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Abstract

The urinary collecting system (UCS) consists of organized ducts that collect urine from the
nephrons and transport it to the ureter and bladder. Understanding the histogenesis of the
UCS is critical. Thirty human embryos between the Carnegie stages (CS) 18 and 23 were
selected from the Congenital Anomaly Research Center, Kyoto, Japan. Epithelia of the
UCS, ureter, and bladder of each sample were randomly selected. Histological findings of
the epithelia were analyzed according to the following criteria: type of epithelium, presence
or absence of glycogen, percentage of migrated nuclei, percentage of cells in mitosis, and
the surrounding mesenchyme. A thickened epithelium lining a narrow luminal cavity was
observed in the pre-expanded pelvic specimens at CS18-CS23. At CS23, after pelvic expan-
sion, the UCS showed a thin epithelium with a large luminal cavity mainly located on the
early branches, whereas the epithelium covering the subsequent branches had medium
thickness. Histological characteristics differed depending on the UCS part and sample
stage. The degree of differentiation was evaluated, revealing that in CS18-CS23 pre-
expanded pelvis specimens, the undifferentiated epithelium was found in the zeroth to third/
fifth generation, whereas at CS23, after pelvic expansion, a differentiated epithelium covered
the UCS zeroth to seventh generation. In a comparison of the urothelial epithelium between
the UCS, ureter, and bladder, we found that urinary tract differentiation may be initiated in
the bladder, followed by the ureter, UCS zeroth to seventh generations, and finally, UCS
eighth to end generations. An understanding of the histogenesis of embryonic stage UCS
can aid in the clinical management of congenital urinary tract defects and other diseases.

Introduction

The uroepithelium or urothelium is an epithelial tissue that lines the distal portion of the uri-
nary tract, including the renal pelvis, ureters, bladder, and upper urethra and is composed of
apical, intermediate, and basal cell layers [1]. Functionally, it forms a distensible barrier that
accommodates significant changes in urine volume while preventing unregulated exchange of
substances between the urine and blood supply. In addition to its role as a barrier, the uroe-
pithelium can modulate the movement of ions, solutes, and water across the epithelial tissue
[2]. The uroepithelium is, thus, a dynamic tissue that responds to changes in its local environ-
ment and can relay this information to other tissues that comprise organs [1].
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The bladder epithelium is derived from the endoderm of the vesical part of the urogenital
sinus. The ureter originates from the ureteric bud, a protrusion of the mesonephric duct, dur-
ing the development of the genitourinary system. Several studies have described urothelial dif-
ferentiation in the bladder and ureter. Previous studies have reported that the urothelium is
pseudo-stratified. However, later studies showed that it is stratified and that cytoplasmic pro-
cesses are observed, although rarely, in the intermediate cell layers but not in the basal cell lay-
ers [3]. Wesson [4] demonstrated that a single layer of low-cuboidal to high-columnar
epithelium with prominent vesicular features lines the entire vesicoureteric anlage. Felix [5]
stated that this single layer over the openings of the ureters develops into two or three layers by
the end of the 6th week and four to five cells thick by the 9th week.

The urinary collecting system (UCS) is a significant component of the metanephros, and its
developmental process is initiated from a simple epithelial tube [6]. The UCS arises from the
iterative branching of this epithelial tube, resulting in a series of elaborate ducts that collect
urine from all the nephrons and transfer it to the bladder via the urothelial duct. Oliver [7] and
Al-Awqati et al. [8] described the UCS as a highly organized and regulated structure of ducts
formed by bifid branching during the embryonic and fetal periods, where bifurcation occurs
approximately 15 times. In stage CS23, the proximal UCS is remodeled into the renal pelvis
and calyx, from which the collecting ducts are distributed [9-11]. This phenomenon divides
late embryos into two categories: pre-expanded and expanded pelvis groups [12]. Several fac-
tors, including the development of nascent nephrons, their connection to the UCS, and the ini-
tiation of urinary excretion, may contribute to proximal UCS expansion [12, 13]. However,
the mechanisms underlying proximal UCS expansion remain unclear. Potter et al. demon-
strated an epithelium composed of tall columnar cells with large oval nuclei, surrounded by
connective tissue, in early embryos [14]. In late embryos, the expansion of the first generation
of branches presented a thin epithelium. Our group has provided a brief overview of histogen-
esis, mainly focusing on UCS morphogenesis and branching development [12]. Pelvic expan-
sion could affect UCS histology and vice versa. Precise differentiation of UCS epithelium
according to the number of generations is lacking. Recent studies using experimental mouse
models have provided a histological atlas of the developing mouse urogenital system describ-
ing organogenesis and morphogenesis. It is unclear whether these observations can be applied
to the human UCS, as the early branches of the UCS in late mouse embryos appear to be differ-
ent from those in humans [15].

