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Abstract

The pre-axial border medially moves between the fetal and early postnatal periods, and the
foot sole can be placed on the ground. Nonetheless, the precise timeline when this posture
is achieved remains poorly understood. The hip joint is the most freely movable joint in the
lower limbs and largely determines the lower-limb posture. The present study aimed to
establish a timeline of lower-limb development using a precise measurement of femoral pos-
ture. Magnetic resonance images of 157 human embryonic samples (Carnegie stages [CS]
19-23) and 18 fetal samples (crown rump length: 37.2-225 mm) from the Kyoto Collection
were obtained. Three-dimensional coordinates of eight selected landmarks in the lower
limbs and pelvis were used to calculate the femoral posture. Hip flexion was approximately
14° at CS19 and gradually increased to approximately 65° at CS23; the flexion angle ranged
from 90° to 120° during the fetal period. Hip joint abduction was approximately 78 at CS19
and gradually decreased to approximately 27° at CS23; the average angle was approxi-
mately 13° during the fetal period. Lateral rotation was greater than 90° at CS19 and CS21
and decreased to approximately 65° at CS23; the average angle was approximately 43° dur-
ing the fetal period. During the embryonic period, three posture parameters (namely, flexion,
abduction, and lateral rotation of the hip) were linearly correlated with each other, suggest-
ing that the femoral posture at each stage was three-dimensionally constant and exhibited
gradual and smooth change according to growth. During the fetal period, these parameters
varied among individuals, with no obvious trend. Our study has merits in that lengths and
angles were measured on anatomical landmarks of the skeletal system. Our obtained data
may contribute to understanding development from anatomical aspects and provide valu-
able insights for clinical application.
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1. Introduction

The Carnegie staging system categorizes the first eight weeks after fertilization into 23 stages
and is widely used [1, 2]. Staging is based on external appearance and internal findings.
Because limb development is a conspicuous and potentially helpful marker for the identifica-
tion of normal development, the staging system therefore includes limb findings. The upper-
limb bud emerging at Carnegie stage (CS) 12 is the first externally detectable finding during
human development [1, 2]. The lower-limb bud subsequently appears following the emergence
of the upper-limb bud, with a lag of one or two stages (i.e., at CS13 or CS14). Until CS19, the
axes of both the upper and lower limbs are more or less parallel. Pre-axial and post-axial bor-
ders can be identified, which are cephalic and caudal to the longitudinal axis, respectively. The
future thumb and big toe are located on the pre-axial border of the hand and footplates,
respectively.

The pre-axial border medially moves between the fetal and early postnatal periods, and the
foot sole can be placed on the ground [3]. Several anatomical structures observed in adult
lower limbs indicate the medial rotation of the lower limbs during development. For instance,
the segmental pattern of lower-limb innervation twists into a spiral [2], and three capsular liga-
ments (namely, the iliac, pubic, and ischiofemoral ligaments) around the hip joint run spirally
[4]. In symmelia, the post-axial side, including the fibula, merges medially. Considering that
symmelia becomes visible prior to the end of the embryonic period (i.e., CS23), medial rota-
tion is thought to begin during the embryonic period [3, 5]. Nonetheless, the precise timeline
during which this posture is achieved remains poorly understood.

O’Rahilly and Gardner estimated the lower-limb rotation using toe and foot orientations as
reference points; they described that the hallux was located on the cranial side and that the
foot sole oriented medially at CS23 [3], which is referred to as the famous “praying feet” pos-
ture (Fig 1). Thus, they considered that the pre-axial border remained cranial at the end of the
embryonic period (i.e., CS23). During the late embryonic and early fetal periods, the limbs
markedly increase in length and exhibit more advanced differentiation in their subdivisions
[6, 7]. The hip, knees, ankle joints, and pelvis may contribute to the lower-limb posture. With
respect to the ankle joints, physiological clubfoot is recognized during the embryonic and early
fetal periods [8, 9]. Physiological clubfoot is a decrease in the foot angle with the frontal side of
the leg (plantar flexion), as well as an increase in the foot angle initially, followed by a subse-
quent decrease in the foot angle with the lateral side of the leg (adduction) (Fig 1). Therefore,
the methods of O’Rahilly and Gardner [3] for estimating the timeline of lower-limb rotation
seem inappropriate.

