(PCX) images, and serial sections of the tissues were prepared for 
comparative purposes. Further maturation during the fetal stage 
was analyzed three- dimensionally and quantitatively using MRI. 
Based on these results, we created 4D atlases that allowed us to 
observe the separation and development of thigh muscles from the 
late embryonic stage to the fetal stage.

2  |  MATERIAL S AND METHODS

2.1  |  Specimens

In this study, we focused on the late embryonic to mid- fetal period 
(Table 1), when the MSS is developing and movement of the fetus 
occurs. Forty- three formalin- fixed embryo and fetus specimens 
ranging from 15.9 mm to 225 mm in crown- rump length (CRL) were 
selected to observe the internal structure and reconstruct 3D mod-
els. In addition, we observed 15 sets of serial sections of embryos 
ranging from 14.8 to 26 mm in CRL (CS19 to CS23) to compare how 
well the MR and PCX images show the MSS (Figure 1, Figure S1). 
These human embryos are historical specimens collected and stored 
at the Congenital Anomaly Research Center of Kyoto University 
(Nishimura et al., 1968; Yamaguchi & Yamada, 2018). Over 45,000 
human embryo and fetus specimens have been accumulated in the 
Kyoto Collection, and approximately 20% of the specimens in the 
collection are undamaged and well preserved. In most cases, speci-
mens were collected after artificial abortion during the first trimes-
ter of pregnancy in accordance with the Maternity Protection Act of 
Japan. The use of human embryo and fetal specimens in this study 
was approved by the ethics committee of the Kyoto University 
Faculty and Graduate School of Medicine (R0316, R0347).

2.2  |  Image acquisition

In this study, three modalities were used to observe the process of 
muscle maturation: PCXI, 3 T MRI, and 7 T MRI. Serial sections of 
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TA B L E  1  Metadata of human embryos and fetuses.

Specimen ID CRL (mm)
GA 
(day) Carnegie stage Sex

Right/
left leg

Femur length 
(mm)

Femur volume 
(mm3)

No. in 
Figure 5

(PCX- CT) 6 specimens

28,166 15.9 81 Embryo (CS18) - Right - - 

31,686 16.5 61 Embryo (CS19) - Right - - 

24,649 18.1 59 Embryo (CS20) - Right - - 

26,546 20.3 60 Embryo (CS21) - Right - - 

32,163 23.1 73 Embryo (CS22) - Right - - 

29,137 28.2 67 Embryo (CS23) - Right - - 

(7 T MRI) 19 specimens

35,233 21.3 56 Embryo (CS22) - Left 2.53 0.67 1

30,809 24.5 66 Embryo (CS22) - Left 2.73 0.85 2

24,001 24.6 69 Embryo (CS22) - Left 2.66 0.62 3

52,817 23.4 - Embryo (CS23) - Left 3.33 1.44 4

25,796 26.8 84 Embryo (CS23) - Left 3.95 1.42 5

15,919 30.7 76 Embryo (CS23) - Right 4.93 2.15 6

51,397 32 75 Embryo (CS23) - Right 4.65 2.28 7

92,310 33.5 71 Embryo (CS23) - Left 5.05 2.48 8

34,509 34 78 Fetus - Right 4.8 2.01 9

52,002 37.2 104 Fetus - Right 6.23 4.26 10

33,467 38.7 118 Fetus Female Left 6.83 4.82 11

52,730 40 71 Fetus - Right 7.27 5.86 12

92,307 43 75 Fetus Female Right 8.32 7.38 13

92,038 43 91 Fetus Female Left 10.32 12.6 14

34,365 52.3 107 Fetus Male Right 9.54 13.6 15

92,214 69 95 Fetus Male Right 14.55 36.41 16

91,088 75 103 Fetus Female Left 16.48 56.48 17

92,949 84.5 63 Fetus Female Left 22.7 151.75 18

50,673 87 124 Fetus Male Left 20.45 133.09 19

(3 T MRI) 18 specimens

53,514 89 - Fetus Female Left 20.753 110.71 20

53,216 105 110 Fetus Female Left 26.603 231.79 21

53,441 110 111 Fetus Female Left 26.43 251.15 22

53,502 112 119 Fetus Male Left 24.65 208.86 23

53,273 122.7 120 Fetus Male Left 25.28 241.39 24

53,449 125 114 Fetus Male Left 32.003 482.56 25

53,605 131.5 - Fetus Male Left 33.03 583.14 26

53,598 143 - Fetus - Left 36.773 706.55 27

91,517 148 136 Fetus Female Right 37.76 843.8 28

53,471 163 138 Fetus Male Left 38.62 940.15 29

53,590 170 138 Fetus Female Left 39.276 1177.68 30

53,516– 2 170 130※1 Fetus - Left 42.44 1080.61 31

93,226 175 141※2 Fetus Male Left 42.86 1227.74 32

53,467 185 134※1 Fetus Female Right 43.75 1263.45 33

53,595 190 - Fetus Female Left 46.183 1754.21 34

53,513 198 154 Fetus Female Left 42.886 1436.68 35

53,588 205 157 Fetus Male Left 52.71 2297.74 36

53,570 225 151※1 Fetus Male Left 55.78 2766.22 37
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whole embryos were used for comparative purposes during early 
stages of development.