Although the urinary tract (including the ureter and bladder) is uniformly lined by the
urothelium, the process of histological differentiation during the embryonic period is primar-
ily confined to the bladder [2, 3, 16] and urinary tract [6], with detailed descriptions lacking
for the UCS [12]. Because urine secretion initiates during the late embryonic period [17], clari-
fying the features and timeline of the histological differentiation of the urothelium region by
region is essential. Clinically, this could yield data to ascertain the locations of congenital uri-
nary tract defects, potentially facilitating the initiation of a clinical retrospective study on prob-
able causes. Herein, we aimed to demonstrate the differentiation of the UCS epithelium in the
human metanephros during the human embryonic period and to evaluate its degree of differ-
entiation compared to that of the ureter and bladder epithelia.

Materials and methods
Ethics approval

The ethics committees of Kyoto University Faculty and Graduate School of Medicine, Japan,
approved the use of human embryonic and fetal specimens for this study (approval number:
R0316).
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Human embryonic specimens

At the Congenital Anomaly Research Center, Kyoto University Graduate School of Medicine,
Japan, are stored in nearly 45,000 human specimens of embryos and fetuses, constituting the
Kyoto Collection [18]. Most specimens were obtained when the pregnancy was terminated
during the first trimester under the Maternity Protection Law of Japan. Samples were collected
from 1961 to 1971, according to the regulations pertaining to each period (Table 1). For exam-
ple, written informed consent was not required from parents back then; instead, verbal
informed consent was sufficient to deposit the specimens, which was documented in medical
records. All samples were anonymized and de-identified. Data were accessed for research pur-
poses from Apr 1, 2021, to Mar 1, 2023. Approximately 20% of the specimens were undamaged
and well-preserved. Embryos were measured, examined, and staged according to the criteria
described by O’Rahilly and Miiller [19]. Whole embryonic samples were fixed with 10% for-
malin, embedded in paraffin, and serially sectioned to a thickness of 10 pm. These samples
were stained with hematoxylin and eosin (HE), and the specimens were preserved.

In this study, serial tissue sections were used from embryo specimens between CS18 and
CS23 belonging to the Kyoto Collection ranging from 12.0 to 28.7 mm crown-rump length
(CRL) (n = 30; five samples per stage) (Table 1).

Digitalization of histological sections and metanephros 3-D reconstruction

Histological sections of the metanephros were digitalized, and three-dimensional (3D) recon-
structions were generated as described previously [12]. Briefly, serial transverse sections
(thickness, 10 pm) of whole embryos were digitalized using an Olympus virtual slide system
(VS120-S5-], Olympus Corp., Tokyo, Japan) for histological observations and 3D reconstruc-
tions. Sequential two-dimensional (2D) images at 25x magnification were digitally cropped
around the metanephros. The metanephros, including the UCS, was segmented into serial dig-
ital sections. 3D images and the centerline of the UCS were computationally reconstructed
and analyzed using Amira v. 5.5.0 (Visage Imaging GmbH, Berlin, Germany).

Selection of histological sections for analyses of UCS epithelium as per the
generation number, urothelial duct, and bladder

Using the reconstructed UCS tree, sections that included branches suitable for histological
observations were selected. These sections included the transverse section of the branches in
the middle, where the generation numbers could be identified. The selected images were
cropped at 40x magnification and used for histological observation and analysis (Fig 1). Four
transverse sections per generation of each sample were selected for further observation (Fig 1A
and 1B).