There has been remarkable progress in the visualization of the developing fetus owing to recent
developments in three-dimensional (3D) sonographic imaging techniques [8, 10, 11]. The use of
in vivo images (e.g., 3D/4D ultrasound images) may be realistic and ideal because they can enable
the visualization of the embryonic and fetal posture in the physiological intrauterine environment,
as well as the monitoring of the growth and differentiation of the same individuals. However, dur-
ing the embryonic period, the cartilaginous skeleton is less echogenic, and accurate identification
and quantitative measurement of the posture are challenging to accomplish.

Among anatomical structures, the hip joint is the most freely movable in the lower limbs
and largely determines the lower-limb posture. No previous studies provided sufficient knowl-
edge about the femoral posture during the embryonic and early fetal period. Hence, the pres-
ent study aimed to establish a timeline of lower-limb development using a precise
measurement of femoral posture. We successfully achieved this by evaluating the 3D position
of the femur relative to the body axis (sacrum) using anatomical landmarks on the lower-limb
joints.
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Fig 1. Representative ventral image showing the lower-limb posture during the late embryonic period. Note that
the impressive “praying feet” posture (i.e., the hallux was located on the cranial side, and the foot sole oriented
medially) was observed at CS23 or earlier stages. The hip joint showed <90° of lateral rotation, whereas the ankle
showed adduction. Abbreviation: CS, Carnegie stage.

https://doi.org/10.1371/journal.pone.0285190.9001

2. Materials and methods
2.1. Human embryonic specimens

The ethics committee of Kyoto University Faculty and Graduate School of Medicine approved
this study (E986 and R0316), which used human embryonic and fetal specimens.

The samples included 157 human embryonic specimens between CS19 and CS23 (CS19;
N =25, CS20; N =38, CS21; N = 36, CS22; N = 32, and CS23; N = 26) and 18 fetal specimens
(crown rump length [CRL]: 37-225 mm) from the Kyoto Collection at the Congenital Anom-
aly Research Center of Kyoto University, Japan [12]. The majority of specimens in the Kyoto
Collection are stored for research purposes and provided on request; such specimens are
acquired when a pregnancy is terminated for socioeconomic reasons under the Maternity Pro-
tection Law of Japan. Samples were collected between 1963 and 1995 in accordance with the
relevant regulations during these time periods. Written informed consent from parents was
not required at that time; instead, the parents provided verbal informed consent for the deposi-
tion of specimens, and consent was documented in medical records. All samples were anon-
ymized and de-identified. Approximately 20% of these fetal specimens are undamaged and
well-preserved. Specimens of aborted fetuses were brought to the laboratory, where they were
measured, examined, and staged using the criteria proposed by O’Rahilly and Miiller in 1987
[1]. Staging of the embryos used was performed by TT (author) and Ms. Chigako Uwabe
(acknowledged for technical assistance).

2.2. Magnetic resonance image processing and selection of datasets

Magnetic resonance imaging (MRI) was performed using a 2.35-T MRI system [13], 7-T MRI
system (BioSpec 70/20 USR; Bruker BioSpin MRI GmbH, Ettlingen, Germany), and a 3-T
MRI system (MAGNETOM Prisma; Siemens Healthineers, Erlangen, Germany). The image
acquisition method was selected according to the desired specimen resolution and volume.
The 2.35-T MRI system was used to acquire 3D images of all embryonic samples between
CS19 and CS23 [13, 14]. The 7-T MRI system was used to acquire 3D images of fetal specimens
with a CRL of 37.2-103 mm, whereas the 3-T MRI system was utilized to obtain 3D images of
fetal samples with a CRL of >116 mm. The conditions for acquisition are described elsewhere
[15].

In the present study, 3D images of the whole body were automatically obtained, whereas
3D images of the pelvis and femur were manually reconstructed using AMIRA software ver-
sion (Visage Imaging GmbH, Berlin, Germany).