The PCX images were acquired using a PCXI system fitted with 
a crystal X- ray interferometer. The system was set up at the ver-
tical wiggler beamline of the Photon Factory of the High- Energy 
Accelerator Research Organization. A skew- symmetric two- crystal 
X- ray interferometer was used to detect the phase shift that occurs 
when the X- rays pass through a sample. More details on the PCXI 
image acquisition conditions have been provided in previous stud-
ies (Yoneyama et al., 2011). Thus, 3D embryonic images with a pixel 
size of 6.5 μm3 were acquired. These images were binned during the 
image processing process and used as images with a pixel size of 
13 μm3. Due to equipment restrictions, PCXI was used for specimens 
of approximately 25 mm or less in the CRL. In some cases, only the 
lower extremities were imaged using PCXI in the larger embryos.

MR images were acquired by using a 7 T MR system (BioSpec 
70/20 USR; Bruker BioSpin MRI GmbH) and a 3 T MR system 
(MAGNETOM Prisma; Siemens Healthineers). The spatial resolution 
of each was 35.4– 109.4 μm3 on 7 T MRI and 100– 200 μm3 on 3 T 
MRI. In this study, we used these different methods depending on 
the size of the specimens due to the size of the MR coil; the 7 T 
MR system was used to acquire 3D images of embryonic specimens 
larger than CRL 25 mm and fetal specimens smaller than CRL 90 mm, 
while the 3 T MR system was used for fetal specimens with a CRL 
larger than 90 mm. The specimens obtained using PCXI and MRI 

were then stabilized in suitably sized containers filled with approxi-
mately 0.65%– 1% agarose gel.

Serial sections used to confirm the findings of 3D imaging mo-
dalities have already been obtained at 10 μm thickness and stained 
with hematoxylin and eosin (Yamaguchi & Yamada, 2018). Each slice 
was digitalized at 20× magnification using an Olympus virtual slide 
system (VS120- S5- J; Olympus Corp.,) and cropped using ImageJ 
software.

2.3  |  Three- dimensional 
reconstruction and analysis

In this study, two main processes were analyzed: the muscle separa-
tion process around the hip joint during the embryonic period, and 
the muscle maturation process in the thigh during the fetal period.

The muscle separation process was observed using PCX images 
of human embryonic specimens up to 8-  to 10- week gestational 
age (GA: same as PMA in this study) (CS18- CS23), and results were 
compared with serial sections. The target muscles were anatomically 
classified into five groups: anterior muscles (rectus femoris, vastus 
medialis, vastus intermedius, vastus lateralis, and sartorius), poste-
rior muscles (biceps femoris long head, biceps femoris short head, 
semitendinosus, and semimembranosus), medial muscles (pectineus, 
gracilis, external obturator, adductor magnus, adductor longus, 

Specimen ID CRL (mm)
GA 
(day) Carnegie stage Sex

Right/
left leg

Femur length 
(mm)

Femur volume 
(mm3)

No. in 
Figure 5

(Serial 
sections)

15 sets

3874 14.8 56 Embryo (CS19) - Left - - 

32 15 59 Embryo (CS19) - Left - - 

7778 16.4 80 Embryo (CS19) - Left - - 

16,264 18 59 Embryo (CS20) - Left - - 

4330 18.6 65 Embryo (CS20) - Right - - 

10,344 19.1 56 Embryo (CS20) - Left - - 

16,393 18.7 59 Embryo (CS21) - Right - - 

2021 21.4 64 Embryo (CS21) - Left - - 

2314 22.6 80 Embryo (CS21) - Right - - 

10,642 18.9 59 Embryo (CS22) - Right - - 

12,246 21.2 - Embryo (CS22) - Left - - 

15,768 22.8 - Embryo (CS22) - Left - - 

9026 25.7 66 Embryo (CS23) - - - - 

10,273 27.5 62 Embryo (CS23) - Right - - 

9005 26 80 Embryo (CS23) - - - - 

Note: List of specimens used in this study. All specimens used in this study were fixed specimens. For some specimens, there were no data on the 
exact date of the last menstrual period. In addition, some specimens had inappropriate gestational ages affected by irregular menstrual cycles of their 
mothers. There is a margin of error of approximately 14 days in *1 and approximately 7 days in *2. In the embryonic and early fetal stages, external 
genitalia are undifferentiated, and sex determination is not possible from the external surface; therefore, only specimens whose sex could be 
determined from the external surface are described. All serial sections were obtained at 10 μm thickness and stained with hematoxylin and eosin.