Urothelial duct. Representative sections of the urothelial duct located at the ureteric-pel-
vic junction (UPJ) and bladder (distal section) were selected (Fig 1B). The selected images
were cropped at 40x magnification and used for histological observation and analysis. Two
transverse sections for each sample were selected for further observation.

Bladder. For each specimen, whole sections of the bladder, including anatomical land-
marks, were identified. Suitable sections were cropped, magnified 40x on the bladder neck
and dome regions, and used for histological observation and analysis (Fig 1B). Two sections
from two samples each per stage were selected for further observation.
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Table 1. Samples used in the present study.

CS ID Collecting date CRL Orientation Serial sections Urinary collecting branches
Total number Kidney Range Maximum number of generation Total branches
18 24992 14.02.1970 12 Cr 39 30-33 4 11
28129 10.04.1971 13 Cr 50 37-43 4 15
10309 1.06.1966 13.7 Sa 31 11-24 5 17
15391 19.07.1967 14.2 Lo 26 12-21 2 5
3901 17.08.1965 14.7 Lo 43 22-27 6 25
19 7168 02.02.1966 13.3 Lo 96 16-21 7 35
16696 25.11.1967 13.7 Cr 55 47-49 7 27
8389 21.06.1966 16.3 Cr 83 25-35 6 39
3002 05.06.1965 18.4 Cr 87 70-75 7 37
923 29.08.1963 17.5 Sa 39 13-30 7 58
20 2006 05.04.1965 15.9 Cr 62 58-59 7 59
7271 19.02.1966 16.9 Cr 91 75-79 7 69
4330 04.07.1965 18.6 Cr 87 75-78 7 90
1580 08.01.1965 18.8 Lo 111 46-55 8 75
567 12.04.1962 20.8 Sa 200 22-44 8 101
21 12155 27.10.1966 17.9 Cr 80 41-52 9 141
16393 07.04.1967 18.7 Cr 60 46-51 8 141
41 09.06.1961 19 Cr 98 44-57 9 102
2021 30.03.1965 21.4 Sa 120 43-94 9 120
2314 31.03.1965 22.6 Cr 142 69-93 9 160
22 8825 16.05.1966 21.3 Cr 115 65-83 10 182
5685 17.11.1965 21.7 Cr 185 123-142 9 147
9305 12.05.1966 22 Cr 96 79-86 11 286
10444 12.08.1966 22.5 Cr 142 93-115 9 250
5214 24.09.1965 23.4 Cr 201 103-135 11 333
23 3104 27.07.1965 25.2 Lo 137 96-113 9 216
9005 23.04.1966 26 Sa 197 60-135 11 416
4381 27.08.1965 26.3 Sa 198 26-104 11 480
9026 03.06.1966 25.7 Sa 209 51-132 12 501
12481 31.08.1966 28.7 Sa 205 104-190 12 397

CS, Carnegie stage; collecting date, date when the samples were first collected; CRL, crown-rump length; Cr, cross-section; Sa, sagittal section; Lo, longitudinal section;

kidney range, serial sections where kidney was observed.

https://doi.org/10.1371/journal.pone.0301778.t001

Evaluation of the UCS epithelium, urinary duct, and bladder

the epithelium (loose connective tissue [CT], metanephric blastema [MB]) (Table 2).

limited to another type of epithelium except for that of the choroid plexus [20, 21]. The

Histological findings. Histological findings of the UCS and transition side of the ureter
were evaluated based on the criteria of a previous study describing the choroid plexus, with
minor modifications [20, 21]. Characteristics of the UCS were selected based on these criteria,
adapted, and reorganized according to our histological findings and the specificity of the UCS.
These include 1) the type of epithelium (pseudostratified epithelium E1, simple cuboidal epi-
thelium E2), 2) perinuclear glycogen in the cytoplasm (presence or absence), 3) percentage of
migrated nuclei, 4) percentage of nuclei in mitosis, and 5) mesenchymal tissues surrounding