2.3. Definition of landmarks, 3D axis, and measurements

For embryonic specimens, 3D coordinates were initially assigned to eight selected landmarks
by examining the voxel’s position on 2D sequential images and 3D images using Miele-LXIV
(Alex Bettarini, https://dicom.3utilities.com/) or AMIRA software (Fig 2). The eight selected
landmarks were as follows: center of bilateral femoral heads (H_r, H_I); bilateral knee (K_r,
K_1) and ankle joints (A_r, A_l); and cranial region of the first and third sacral vertebrae (S1,
S3). For fetal specimens, the medial and lateral femoral epicondyles (Me_r, Me_l, Le_r, Le_l)
were selected instead of the bilateral ankle joints.
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Fig 2. Definitions of the landmarks and coordinate system. For embryonic specimens, the eight selected landmarks
were as follows: center of bilateral femoral heads (H_r, H_l); bilateral knee (K_r, K_l) and ankle joints (A_r, A_l); and
cranial region of the first and third sacral vertebrae (S1, S3). For fetal specimens, the medial and lateral femoral
epicondyles (Me_r, Me_l, Le_r, Le_l) were selected instead of the bilateral ankle joints. S3 was defined as the origin and
the z-axis (body axis) as the line through S1 and S3. The z-x plane (median plane) was defined using the midpoint
between H_l and H_r (H_m); H_m was located in the median plane. The y-axis was defined as the normal vector of
the median plane, and the x-axis was calculated as the outer product of the z- and y-axes.

https://doi.org/10.1371/journal.pone.0285190.g002

The original coordinate values were translated into another coordinate system, in which S3
was defined as the origin and the z-axis (body axis) as the line through S1 and S3 (Fig 2). The
z-X plane (median plane) was defined using the midpoint between H land H r (H_m); H m
was located in the median plane. The y-axis was defined as the normal vector of the median
plane, and the x-axis was calculated as the outer product of the z- and y-axes. Two of the
authors (MAS and AI) independently acquired the 3D reconstructions and landmarks. When
landmark values were missing or apparently different between two observers, the data were re-
acquired. The samples were excluded if the re-acquired data were still discrepant. Conse-
quently, 15 embryonic samples and one fetal sample were excluded from further analysis. The
remaining samples had no missing data. Measurements were highly reproducible (intra-class
correlation coefficient: 0.90<). The average value for each specimen was used in this study.
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The lengths of the bilateral femoral shafts (segments HK_r and HK_I), lower leg (segments
KA_rand KA _l), inter-hip joint (segment H_r-H_l), and inter-sacrum S1-S3 were calculated.
The right femoral posture relative to the body axis was defined as the angle between seg-

ment HK_r and the z-axis, whereas the left femoral posture was defined as the angle between
segment HK_1 and the z-axis. These angles were projected onto the median and coronal planes
to obtain the flexion and abduction angles. For embryonic samples, the lateral rotation angle
of the right femur was calculated using the z-axis, segment HK_r, and vector of plane HKA _r,
whereas the lateral rotation angle of the left femur was calculated using the z-axis, segment
HK_], and vector of plane HKA_L. As for the lateral rotation angle for fetal samples, the vector
Le-Me was used instead of the vector of plane HKA.

Knee flexion was calculated as the angle between HK_r and KA_r and between HK 1 and
KA_r. The angle between H_r-S1 and S1-H_I was projected onto the x-y plane (i.e., transverse
plane) and was defined as the hip-sacrum angle. The height of the hip joint along the z-axis
was calculated by comparing the S1-S3 length. All length and angle values obtained were pro-
vided in S1 Datasets.

3. Results
3.1. Femoral posture

3.1.1. Lateral view (hip and knee flexion). The femur was elongated caudally, as shown
in Fig 3. Hip flexion was approximately 14° at CS19 and gradually increased during the embry-
onic period, reaching approximately 65° at CS23 (Fig 4A). During the fetal period, the thigh
was in the “sitting position,” and morphometry indicated that hip flexion increased to 107°.
The hip flexion angle in most samples ranged from 90° to 120°, which was relatively constant,
as compared to the hip rotation angle. Knee flexion was approximately 70° at CS19 and gradu-
ally increased to approximately 90° at CS23 (Fig 4B).

3.1.2. Ventral view (abduction and lateral rotation). The hip joint showed abduction
from the z-axis during the embryonic period (Fig 5). Abduction at the hip joint was approxi-
mately 78° at CS19 and gradually decreased to approximately 27° at CS23 (Fig 6A). The aver-
age angle during the fetal period was 10.1° on the right and 15.5° on the left. The angle ranged
from 0° to 30°, which was relatively constant, as compared with the hip rotation angle. The
angle measures were diverse among the samples.