TA B L E  1  (Continued)
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and adductor brevis), iliopsoas muscles (psoas major and iliacus), 
and gluteal muscles (tensor fasciae latae, gluteus maximus, gluteus 
medius, and gluteus minimus) (Table 2). Based on these classifica-
tions, the PCX images were manually segmented using the 3D vi-
sualization and analysis software Amira (VSG Corp, V.6.0.1, V.6.5.0, 
Visualization Science) (Figure 2). In addition, the timing of tendon at-
tachment (which was difficult to observe due to imaging resolution) 
was based on serial section observations (Figure S2).

Next, the maturation process of MSS in the thigh was analyzed using 
3 T and 7 T MRI. The 3D models of these muscles were reconstructed 
using Amira software. Based on these muscle models, thigh muscle vol-
ume and femur and leg length were measured three times, and the av-
erage value was calculated. The correlation coefficients were calculated 
using the CORREL method. Additionally, thigh muscle composition during 
fetal development was comparison to that of human adults (Charles 
et al., 2019) as well as gorillas and orangutans (Zihlman et al., 2011).

F I G U R E  1  Right lower limb images obtained using phase- contrast X- ray computed tomography imaging. The horizontal and sagittal views 
are shown in CS18, 19, 21, and 23. (a, b): CS18; (c, d): CS19; (e, f): CS21; (g, h): CS23. At CS18, VEN and TIB could be observed around the 
femur, but they could not be segmented into individual muscles. From CS19, separation of the superficial muscles progressed, and at CS21, 
approximate segmentation of the thigh muscles was possible. Later, the gluteal muscle group was also separated, and positioning of the 
muscles around the hip joint was complete by CS23. *1, Femur; *2 Tibia; *3, Coxae; AL, adductor longus; AM, adductor magnus; CS, Carnegie 
stage; DOR, dorsal muscle mass; Gmax, gluteus maximus; Gmed, gluteus medius; GRA, gracilis; HAM, hamstrings; ILI, iliopsoas muscles; PEC, 
pectineus; QUA, quadriceps; RF, rectus femoris; SAR, sartorius; SM, semimembranosus; ST, semitendinosus; VEN, ventral muscle mass; VI, 
vastus intermedius; VL, vastus lateralis; VM, vastus medialis.
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3  |  RESULTS

3.1  |  Thigh muscle separation

The entire process of individual muscle maturation from CS18 
to CS23 is shown in Figures 1, 3, S3 and Table 2. At CS18, some 
masses of primitive muscle fibers were observed around the pri-
mordium of the femur, but they could not be separated into indi-
vidual muscles (Figure 1). At CS19, some individual muscles began 
to form from the muscle mass (Figure 1, 3a,b), and the separation 
of all targeted muscles was confirmed after CS22 (Figure 3g,h). 
The thigh muscles tended to separate into individual muscles ear-
lier than the gluteal muscles did. Comparisons between the thigh 
muscle groups showed a general trend; medial muscle group de-
velopment was the slowest, and superficial muscles, such as the 
gracilis or sartorius, formed in earlier stages than deep muscles. 
In the PCX- CT images, the separation of the muscle belly and 
serial sections within the target muscle could be confirmed, but 
tendon attachment was difficult to distinguish. Therefore, tendon 
attachment timing was observed using serial sections (Figure S2, 
Table 3).

In addition, 3D models of the lower thigh muscles from 
21.3 mm (CS22 embryo) to 225 mm of CRL were reconstructed 
using MR images (Figure S4). Quadriceps, sartorius, gracilis, 
and adductor magnus were discriminated in all specimens. On 
the other hand, in some specimens, the vastus muscle groups, 

adductor longus and brevis, and hamstrings could not be indi-
vidually segmented because of the low resolution of MRI, al-
though they were already separated histologically in embryonic 
periods.

3.2  |  Anterior muscles

The sartorius was the first to separate in the anterior muscle group, 
followed by the rectus femoris and vastus muscle groups. At CS19, 
the sartorius was almost completely separated from the muscle mass 
and formed a flattened structure distal to the medial thigh. In con-
trast, the quadriceps femoris was a muscle mass that was not well 
separated (shown as “vastus muscle group” in Figure 3b), and the 
distal part of the gluteus muscle group was not yet completely sepa-
rated (Figure 3a,b). The proximal part of the rectus femoris began 
to separate at CS19 (not shown in Figure 3a,b); however, there was 
no attachment to the ilium primordium. At CS20, quadriceps femo-
ris separation was confirmed after the sartorius, and the origin of 
the rectus femoris was attached to the ilium primordium (Figure 3c, 
Table 3). In the vastus muscle group, the medial side separated faster 
than the lateral side, and the vastus medialis could be extracted 
(Figure 3d). Separation of the vastus lateralis and vastus interme-
dius was observed at CS21 (Figure 3e,f). The sartorius elongated in 
both the origin and insertion directions during developmental pro-
gression, attaching to the anterior superior iliac spine of the ilium 

TA B L E  2  Identification of nascent muscles during late Carnegie stages.