Histological evaluation of the differentiation is not known for the human urothelium and is
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Fig 1. Methods used in the present study. (A) Selection of histological sections for the analysis of the urinary collecting system (UCS)
epithelium according to the generation number. Three-dimensional reconstruction of metanephros and UCS centerline tree was used for
histological evaluation. Representative generation branches were selected. Matched epithelium sections were cropped at 40x magnification.
Illustrative data were obtained from a representative metanephros sample (CS23: ID 9026). (B) Illustration indicating the sections observed
on the urinary tract. UP], ureteric pelvis junction; UCS Gn, urinary collecting system generation number. (C) Measurements of epithelium
height and lumen diameter. The height of the epithelium and the size of the lumen are determined by averaging the lengths measured at
four positions (indicated by black bidirectional arrows) and three positions (indicated by red bidirectional arrows) on the UCS,
respectively.

https://doi.org/10.1371/journal.pone.0301778.g001

choroid plexus is a special organ that produces cerebrospinal fluid and is responsible for an
important biological barrier system, forming an interface between the blood and the cerebro-
spinal fluid. Considering the urothelium’s several functions described above, some physiologi-
cal similarities in both structures appear evident. Therefore, it seemed interesting to use a
similar differentiation criterion to describe epithelial tissue on the urinary tract whilst includ-
ing its distinctive features.

The differentiation score in the UCS was calculated by the sum of the scores from each
criterion.

The distribution of nuclei within the epithelium, observed in both apical-central and api-
cal-central-basal regions—a characteristic akin to that of apically migrated nuclei—served to
enrich the characterization of the ureteral epithelium.
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Table 2. Histological characteristics and differentiation scores of the UCS.

Structure

Epithelium

Nuclei

Mesenchymal tissue surrounding
the epithelium

https://doi.org/10.1371/journal.pone.0301778.t002

Metanephric blastema

State Score 0/0.5 Score 1
Type Pseudostratified epithelium (E1) Simple cuboidal epithelium (E2)
Epithelium covered by a disposition of crowded oval Epithelium lined by simple
nuclei located in various positions cuboidal cells
Glycogen Absence G (-) Presence G (+)
Perinuclear substance inside the cytoplasm absent Perinuclear substance inside the
cytoplasm present
Apical migrated nuclei High (>40%) Low (< 15%)
Intermediate ([15%-40%]) Percentage of apical migrated
Percentage of apical migrated nuclei greater than 40% nuclei less than 15%
(Score 0)
Percentage of apical migrated nuclei ranged between
[15%-40%] (Score 0.5)
Percentage of nuclei in High (> 2%) Low (< 2%)
Percentage of nuclei in mitosis greater than 2% Percentage of nuclei in mitosis less
than 2%
Connective tissue/ Metanephric blastema (MB) A loose connective tissue (CT)

Mesenchyme surrounding UCS: metanephric blastema Loose connective tissue
surrounding UCS

The bladder epithelium was observed at the neck and dome based on previous criteria [20,
21], according to the following histological findings: 1) type of epithelium (single layer epithe-
lium [SL]), bi-layered epithelium [BL], multilayered epithelium [ML]), 2) perinuclear glycogen
in the cytoplasm (present or absent), 3) presence of nuclei in mitosis, and 4) mesenchymal tis-
sues surrounding the epithelium.

Measurements. The epithelial height and lumen diameter were measured in two selected
sections per generation of branches in each sample. Two perpendicular lines, that is, the long
and short axes, were determined. The epithelium height was measured parallel to the short
axis at four positions. The epithelium height was calculated as the mean of the four lengths
(Fig 1C). The lumen diameter was measured parallel to the short axis at three points and was
calculated as the mean of the three lengths.

Results
3D reconstruction of the UCS tree

3D reconstruction of the UCS tree revealed growth during the embryonic period (Fig 2), with
an increase in the number of UCS generations and total branches. The maximum generation
number (and ranges) of UCS end branching at each stage were as follows: CS18, 4.2 [2-6];
CS19, 6.6 [6-7]; CS20, 7.2 [6-8]; CS21, 8.8 [8-9]; CS22, 9.4 [9-10]; CS23P, 10.6 [10-11]; and
CS23E, 11.0 [10-12]. The medians (and range) of the total number of UCS branches by the
sixth to end generations (shown in orange in Fig 2) were as follows: CS18, 0.4 [0-2]; CS19, 7
[2-17]; CS20, 21.8 [10-47]; CS21, 63.4 [43-91]; CS22, 177.4 [87-268]; CS23P, 326.0 [140-
420], and CS23E, 392.0 [334-450] (See also Table 1).