At CS19 and CS21, the greater trochanter was located on the caudal side and was recogniz-
able in the ventral view (asterisk in Fig 5), suggesting that the femur showed lateral rotation.
Morphometry revealed that lateral rotation was greater than 90° at CS19 and CS21 and
decreased to approximately 65° at CS23 (Fig 6B). The average angle during the fetal period was
39.6° on the right and 46.8° on the left. The angle measures were diverse among the samples.

3.1.3. Comparison of three posture parameters. Three posture parameters—namely,
flexion, abduction, and lateral rotation of the hip—were linearly correlated with each other at
CS19 and later stages (Fig 7). The coefficient of determination (R*) was 0.96 and 0.90 for right
and left flexion vs. abduction, 0.92 and 0.85 for right and left flexion vs. lateral rotation, and
0.90 and 0.83 for right and left abduction vs. lateral rotation, respectively.

3.2. Pelvic ring formation and length measurements

Prior to pelvic ring formation, the pelvis was “platypelloid.” Consequently, the hip—sacrum
angle changed (Fig 8A). The angle was >100° at CS19 and CS21 but decreased to 87° at CS23
and then 82° during the fetal period (Fig 8B). This angle had a relatively narrow range in most
fetal specimens (75° to 85°).
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3mm

Fig 3. Representative overall pictures and 3D reconstructions of skeletal structures: The hip joint (lateral view)
during the embryonic period between CS19 and CS23 and during the early fetal period. Note that the relative
position of the hip joint and sacrum in the cranial-caudal direction changed between the embryonic and fetal periods.
Legends: blue, femur (ossified); brown, femur (not ossified); green, pubis; light blue, coccyx; pink, sacrum; purple,
ilium; yellow, ischium. “*” indicates the greater trochanter.

https://doi.org/10.1371/journal.pone.0285190.g003
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embryonic (left) and fetal (right) periods. (B) Knee joint flexion during the embryonic period. Legends: blue, right
lower limb; red, left lower limb.

https://doi.org/10.1371/journal.pone.0285190.9004

The relative position of the hip joint and sacrum in the cranial-caudal direction was noted
to have changed between the embryonic and fetal periods (Fig 8C). The hip joint was located
almost at the level of S1 during the embryonic period and at the level of S3 during the fetal
period (see also Fig 3).

The inter-hip joint length was almost constant (0.33-0.37 mm) from CS19 to CS22, as compared
with other length measurements such as S1-S3 length, femoral shaft length, and lower-leg length
(Fig 9). During the fetal period, all length measurements linearly increased according to growth.

As indicated by the ventral (Fig 5) and cranial views (Fig 8A), the pelvic ring was still open
at CS19; subsequently, it was closed by sacroiliac joint formation at CS21 and pubic symphysis
formation at CS23.

4. Discussion

The present study evaluated the femoral posture using the angle between the z-axis (body axis)
and the line on the hip and knee joints. The planes of the hip, knee, and ankle joints were used
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Fig 5. Representative 3D reconstructions of skeletal structures: The hip joint (ventral view). Note that the pubic
symphysis (black arrows) was first contacted at CS23. Legends: blue, femur (ossified); brown, femur (not ossified);
green, pubis; light blue, coccyx; pink, sacrum; purple, ilium; yellow, ischium. “*” indicates the greater trochanter, and

the red arrows point at the sacroiliac joint.

https://doi.org/10.1371/journal.pone.0285190.9005
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Fig 6. Abduction angle and lateral rotation angle of the hip. (A) Abduction angle of the hip during the embryonic
(left) and fetal (right) periods. (B) Lateral rotation angle of the hip during the embryonic (left) and fetal (right) periods.

https://doi.org/10.1371/journal.pone.0285190.9006

to evaluate lateral rotation, as abduction and adduction of the knee joint might be limited. Our
hip joint angle calculation for the evaluation of lower-limb posture is more accurate than that
applied in a previous study [3], in which toe and foot orientations were used as reference
points.