Muscle Abbreviation CS18 CS19 CS20 CS21 CS22 CS23

Anterior muscle Group Sartorius SAR

Rectus femoris RF

Vastus lateralis VL

Vastus intermedius VI

Vastus medialis VM

Iliopsoas Iliopsoas ILI

Medial muscle Group Pectineus PEC

Adductor magnus AM

Adductor longus AL

Adductor brevis AB

External obturator EO

Gracilis GRA

Posterior muscle Group Biceps femoris BF

Semitendinosus ST

Semimembranosus SM

Gluteus muscle Group Gluteus maximus Gmax

Gluteus medius Gmed

Gluteus minimus Gmin

Tensor fasciae latae TFL

Note: The timing of muscle separation was confirmed using both phase- contrast X- ray computed tomography and serial sectioning. White boxes 
indicate stages where individual muscles had not yet separated from the muscle mass, and gray boxes indicate stages where muscle separation is 
complete.
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and to the tibia primordium during CS21 and CS23 (Figure 3d,f,h,j, 
Table 3) and continuing to elongate thereafter. At CS22, the patellar 
primordium appeared on the distal tendon of the quadriceps femo-
ris, and the elements of the anterior muscles were then completed 
(Figure 3g,h).

3.3  |  Medial muscles and iliopsoas muscle

In the medial muscle group, the gracilis was first observed as a 
small and flat muscle concentrated in the proximal medial thigh, 
while other medial muscles were observed as a relatively small 
muscle mass on the medial side of the thigh at CS19 (Figure 3b). 
In addition, a large muscle mass extending from the lumbar re-
gion was observed in the iliopsoas (Figure 3b). Although the ori-
gin could be separated into the iliacus and psoas, the distal part 
merged and attached to the femoral primordium. At CS20, two 
muscle masses were observed medial to the gracilis. One was 
the adductor magnus, and the other was the mass of the other 
medial muscles (Figure 3d). The latter was separated into the ad-
ductor longus, adductor brevis, and external obturator at CS21 
(Figure 3f). At the same stage, the pectineus appeared to separate 

from the iliopsoas and was observed above the medial muscle 
group. The gracilis with its flattened structure, as well as the sar-
torius, extended toward both origins as they progressed through 
the developmental stages, and the gracilis tendon was attached 
to the tibial primordium during CS21 and CS23 (Figure 3b,d,f,h,j, 
Table 3).

3.4  |  Posterior muscles

The distal part of hamstrings was more separated from the mus-
cle mass than proximal part at CS19 (Figure 3a). In addition, the 
origin of the short head of the biceps femoris was observed at 
this stage. At CS20, the separation of the hamstrings progressed, 
and individual muscles could be observed (Figure 3c,d). At CS21, 
the boundaries of the individual muscles became apparent, and 
the tendon of each muscle was attached between CS21 and CS22 
(Figure 3f,h, Table 3).

3.5  |  Gluteal muscles

The gluteal muscles separated from the muscle mass between 
CS19 and CS20 (Figure 3a,c). At CS19, the gluteus maximus was 
observed almost in isolation, but, distally, it was connected to the 
lateral side of the vastus muscles. On the medial side of the glu-
teus maximus, there were masses of the gluteus medius and glu-
teus minimus (shown as the color “gluteus medius” in Figure 3a), 
which were still continuous with the vastus muscles (Figure 3a). 
In contrast, the tensor fasciae latae was well- separated and could 
be observed as an independent muscle after CS19. During CS22, 
the gluteus medius and gluteus minimus were separated, and the 
boundaries of the individual muscles became apparent at CS23 
(Figure 3i).

In addition, the gluteus maximus showed the greatest change 
in position among all muscles. At CS19, the gluteus maximus ex-
tended perpendicular to the long axis of the femur (Figure 3a), and 
the muscle mass was separated into upper and lower fibers at CS20 
(Figure 3c). The space between them closed between CS20 and 
CS21 (Figure 3c,e), and after CS21, the muscle ran along the long axis 
of the femur as the developmental stage progressed (Figure 3e,g,i).

3.6  |  Changes in thigh muscle volume

Next, we quantitatively analyzed how the thigh muscles changed 
during development based on the 3D models as reconstructed 
from the MR images (Figure S4). The volume of each muscle and 
the femur length were measured and compared between specimens 
after CS22 (CRL 21.3 mm and larger), when the separation of target 
muscles around the hip joint was completed.