Epithelium height according to growth

The epithelial height between CS18 and CS21 was approximately distributed between 20-

25 um, accompanied by an increase in generation number (Fig 3A). It markedly increased in
the first to second generations at CS22, reached the local maximum at the second generation,
and gradually decreased with an increase in the generation number. A similar trend was
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Fig 2. Three-dimensional reconstruction of metanephros at stages CS18-CS23. Green, zeroth to the fifth
generation; orange, sixth to the end generation. The specimens at CS23 are divided into two categories: the pre-
expanded pelvis group (CS23P) and the expanded pelvis group (CS23E), leading to an enlargement of the pelvis. Data
was obtained from representative specimens at each Carnegie stage (CS19: ID923, CS20: ID567; CS21: ID2021; CS22:
ID5685; CS23: ID9026).

https://doi.org/10.1371/journal.pone.0301778.g002
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Fig 3. Epithelium height in the UCS in relation to generation number. (A) Change in the epithelium height according to the
generation number. The mean thickness vs. generation number between CS18 and CS22 is indicated on the left, and the data value
at each sample at CS23P and CS23E is indicated on the right. (B) Comparison of the epithelium heights between CS18 and CS23E by
generation number. CS, Carnegie stage; CS23.P, Carnegie stage 23 pre-expanded pelvis; CS23.E, Carnegie stage 23 expanded. The
measurement data was provided in S1 Data.

https://doi.org/10.1371/journal.pone.0301778.g003
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observed at CS23P. The epithelial height markedly decreased from the first to the seventh gen-
erations at CS23E, mainly from the first to the fourth generations, with a local minimum
observed in the second generation.

The epithelial heights of each generation were compared. In the first generation, the epithe-
lial height showed a small local maximum at CS22 and CS23P. In the second and peripheral
generations, epithelial height decreased as the stage increased, whereas the local maximum at
CS22 became inconspicuous (Fig 3B).

Lumen size according to growth

The average cavity size between CS18 and CS21 was almost similar (10-20 pm), slightly
decreasing as the generation number increased. The lumen size increased from the first to
fourth generations in the two samples of CS23P (Fig 4A). Lumen size increased with each gen-
eration of CS23E. The increase in lumen size was more prominent at CS23E than at CS18
-CS23P (Fig 4B).

Comparison of epithelium height and lumen size by generation number

In the previous stages, between CS18 and CS23P, epithelial thickness and lumen size did not
correlate, and lumen size was almost constant, regardless of epithelial thickness. At CS23E, the
UCS showed a thin epithelium with a large luminal cavity, and its distribution differed from
that in the previous stages (Fig 5). The trend was similar in all scatter plots for each generation
number.

Histological evaluation

Epithelium type. The UCS epithelium between CS18 and CS23P consisted of crowded
oval nuclei located at various positions and a pseudostratified epithelium (E1) until their
respective end branches. The epithelium on CS23E was lined with a superficial layer of cuboi-
dal cells (E2), well-aligned around the lumen from the zeroth to the seventh generation. In
contrast, the seventh-end generation exhibited characteristics similar to those of E1.

Glycogen. The perinuclear transparent substance glycogen, which appeared to repel the
nuclei towards the apical side, was observed from the zeroth to second generations at CS18,
from the zeroth to the fifth generations at CS19 and CS23P, and from the zeroth to the sixth
generation at CS23E. Glycogen was not observed in the peripheral epithelium.

Apical migrated nuclei and nucleus position. At CS18-CS23P, nuclei were distributed
mainly at the apical-central-basal position in the epithelium in the zeroth to end generations.
The percentage of apical migrated nuclei in each epithelial layer was high through generations,
ranging from 40% to 45%. At CS23E, nuclei were distributed mainly at the apical-central posi-
tion in the epithelium from the zeroth to seventh generations and at the apical-central-basal
position between the eighth to twelfth generations. The percentage of apical nuclei was lower
in the zeroth to seventh generations (3%-15%), increasing slightly in the eighth to end genera-
tions (12%-28%), and remained lower than in embryos between CS18 and CS23P.