Changes in lateral rotation, adduction, and flexion during the embryonic period were
-37.4°,-51°, and 49.2°, respectively. Our results were inconsistent with the description in sev-
eral textbooks that 90° rotation occurs at eight weeks of gestation [16-19]. O’Rahilly and Gard-
ner [3] reported that the pre-axial border remained cranial at the end of the embryonic period
proper (CS23), on the basis that the big toe was located on the cranial side and the foot sole
was oriented medially at CS23. It should be noted that the lower-limb structure of an embryo
or fetus is different from that of an adult. For instance, the “physiological clubfoot” is recog-
nized during the embryonic and early fetal periods (Fig 1) [8, 9]; therefore, the foot’s orienta-
tion should not be used as an indicator of lower-limb posture.
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https://doi.org/10.1371/journal.pone.0285190.9007
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sacrum; purple, ilium; yellow, ischium. (B) Change in the hip-sacrum angle during the embryonic (left) and fetal
(right) periods. (C) Height of the hip joint during the embryonic (left) and fetal (right) periods. The height of the hip
joint along the z-axis (cranial-caudal direction) is shown, with the position of S3 indicated as a reference.

https://doi.org/10.1371/journal.pone.0285190.9008

Three posture parameters—namely, flexion, abduction, and lateral rotation of the hip—
were linearly correlated with each other during the embryonic period, suggesting that the fem-
oral posture at each stage was three-dimensionally constant and gradually and smoothly
changed according to growth. During the fetal period, these posture parameters varied among
individuals, especially the lateral hip rotation angle. No obvious trend in this variation was
observed. When the joint cavity develops and a pelvic ring structure is formed during the fetal
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Fig 9. Length measurements of the lower limbs. (A) Pelvic length measurements during the embryonic (left) and
fetal (right) periods: lengths of the inter-hip joint (segment H_r-H_l) and sacrum (S1-S3). (B) Length measurements
of the lower limbs during the embryonic (left) and fetal (right) periods: lengths of the bilateral femoral shafts (segment
H-K) and lower limbs (segment K-A).

https://doi.org/10.1371/journal.pone.0285190.g009
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period, the hip joint may be actively movable in the uterus. Thus, the posture of the preserved
fetal samples might not accurately reflect the intrauterine posture.

We recently presented data on upper-arm posture [15], as well as the morphogenesis and
position of the scapula [20]. There were similarities in posture between the upper arms and
thighs, as described in the present study. A gradual change in posture was observed during the
embryonic period, in which the maximum value was attained at CS19 or CS20; in contrast, the
posture was relatively constant during the fetal period. For both upper and lower limbs, indi-
vidual differences were large during the fetal period. With respect to the abovementioned
three parameters, a decrease in abduction was observed in both upper and lower limbs. Unfor-
tunately, this gradual change in posture may be unsuitable as a parameter for staging, which
requires a specific form in appearance.

On the other hand, the following differences in posture were observed between the upper
and lower limbs. Decreased lateral rotation was evident in the lower limbs but was inconspicu-
ous in the upper limbs. As for flexion, the angle in the lower limbs increased during the embry-
onic period and was constantly high during the fetal period, whereas the angle in the upper
limbs was relatively constant (45° to 90°). It should be noted that the position of the scapula
influences the upper-arm posture. The position of the scapula considerably changed and was
significantly different between the embryonic and fetal periods. Abduction and flexion of the
scapulothoracic articulation were significantly increased, which affected the upper-limb pos-
ture. Regarding the lower limbs, the sacropelvic joint was formed at CS21 and the pubic sym-
physis was observed at CS23 (Figs 5 and 8A). Pelvic ring formation may influence the
abduction angle in the lower limbs; nevertheless, such influence may be less than the influence
of the scapula on the upper-limb posture. However, in the present study, we could not clarify
the effect of pelvic ring formation on the lower-limb posture.

The hip joint consists of the femoral head and pelvis. The pelvis and femur are connected,
and the border can be recognized in samples through the presence of dense mesenchymal cells
at CS21 and earlier stages. Although they are still connected, the density of mesenchymal cells
decreases between CS22 and CS23. The Y-shaped connection of the three parts of the hip bone
(namely, the ischium, pubis, and ilium) forms the acetabulum at approximately CS23 [6, 21,
22]. A previous study reported that cavitation was initiated in samples with a CRL of >30 mm
and was always observed in samples with a CRL of >56 mm [6]. Changes in the hip joint pos-
ture during the embryonic period may cause considerable stress on the musculoskeletal system
of the hip joint, considering that the pelvis and femur are connected. Future studies should
investigate the effects of stress on this system.