Figure 4 shows the relationship between femoral variables, 
thigh muscle volume, and CRL. The correlation between femur 

F I G U R E  2  Segmentation of musculoskeletal system 
components. (a, c): A 7 T magnetic resonance image of an early 
fetus. (b, d): Musculoskeletal system model reconstructed using 
Amira software. (a, b): CRL 21.3 mm (8- week GA). (c, d): CRL 43 mm 
(13- week GA). The color codes are the same as in Figure 3.
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length and CRL was strong (R2 = 0.9888) in all 37 specimens 
with a CRL of 21.3 to 225 mm (Figure 4a). The relationship be-
tween (femur length)3 and femur volume also showed a strong 
correlation (R2 = 0.9914) (Figure 4b). In addition, the correlation 

between total thigh muscle volume and femur volume was also 
high (R2 = 0.9874) (Figure 4c). That is, during development, the 
femur grows in proportion to CRL, and the balance of bone volume 
and muscle volume is also constant.

F I G U R E  3  The 3D reconstructed models of embryonic lower limbs. Samples were taken at Carnegie stage (CS) 19 to CS23 and 
reconstructed from phase- contrast X- ray computed tomography images. (a, b): CS19; (c, d): CS20; (e, f): CS21; (g, h): CS22; (i, j): CS23. The 
upper models are viewed from the superior and lateral aspects (a, c, e, g, and i), and the lower models are viewed from the medial aspects (b, 
d, f, h, and j). The frame in (i) shows the gluteus minimus in the deeper layers, removing the gluteus medius. The frame in (j) shows the deeper 
layers of the adductor muscle group, removing the sartorius and the gracilis.

TA B L E  3  Tendon attachment timing.

Muscle CS19 CS20 CS21 CS22 CS23

Anterior muscle group Sartorius − − + + ++

Rectus femoris − + ++ ++ ++

Medial muscle group Gracilis − − + + ++

Posterior muscle group Biceps femoris − + + ++ ++

Semitendinosus − − + ++ ++

Semimembranosus − − + ++ ++

Note: Serial sections of three embryonic specimens were investigated at each stage from CS19 to CS23 to confirm tendon attachment. The 
specimen list is shown in Table 1, and the serial sections are shown in Figure S2. Instances, where attachment could be confirmed in only some of 
the specimens, were designated as +. Instances, where attachment (to both the origin and insertion) could be observed in all three specimens, were 
designated as ++.
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3.7  |  Comparisons of muscle composition

For specimens with a CRL of 21.3– 225 mm, the changes in muscle 
composition ratios were analyzed among and within three muscle 
groups (anterior muscles, medial muscles, and posterior muscles) 
(Figure 5). From the findings in Figure 5, it has been shown that the 

proportion of monoarticular muscles increases as the fetus grows 
(summarized in Table 4).

The ratio of muscle groups in the entire thigh of each fetus is 
shown in Figure 5a. The muscle volume ratio of the human fetus 
varied from approximately 54%– 68% for the anterior muscles, from 
approximately 15%– 26% for the adductor muscles, and from ap-
proximately 15%– 24% for the posterior muscles between CRL 21.3 
and 225 mm. The thigh muscle composition of adult humans has a 
higher proportion of anterior muscle groups and a lower proportion 
of medial and posterior muscle groups compared to the muscle com-
position of other apes (Charles et al., 2019; Zihlman et al., 2011).

In the anterior muscle group (Figure 5b), the proportion of the 
vastus muscles, which are monoarticular muscles, was high from the 
beginning of the human fetal period; in addition, there was a slight in-
crease in the proportion of monoarticular muscles relative to that of 
biarticular muscles, such as the rectus femoris and the sartorius. The 
proportion of the rectus femoris was high in orangutans, whereas 
the proportion of the vastus muscles was high in adult humans.

In the medial muscle group (Figure 5c), the proportions of the 
gracilis decreased during the fetal period. In adult humans, the pro-
portion of gracilis is smaller, and the proportion of adductor muscles 
is larger than that in great apes.

In the posterior muscle group (Figure 5d), the proportions of the 
biceps femoris and semitendinosus were higher in earlier fetuses, 
while the proportion of semimembranosus increased in later fetuses, 
although the tendency of change was not clearly elucidated. In adult 
humans, the posterior muscle group showed lower proportions of 
biceps femoris and semitendinosus and higher semimembranosus 
proportions than in apes. All of these characteristics and trends are 
summarized in Table 4.

4  |  DISCUSSION

Recent advances in imaging technology have enabled the analysis 
of the internal structures of valuable and small specimens, such as 
human embryos. This study focused on the developmental process 
of the thigh MSS during the early fetal period, with a specific focus 
on morphological changes in 3D structure and composition.