Percentage of nuclei in mitosis. In most regions of CS18 and CS20 and the peripheral
regions of CS19 and CS23E, mitosis was observed in more than 2% of the epithelial cells. Mito-
sis was observed in less than 2% epithelia, mainly in the proximal part of the UCS, with several
exceptions between CS21 and CS23E, namely, zeroth to fourth generations at CS21, zeroth to
fifth generations except for first and second generation at CS22, and zeroth to sixth genera-
tions at CS23P and CS23E.

Mesenchymal tissue surrounding the epithelium. Loose connective tissue surrounded
the UCS epithelium in the zeroth to second generations at CS18, fourth generation at CS19
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Fig 4. Lumen size in the UCS according to generation number. (A) Change in the lumen size according to the generation
number. The mean lumen size vs. generation number between CS18 and CS22 is indicated on the left, and the data values for
each sample at CS23P and CS23E are indicated on the right. (B) Comparison of the epithelium lumen sizes between CS18
and CS23E by each generation. CS, Carnegie stage; CS23P, Carnegie stage 23 pre-expanded pelvis; CS23E, Carnegie stage 23
expanded. The measurement data was provided in S2 Data.

https://doi.org/10.1371/journal.pone.0301778.9004
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Fig 5. Scatter plots showing the relationship between epithelium height and lumen size of the UCS during
CS18-CS23E. Scatter plots are provided for five representative generation numbers: Oth, 3rd, 6th, 9th, and 11th. The

measurement data was provided in S3 Data.

https://doi.org/10.1371/journal.pone.0301778.9005
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and CS20, zeroth to sixth generations at CS21, and zeroth to seventh generations at CS22,
CS23P, and CS23E. The metanephric blastema surrounded the subsequent peripheral
branches.

Differentiation score

The differentiation score of the UCS epithelium in each generation was calculated as the sum
of the differentiation degrees in the five criteria mentioned earlier (Table 2). The histological
features and differentiation in the proximal UCS region differed from those in the peripheral
regions, depending on the specimen’s embryonic stage (Fig 6A). The differentiation score
increased according to the increase in CS and was higher in the proximal region than in the
peripheral region. The score was high in the zeroth to seventh generations for CS23E. Repre-
sentative histological pictures corresponding to the highlighted rectangle in the panel in Fig 6B
were presented in Fig 7.

Ureter

Glycogen-rich epithelium (G(+)) and surrounding loose connective tissue (CT) were observed
at all stages, at both the junctional and distal sides (Fig 8A). Nuclei were distributed mainly at
the apical-central-basal position in the epithelium between CS18 and CS22 and at the apical-
central position at CS23P and CS23E at both the junctional and distal sides. Pseudostratified
epithelium (E1) was observed between CS18 and CS23P at both the junctional and distal sides.
At CS23E, a single cuboidal epithelium (E2) was observed at the junction side (close to the pel-
vis). Single cuboidal and bilayered epithelium was observed on the distal side (close to the
bladder). The representative histological pictures are presented in Fig 8B.

Bladder

Glycogen-rich epithelial wall (G(+)) and surrounding loose CT were observed at all stages in
both the dome and neck of the bladder (Fig 9A). The bladder epithelium appeared to be differ-
ent from that observed in the UCS, with progressive differentiation. The epithelium at
CS18-CS19 was lined by a glycogen-rich, superficial layer of cells at the dome of the bladder
and by multilayer cells at the neck of the bladder. At the bladder dome, the number of layers
increased with growth; a BL was observed from CS19 onwards, and a tri-layered epithelium
was observed from CS21 onwards. At all stages, the neck of the bladder was covered with ML.
The representative histological pictures are presented in Fig 9B.

Discussion

The urothelium lines the urinary tract, from the metanephros to the urethra. Previous studies
on urothelial histology mainly focused on the bladder [5, 16] and urethra [4]. Newman and
Antonakopoulos [16] reported that the proximal bladder epithelial layers progressively
increase from a monolayer to a bilayer and then to a trilayer epithelium. Wesson [4] reported
that a single layer of low-cuboidal to high-columnar cells lines the ureteral structure. These
classical studies shed light on the general histological differentiation of the urothelium.