The trochanter initially forms at approximately CS21, and the femoral neck-shaft angle is
observed at the end of the embryonic period. The angle ranges from approximately 135° to
145° before femoral ossification (from CS23 to the early fetal period) and is approximately
130° during the fetal period, which is similar to that in adults [7]. Furthermore, the detected
anteversion angle is approximately 25° before ossification and ranges from 10° to 20° during
the fetal period. These angles can potentially influence each other in a complex manner. Ide-
ally, the angle should be measured at the femoral shaft and neck separately. However, in the
present study, setting the proper landmarks on the trochanter to accurately separate the femo-
ral neck and shaft was difficult to accomplish because of the low MRI resolution and trochan-
ter’s immature form during the embryonic period.

Using 3D ultrasound in virtual reality, Bogers et al. recently analyzed the physiological
development of the fetal foot position “physiological clubfoot” during the first trimester [9].
Their study pointed out several issues for the applicability of their angle measurement tech-
nique to an embryonic study in the first trimester. The skeletal system during the embryonic
period mainly comprises cartilages, which are less echogenic, and the lengths of the
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cartilaginous fibula and tibia could not be measured in their study. Limb posture measure-
ments depend on the surface view, which may reduce the accuracy. The success rate of angle
measurements are still low (13.5-25.7%) for embryos at 8-9 weeks of gestational age. We con-
sider that the hip joint will be much more difficult to accurately estimate using in vivo ultra-
sound images. The proportion of the trunk and thighs, which are not so long in the cranial-
caudal direction, will not be suitable for accurate measurements of the hip joint length and
angle if the skeletal system is not detected. In our opinion, accurate limb measurements using
ultrasound images may be applicable during the fetal period when the body size becomes
large, the limbs elongate longitudinally, and the bone structure begins to be detected.

The use of high-resolution MRI provides images of early anatomical development to
improve the understanding of lower leg posture during the embryonic and early fetal period.
This study also evaluates imaging data using the Carnegie collection [23] and expands on
results from previous studies [1, 3]. Dawood et al. [24] highlighted the importance of ex utero
imaging techniques, such as micro-CT and high-resolution MRI, to facilitate proper annota-
tion of fetal structures in ultrasound scans of early first-trimester embryos and to improve
detection of congenital anomalies in the developing embryo. From this point of view, our pres-
ent study may help address these concerns and contribute to the improvement of the prenatal
medicine.

4.1. Limitations

This study has some limitations. First, deformities and shrinkage due to fixation and preserva-
tion should be considered, as these may affect the limb posture, particularly in fetal samples
after the formation of hip joint cavitation and pelvic ring. Second, although our samples were
classified as normal based on external morphology, we could not unequivocally ascertained
that all samples underwent normal development. Finally, staging between CS19 and CS23 was
considerably difficult; however, we carefully staged the embryonic period samples, as previ-
ously described.

4.2. Conclusions

The angle calculation in our present study is more accurate than previous measures; hence,
evaluating the femoral posture through our method is more reliable, revealing the precise
timeline of femoral posture changes. The femoral posture at each embryonic stage was three-
dimensionally constant and changed gradually and smoothly according to growth. The find-
ings of our study may be difficult to apply clinically, however, our study has merits in that
lengths and angles were measured on anatomical landmarks of the skeletal system. Our
obtained data may contribute to an understanding about development from anatomical
aspects and provide valuable insights for clinical application.

Supporting information

S1 Datasets. Length and angle values.
(XLSX)

Acknowledgments

The authors thank Ms. Chigako Uwabe for her technical assistance in handling the human
embryos at the Congenital Anomaly Research Center of Kyoto University. The authors also
thank Editage (www.editage.com) for English language editing.

PLOS ONE | https://doi.org/10.1371/journal.pone.0285190 May 2, 2023 15/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0285190.s001
http://www.editage.com/
https://doi.org/10.1371/journal.pone.0285190

PLOS ONE

Femoral posture during embryonic and early fetal development

Author Contributions

Conceptualization: Tetsuya Takakuwa, Aoi Ishikawa.

Data curation: Toru Kanahashi.

Formal analysis: Marie Ange Saizonou, Sena Fujii, Yousuke Kumano.

Funding acquisition: Tetsuya Takakuwa.

Project administration: Tetsuya Takakuwa.

Resources: Hirohiko Imai, Shigehito Yamada.

Software: Sena Fujii.

Validation: Tomoki Aoyama.