In standard textbooks, the muscle primordium of the lower limb 
is described as forming dorsal and ventral muscle masses; the dorsal 
mass comprises extensor and abductor muscles, while the ventral 
mass consists of flexor and adductor muscles. However, they pro-
vide only brief information on morphological muscle development, 
and the separation process of individual muscles is often neglected. 
Furthermore, studies on musculoskeletal development are mainly 
based on findings from experiments on chicks and mice (Buckingham 
et al., 2003; Christ & Brand- Saberi, 2002; Tickle, 2015) and are not 
sufficient to discuss the process of acquiring a human- specific MSS.

In this study, we visualized developmental changes using three 
modalities: PCXI, 3 T MRI, and 7 T MRI. Although morphological 
changes are difficult to observe at the cellular level (as in serial sec-
tions or whole- mount immunostaining), they enable nondestructive 

F I G U R E  4  Relationships between crown- rump length (CRL), 
femoral variables, and thigh muscles. (a) CRL and femur length; 
a comparison of length to length. (b) Femur length and femur 
volume; a comparison between length to the cube and volume. (c) 
Femur volume and thigh muscle volume; a comparison of volume to 
volume.
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specimen analysis because of their resolution. This study was char-
acterized by nondestructive specimen analysis and the use of mul-
tiple modalities to monitor musculoskeletal changes from the early 

embryonic to the mid- fetal period. The dataset generated during the 
current study is available from the corresponding author on reason-
able request.

F I G U R E  5  Graphs of muscle composition. (a) Composition among the three muscle groups, (b) Composition in the anterior muscle group, 
(c) Composition in the medial muscle group, (d) Composition in the posterior muscle group. The number of each specimen corresponds to 
those in Table 1. For comparison, the average of the muscle weight ratios of HU (Charles et al., 2019), GO, and OR (Zihlman et al., 2011) 
are shown on the right side of each graph. In the posterior muscle group (d), the specimens from CRL90, 112, 131.5, and 170 have no data, 
because it was difficult to segment the hamstrings into individual muscles due to the magnetic resonance imaging resolution. GO, gorilla; 
HU, human (adult); OR, orange.

TA B L E  4  Characteristics and trends of fetal thigh muscle development.

Muscle group
Characteristics and trends during 
development

Characteristics muscle proportions of an adult human 
in comparison with that of gorilla and orangutan

Whole thigh muscles (Figure 5a) Mainly composed of anterior muscles. A higher proportion of anterior muscles.

Anterior muscle group (Figure 5b) Mainly composed of vastus muscles, 
which increased proportionally during 
development.

A higher proportion of vastus muscles.

Medial muscle group (Figure 5c) The ratio of gracilis deceased during 
development.

A lower proportion of gracilis.

Posterior muscle group (Figure 5d) Possible decrease in biceps femoris ratio? 
Possible decrease in semimembranosus 
ratio?

A lower proportion of biceps femoris and 
semitendinosus, and a higher proportion of 
semimembranosus muscles.

Note: A summary of the data in Figure 5.
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4.1  |  Muscle development around the hip joint

The muscle separation process was mainly determined based on 
PCX images obtained with a very high resolution of 13 μm3, and se-
rial sections at the same CS were also used for comparison (Figure 1, 
S1 and Table 1). Using imagery, muscle segmentation could be iden-
tified at the same stage as the serial sections (Table 2), although it 
was comparatively more difficult to observe muscle fibers. The PCX 
image at CS18 showed ventral and dorsal muscle masses around the 
bone primordium (Figure 1). The muscle mass appeared to begin to 
separate into individual muscles, but it was still difficult to distin-
guish the individual muscles at this stage. All thigh muscle elements 
separated and formed after CS18 and were completed by CS22.

Bardeen and Lewis (1901), Bardeen, 1906 previously investi-
gated the process of limb muscle maturation based on histologi-
cal sections, and Diogo et al. (2019) summarized their data. These 
data showed that many thigh muscles appeared in embryonic 
specimens with CRL of 10.5 or 12 mm (7- week GA). The spec-
imens used in these studies were in an earlier period of devel-
opment than ours, and it would seem that the results obtained 
from them correspondingly differed. However, in those studies, 
even when the muscles were not completely morphologically sep-
arated, they were classified as individual muscles. In contrast, we 
categorized each muscle as fully formed from the point when it 
was fully segmented. Therefore, a direct comparison with those 
studies is ill- advised, and our results are not necessarily contradic-
tory. Moreover, our study could provide further clarification re-
garding the timing of individual muscle development. In addition, 
Nishimura et al. (1968) showed that even at the same develop-
mental stage, there was little variation in the size of the embryos 
regarding the correlation between CS and CRL. CS is a stage index 
based on the external surface; embryo size and internal develop-
ment probably differ within the same stage. Therefore, a more 
accurate discussion regarding the correlation between lower limb 
muscle development, CS, and embryo size would require further 
investigation with larger sample sizes.