Few studies have focused on urothelial differentiation in the UCS. Potter [14] focused
mainly on kidney morphogenesis and the spatial distribution of UCS branches and nascent
nephrons. Limited observations have been made of the UCS epithelium, namely the pseudos-
tratified epithelium, which suggests the presence of a multilayered epithelium. Lindstrém et al.
reported on the 3D morphogenesis of the kidney by comparing human and mouse kidneys
[15]. In UCS histology, a pseudostratified ureteral epithelial branch tip was observed at stages
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Fig 6. Histological examination according to the Carnegie stage and generation number. (A) Each panel indicates the type of
epithelium, presence of glycogen, percentage of migrated nuclei, percentage of cells in mitosis, and mesenchyme surrounding the
epithelium. Each criterion is explained in the Materials and Methods section. (B) The differentiation score was obtained from the six
histological examinations. Histological images used in Fig 7 are highlighted by rectangles.

https://doi.org/10.1371/journal.pone.0301778.g006
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20 pum

Fig 7. Representative histological images depicting the UCS differentiation scores (S). The generation number is mentioned in each image. Histological
images presented here are highlighted by rectangles in Fig 6.

https://doi.org/10.1371/journal.pone.0301778.9007

CS16-CS19. The present study was unique in that the histogenesis of the urothelium was
highlighted in the whole urinary tract, consisting of the UCS, ureter, and bladder, stage-by-
stage, during the embryonic period. Moreover, this enabled comparisons of differentiation
within the bladder, urinary tract, and UCS, as well as among these three, on the differentiation
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Fig 8. Histological findings in the ureter. (A) Panels indicate the epithelium type, presence of glycogen, nuclei position, and
surrounding mesenchyme at the junction and the peripheral side. (B) Representative histological images of the ureter. E1,
pseudostratified epithelium; E2, simple cuboidal epithelium; BL, bi-layered epithelium; G, glycogen; AC, apical-central; ACB, apical-
central-basal; CT, connective tissue. Purple (in A) indicates the repartition of each feature by the Carnegie stage. Arrowheads indicate

glycogen. Numbers represent Carnegie stage (CS); images shown on higher magnification (40x) ureter epithelium; scale bar = 20 pm.
UPJ; ureteric pelvic junction, Distal; the distal side of the ureter.

https://doi.org/10.1371/journal.pone.0301778.g008
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Fig 9. Histological findings on the bladder. (A) The panel indicates the epithelium type, presence of glycogen, and surrounding
mesenchyme at the neck and dome of the bladder. SL, single layer; BL, bi-layers; ML, multilayers; G, glycogen; CT, connective tissue.
(B) Representative histological images at CS18, CS21, and CS23E from the whole bladder (left), magnified neck (middle), and dome
region (right). Arrows indicate the opening of the ureter. From left to right, respectively: lower magnification (10x) of sagittal section
of whole bladder, scale bar = 100 um; higher magnification (40x) showing neck and dome of bladder epithelium, scale bar = 20 um.
D, dome; N, neck; R, rectum; CA, abdominal cavity.

https://doi.org/10.1371/journal.pone.0301778.9009
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timeline. We have described the UCS differentiation in detail, and specifically in the epithe-
lium by each generation number.

In the UCS, the differentiation score decreased from the proximal to peripheral parts (with
increasing generation number), regardless of the Carnegie stage. This trend was more pro-
nounced for CS23E. In the distal ureter, the epithelium resembled that of the bladder. Con-
trastingly, the epithelium mirrored that of the UCS in the transitional region at CS23E,
suggesting that the epithelial differentiation was more pronounced in the distal region than in
the transitional area at CS23E. By CS18, the bladder epithelium in the neck region had become
multilayered, evolving from a monolayer into a multilayered structure at the dome between
CS18 and CS23.

The bladder neck epithelium at CS18-CS19 was comparable to the UCS epithelium in the
zeroth to seventh generations at CS23E. Our findings suggest that the initial differentiation of
urothelial cells may occur in a retrograde manner across the urinary tract, beginning with the
bladder, followed by the ureter, and subsequently, the UCS.