Visualization: Toru Kanahashi.

Writing - original draft: Tetsuya Takakuwa.

References

1.

10.

11.

12

13.

14.

O’Rahilly R, Miiller F. Developmental stages in human embryos: Including a revision of Streeter’s “Hori-
zons” and a survey of the Carnegie collection. Washington District of Columbia: Carnegie Institution of
Washington; 1987.

O’Rahilly R, Miiller F. Chapter 18. The skeletal system and limbs. In: O’'Rahilly R, Miller F, editors.
Human embryology and teratology. 3rd ed. New York: Wiley-Liss, Inc.; 2001. pp. 357-394.

O’Rahilly R, Gardner E. The timing and sequence of events in the development of the limbs in the
human embryo. Anat Embryol (Berl). 1975; 148:1-23. https://doi.org/10.1007/BF00315559 PMID:
1202989

Standring S. Gray’s anatomy. 41st ed. Amsterdam: Elsevier; 2005.

O’Rahilly R. Morphological patterns in limb deficiencies and duplications. Am J Anat. 1951; 89:135—
193. https://doi.org/10.1002/aja. 1000890202 PMID: 14894439

Okumura M, Ishikawa A, Aoyama T, Yamada S, Uwabe C, Imai H, et al. Cartilage formation in the pelvic
skeleton during the embryonic and early-fetal period. PLoS One. 2017; 12:e0173852. https://doi.org/10.
1371/journal.pone.0173852 PMID: 28384153

Suzuki Y, Matsubayashi J, Ji X, Yamada S, Yoneyama A, Imai H, et al. Morphogenesis of the femur at
different stages of normal human development. PLoS One. 2019; 14:e0221569. https://doi.org/10.
1371/journal.pone.0221569 PMID: 31442281

Victoria-Diaz A, Victoria-Diaz J. Pathogenesis of idiopathic clubfoot. Clin Orthop Relat Res. 1984;
185:14-24. PMID: 6705371

Bogers H, Rifouna MS, Cohen-Overbeek TE, Koning AHJ, Willemsen SP, et al. First trimester physio-
logical development of the fetal foot position using three-dimensional ultrasound in virtual reality. J
Obstet Gynaecol Res. 2019; 45:280-288. https://doi.org/10.1111/jog.13862 PMID: 30450690

Baken L, van Heesch PN, Wildschut HI, Koning AH, van der Spek PJ, Steegers EA, et al. First-trimester
crown-rump length and embryonic volume of aneuploid fetuses measured in virtual reality. Ultrasound
Obstet Gynecol. 2013; 41:521-525. https://doi.org/10.1002/uog.12365 PMID: 23225608

Baken L, van Gruting IM, Steegers EA, van der Spek PJ, Exalto N, Koning AH. Design and validation of
a 3D virtual reality desktop system for sonographic length and volume measurements in early preg-
nancy evaluation. J Clin Ultrasound. 2015; 43:164—170. https://doi.org/10.1002/jcu.22207 PMID:
25041997

Yamaguchi Y, Yamada S. The Kyoto Collection of human embryos and fetuses: History and recent
advancements in modern methods. Cells Tissues Organs. 2018; 205:314—-319. https://doi.org/10.1159/
000490672 PMID: 30064127

Shiota K, Yamada S, Nakatsu-Komatsu T, Uwabe C, Kose K, Matsuda Y, et al. Visualization of human
prenatal development by magnetic resonance imaging (MRI). Am J Med Genet A. 2007; 143A:3121—
3126. https://doi.org/10.1002/ajmg.a.31994 PMID: 17963260

Matsuda Y, Utsuzawa S, Kurimoto T, Haishi T, Yamazaki Y, Kose K, et al. Super-parallel MR micro-
scope. Magn Reson Med. 2003; 50:183—-189. https://doi.org/10.1002/mrm.10515 PMID: 12815693