This study showed that superficial muscles, such as the sarto-
rius, gracilis, and tensor fasciae latae, separated earlier, and deeper 
muscles separated in the later stage (Figure 3, S3). This general trend 
was also observed in the study of human embryo forelimbs by Wilde 
et al. (2021). In addition, the timing of muscle tendon attachment to 
the bone matrix was examined. A previous study showed that the 
muscles, tendons, and bones of the limbs develop through interac-
tion with each other; induction of distal limb tendons relies on sig-
nals from cartilage, and proximal tendons rely on interactions with 
muscles (Huang, 2017; Huang et al., 2015). However, a correlation 
between the timing of muscle development and muscle attach-
ment to the bone has not been previously described. In this study, 
several muscles were observed, with an emphasis on the timing of 
muscle separation and muscle attachment to the bone primordium 
(Tables 2 and 3). In the anterior muscle group, attachment of the 
rectus femoris to the ilium was observed before muscle separation, 
whereas attachment of the sartorius to the ilium was confirmed 

after its separation. Not all muscles were examined, because it was 
difficult to determine muscle attachment in PCXI and MRI due to 
resolution limitations and slice orientation in histological serial sec-
tions. Despite these limitations, there was no definite relationship 
between muscle separation and attachment; all muscles separated 
and attached before CS23.

Using the 3D reconstructed models from PCXI (Figure 3, S3), al-
though most muscles did not show any significant changes in posi-
tion, the gluteus maximus showed significant changes in 3D shape 
and direction during the developmental process. The gluteus maxi-
mus extended perpendicularly to the major axis of the femur at CS19 
and parallel to the femur at CS22 (Figure 3). The gluteus maximus is a 
monoarticular muscle that is important for bipedal walking in humans 
and is more developed than in other apes. The morphology of the 
gluteus maximus is different between humans and other apes; it con-
sists of two parts, proprius and ischiofemoralis in non- human apes, 
whereas humans have only proprius and iliotibial tracts (Lieberman 
et al., 2006). The gluteus maximus in chimpanzees has a relatively 
long muscle moment arm at the hip, with a short femur (Hogervorst 
& Vereecke, 2014). Additionally, the gluteus maximus insertion was 
more distal to the femur. This arrangement confers large extension 
power to ape hindlimbs, which is essential for vertical climbing. On 
the other hand, in humans, the gluteus maximus became larger, 
and the femur became longer than in non- human apes; simultane-
ously, the muscle moment arms were shortened, decreasing the 
power- generating capacity of the muscles. Such a rearrangement is 
suitable for generating speed during bipedal walking (Hogervorst & 
Vereecke, 2014). Greiner (2002) also proposed that human gluteal 
morphology is a consequence of upright bipedal posture. Therefore, 
the rearrangement of the gluteus maximus might have been signif-
icant for humans to acquire bipedalism, and the changes in the po-
sition and orientation of this muscle that occur during embryonic 
development may be related to evolutionary processes.

4.2  |  Changes in muscle composition during early 
fetal periods

Quantitative analysis was performed on specimens after CS22, 
when the separation of each muscle was complete, based on 3D 
models reconstructed from 3 T MRI and 7 T MRI images. Femur 
length has been shown to correlate with estimated body weight 
and menstrual age in previous studies (Hadlock et al., 1982, 1984) 
and is already commonly used as a predictor variable of fetal 
weight in clinical practice. In addition, it has been shown that CRL 
and femur length are correlated from the embryonic to the late 
fetal stages (Suzuki et al., 2019; Ziylan & Murshid, 2003). In our 
study, there was also a strong positive correlation between femur 
length and CRL ranging from 21.3 to 225 mm (Figure 4a). These 
data provide solid support for using femur length as an indicator 
of fetal development in the early to mid- fetal periods, and femur 
length can be used as a surrogate marker for CRL in the study 
using fetal specimens.
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Furthermore, this study showed strong positive correlations be-
tween femur length, femur volume, and thigh muscle volume in nor-
mal specimens (Figure 4b,c). The ratio of fetal size, muscle volume, 
and bone volume was constant, despite the period when lower- limb 
movements continued to increase (Figure 4). It has been suggested 
that biomechanical stimulation by uterine wall kicking affects the 
formation of the skeleton and joints (Verbruggen et al., 2018). 
During normal development, the nervous system and MSS de-
velop during fetal period, resulting in limb movement. The differ-
entiation of specific movement patterns within the 8-  to 14- week 
GA period was hypothesized to originate supraspinally (de Vries & 
Fong, 2006): simple limb movements at 9-  to 10- week GA (CRL 16– 
30 mm) and complex limb movements at 11-  to 12- week GA (CRL 
31– 50 mm) (Kurjak et al., 2002; Lüchinger et al., 2008). In addition, a 
rapid increase in the number of axonal synapses in motoneurons has 
been confirmed at 14-  and 15- week GA (Castiello & Parma, 2018). 
Kicking movements in the lower limbs increase substantially up to 
30- week GA and decrease significantly at 35- week GA (Verbruggen 
et al., 2018). Previous research has also shown that the mechani-
cal forces of fetal movement stimulate the fetal skeleton and are 
important for normal musculoskeletal development (Nowlan, 2015; 
Verbruggen et al., 2018). There is a possibility that normal develop-
ment of movement and nerves leads to proportional MSS growth. 
This balance may be disrupted by congenital abnormalities. For 
example, neuromuscular disorders that result in reduced or absent 
fetal movement clinically result in skeletal malformations, such 
as joint fusions, craniofacial abnormalities, and hypomineralized 
bones (Aronsson et al., 1994; Rodríguez, Garcia- Alix, et al., 1988a; 
Rodríguez, Palacios, et al., 1988b).