A pseudostratified epithelium was observed at CS18-22, as described in previous studies
[14, 15]. We observed and quantified the position of nuclei in the pseudostratified epithelium
as an indicator of differentiation. The nuclei frequently migrated to the apical side of the UCS
epithelium at stages CS18-CS23P, affecting approximately 45% of the nuclei. This migration
observed in our study could correspond to the partial interkinetic nuclear migration (INM)
noted in the ureter [22] and several digestive organs [23].

Makiko hypothesized that INM is a general strategy for epithelial progenitor expansion,
although discrepant hypotheses have also been proposed [24].

The present study is the first to investigate the histology of the UCS after pelvic expansion
(CS23E). The UCS at CS23E was completely different from that at previous stages, as noted in
the 3D reconstruction and histological findings. In the previous stages, the epithelial thickness
and lumen size were not correlated, and the latter was primarily constant regardless of the for-
mer. At CS23E, the UCS showed a thin epithelium with a large luminal cavity.

Although the expansion in the proximal region was striking, size expansion was simulta-
neously observed up to the terminal branch at CS23E. In contrast, differentiation timing at the
UCS periphery occurred last in comparison to the rest of the urinary tract. This expansion
may indicate the initiation of the physiological function of the urinary tract and the excretion
of urine. Potter hypothesized that urinary secretions contribute to the expansion of the pelvis
and calyces [8]. Several studies have shown that glomerular filtrate may increase the UCS pres-
sure, forcing it to expand rapidly. We detected nephrons from CS19 and found that the total
number of nephrons, and those connected to the UCS, increased until CS23 [12]. The human
metanephros contributes to amniotic fluid volume at CS23 or earlier [17]. Lindstrom et al.

[15] indicated that glomerular filtration may occur at CS23.

A previous study on the differentiation of the choroid plexus demonstrated that the histo-
logical findings, including the type of epithelium, presence of glycogen, position of nuclei, per-
centage of cells in mitosis, and surrounding mesenchyme, changed during the embryonic
period between CS18 and CS23 [24]. These changes correspond to Netsky’s Stages I and II, the
first two of the four stages of differentiation [20, 21]. In the present study, most of these criteria
were used to estimate urothelial differentiation during the same embryonic period. This
means that urothelial and columnar (secretory) epithelia show similar findings during initial
differentiation with a similar timeline in the human embryonic period. The airway epithelium
shows findings similar to those of UCS. In 7-week embryos, the airways are lined by a thick
pseudostratified endodermal epithelium in a bed of abundant loose mesenchyme; at 8 weeks,
the airways enlarge and are covered by a simple columnar ciliated epithelium with prominent
vacuoles [25]. The squamous epithelium of the skin shows an undifferentiated monolayer of
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epithelium with glycogen and various mitoses in seven-week embryos [26]. The present study
suggests that the histological findings during the initial UCS differentiation are similar to those
of other epithelia, including secretory and squamous epithelia with similar timelines.

Three issues need consideration in this study. First is the effect of long-term storage on the
subjects. Second, while tissue sections facilitate detailed observation, our quantitative histologi-
cal analysis, employing formalin- and paraffin-embedded materials, may have been susceptible
to errors. These errors could arise from degeneration during specimen handling, shrinkage
due to fixation, and shearing during sectioning. Third, four suitable transverse sections were
selected for each generation per sample. Accurate transverse sections were sometimes difficult
to obtain in younger generations (proximal part) because the number of branches was limited.

Conclusion

This study investigated the development of the UCS, ureter, and bladder epithelia during
embryonic development. Our research detailed several features of the UCS epithelium accord-
ing to generation number and embryonic stage. The differentiation scores of the epithelia
reveal that the initial urothelial differentiation proceeds in a retrograde fashion in each region
of the urinary tract. The present study provided histological data on the human urinary tract
using embryos. Further study focusing on the histological development of the urinary tract in
the fetus would be necessary to complete the chronology of UCS, ureter, and bladder histologi-
cal development from conception to birth.
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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.g001

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_l); 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_I) 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.0285190.9002

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 Al) 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_r and 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_I. 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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Fig 4. Flexion angle in the lower limbs. Hip joint (A) and knee joint (B) flexion. (A) Hip joint flexion during the
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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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.0285190.9g008

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.
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