PLOS ONE | https://doi.org/10.1371/journal.pone.0285190 May 2, 2023 16/17


https://doi.org/10.1007/BF00315559
http://www.ncbi.nlm.nih.gov/pubmed/1202989
https://doi.org/10.1002/aja.1000890202
http://www.ncbi.nlm.nih.gov/pubmed/14894439
https://doi.org/10.1371/journal.pone.0173852
https://doi.org/10.1371/journal.pone.0173852
http://www.ncbi.nlm.nih.gov/pubmed/28384153
https://doi.org/10.1371/journal.pone.0221569
https://doi.org/10.1371/journal.pone.0221569
http://www.ncbi.nlm.nih.gov/pubmed/31442281
http://www.ncbi.nlm.nih.gov/pubmed/6705371
https://doi.org/10.1111/jog.13862
http://www.ncbi.nlm.nih.gov/pubmed/30450690
https://doi.org/10.1002/uog.12365
http://www.ncbi.nlm.nih.gov/pubmed/23225608
https://doi.org/10.1002/jcu.22207
http://www.ncbi.nlm.nih.gov/pubmed/25041997
https://doi.org/10.1159/000490672
https://doi.org/10.1159/000490672
http://www.ncbi.nlm.nih.gov/pubmed/30064127
https://doi.org/10.1002/ajmg.a.31994
http://www.ncbi.nlm.nih.gov/pubmed/17963260
https://doi.org/10.1002/mrm.10515
http://www.ncbi.nlm.nih.gov/pubmed/12815693
https://doi.org/10.1371/journal.pone.0285190

PLOS ONE

Femoral posture during embryonic and early fetal development

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Kumano Y, Tanaka S, Sakamoto R, Kanahashi T, Imai H, Yoneyama A, et al. Upper arm posture during
human embryonic and fetal development. Anat Rec (Hoboken). 2022; 305:1682—1691. https://doi.org/
10.1002/ar.24796 PMID: 34605199

Moore KL, Persaud TVN, Torchia MG. The limbs. In: Moore KL, Persaud TVN, Torchia MG, editors.
The developing human: clinically oriented embryology. 8th ed. Saunders/Elsevier; 2008. pp. 365-379.

Moore KL, Persaud TVN, Shiota K. The third to eighth weeks of human development. In: Moore KL, Per-
saud TVN, Shiota K, editors. Color atlas of clinical embryology. 1st ed. Philadelphia: Saunders;
1994. pp. 9-61.

Tuchmann-Duplessis H, Haegel P. lllustrated human embryology. Organogenesis. New York:
Springer-Verlag; 1972.

FitzGerald MJT, FitzGerald M. Human embryology. Bailliere Tindall; 1995.

Tanaka S, Sakamoto R, Kanahashi T, Yamada S, Imai H, Yoneyama A, et al. Shoulder girdle formation
and positioning during embryonic and early fetal human development. PLoS One. 2020; 15:€0238225.
https://doi.org/10.1371/journal.pone.0238225 PMID: 32915841

Gardner E, Gray DJ. Prenatal development of the human hip joint. Am J Anat. 1950; 87:163-211.
https://doi.org/10.1002/aja.1000870202 PMID: 14771010

Uhthoff HK. The development of the hip. In: Uhthoff HK, editor. The embryology of the human locomotor
system. Berlin: Springer-Verlag; 1990. pp. 117-127.

de Bakker BS, de Jong KH, Hagoort J, de Bree K, Besselink CT, de Kanter FE, et al. An interactive
three-dimensional digital atlas and quantitative database of human development. Science. 2016;
354:6315. https://doi.org/10.1126/science.aag0053 PMID: 27884980

Dawood Y, Buijtendijk MFJ, Shah H, Smit JA, Jacobs K, Hagoort J, et al. Imaging fetal anatomy. Semin
Cell Dev Biol. 2022; 131: 78-9. https://doi.org/10.1016/j.semcdb.2022.02.023 PMID: 35282997

PLOS ONE | https://doi.org/10.1371/journal.pone.0285190 May 2, 2023 17/17


https://doi.org/10.1002/ar.24796
https://doi.org/10.1002/ar.24796
http://www.ncbi.nlm.nih.gov/pubmed/34605199
https://doi.org/10.1371/journal.pone.0238225
http://www.ncbi.nlm.nih.gov/pubmed/32915841
https://doi.org/10.1002/aja.1000870202
http://www.ncbi.nlm.nih.gov/pubmed/14771010
https://doi.org/10.1126/science.aag0053
http://www.ncbi.nlm.nih.gov/pubmed/27884980
https://doi.org/10.1016/j.semcdb.2022.02.023
http://www.ncbi.nlm.nih.gov/pubmed/35282997
https://doi.org/10.1371/journal.pone.0285190