Next, the timing of the acquisition of thigh muscle composition 
was investigated by examining changes in the muscle volume ratio 
during the fetal period (Figure 5, Table 4). The muscle composition 
characteristics of the human fetus were compared with data from 
studies on weight ratios in human adults (Charles et al., 2019), goril-
las, and orangutans (Zihlman et al., 2011). The most significant trend 
observed in adult humans compared to great apes was a higher pro-
portion of monoarticular muscles, such as the vastus muscles in the 
anterior muscle group and adductor muscles in the medial muscle 
group. Monoarticular muscles developed during the transition from 
arboreal to terrestrial life to support bipedalism (Ishida, 1972). In 
particular, the hip and knee joints are flexed during primary bipedal 
walking in monkeys (Okada et al., 1996), and the muscles that main-
tain knee and hip extension must be developed for erect bipedal 
walking. Therefore, monoarticular muscles are particularly import-
ant for maintaining the standing position, and the role of the vastus 
muscle group has increased in the thighs (Ishida, 1972). Therefore, 
as a result of adaptation to bipedal walking, human adults have a 
higher proportion of anterior thigh muscle groups (including the vas-
tus) than the great apes.

When apes and monkeys temporarily walk on two hind limbs, the 
hamstrings, especially the biceps femoris, provide propulsive power, 
although they are biarticular muscles (Ishida, 1972). Chimpanzees 
have a long ischial tuberosity that creates a very effective muscle 

moment arm for the hamstrings in the flexed hip, resulting in a 
high propulsive force (Hogervorst & Vereecke, 2014). However, in 
the erect posture, the hamstring muscle moment arm is shorter, 
and the hamstrings produce less power for extension of the hind-
limb. However, human ancestors have adapted their monoarticular 
muscles, such as the gluteus maximus, to power long- term bipedal 
walking, and the hamstrings have become less important as a source 
of propulsive force. Therefore, the proportion of hamstrings in the 
posterior muscle group has decreased during evolution (Hogervorst 
& Vereecke, 2014; Ishida, 1972). This trend was observed from the 
CS22 embryonic stage (21.3 mm in CRL), when the separation of 
each muscle was completed (Figure 5a).

In this study, the proportion of monoarticular muscles during 
the fetal period tended to increase in the anterior and medial mus-
cle groups. In the posterior muscles, the proportions of the biceps 
femoris and semitendinosus muscles were higher in earlier fetuses, 
while the proportion of semimembranosus muscles increased in 
later fetuses, although the tendency was not definitely proven. One 
of the reasons for this is the MRI resolution; it was difficult to distin-
guish between the semitendinosus and semimembranosus muscles. 
More cases using higher- resolution images would clarify the pos-
terior muscle group variance during the fetal period. The anterior, 
abductor, and posterior muscle groups in the thigh contain a high 
percentage of monoarticular muscle volume by the end of the em-
bryonic period. This ratio approaches that of adult muscle composi-
tion during normal early fetal development and is typical of bipedal 
walking (Figure 5, Table 4). This study of fetal muscle composition 
suggests that the thigh muscle balance suitable for bipedal walking 
is programmed from the early fetal period, not after birth.

5  |  CONCLUSION

In recent years, 3D analysis of embryos and fetuses using recon-
structed models has attracted attention. In this study, we performed 
non- destructive 3D reconstruction of the embryonic and fetal thigh 
muscles using multiple imaging modalities. The model created in this 
study is the first 4D atlas that follows thigh muscle development in 
human embryos and fetuses, and quantitative analysis of the model 
shows musculature typical of human bipedal walking. Further 4D stud-
ies of the MSS are required to elucidate the acquisition of locomotion 
in humans and to predict normal growth in order to detect congenital 
muscle disorders and anomalies. Applying our method to other parts of 
the body will be the focus of future studies to unravel the complicated 
process of morphological development in human embryos.
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