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Abstract 42 

The morphology of the ankle joint and foot during early development exhibits 43 

distinct differences from that observed in adults, with physiological clubfoot 44 

being a well-documented phenomenon. To better understand this posture and 45 

its transformation, the skeletal elements in this region were three-dimensionally 46 

reconstructed using high-resolution phase-contrast X-ray computed tomography 47 

and magnetic resonance imaging of specimens (n=23) during the late 48 

embryonic and early fetal periods, before joint cavity formation. Sequential 49 

changes were analyzed both morphologically and morphometrically from 50 

anterior, lateral, posterior, and plantar views. The reduction in plantar flexion of 51 

the ankle joint rendered the positional change of the hindfoot substantially more 52 

complex, and three-dimensional reconstruction facilitated its comprehension. 53 

Continuous supination of the hindfoot, pronation of the forefoot along the foot 54 

axis, and reduced plantar flexion of the ankle joint were identified as key 55 

postural changes that contributed to the development of temporal physiological 56 

clubfoot, initiated as early as the late embryonic period. Twisting between the 57 

forefoot and hindfoot and the abduction of the ankle joint, resulting from the 58 

obliquity of the tibia–talus joint, were substantial. The offset effect of the two 59 

angle changes conceals such changes in most previous studies. Changes in 60 

the shape of the tarsal bones, especially the calcaneus and talus, affected the 61 

relative bone positions, indicating that the concept of "differential growth” may 62 

apply to ankle-joint and foot morphogenesis. Findings of the present study are 63 

expected to enhance understanding of the pathogenesis and mechanisms 64 

underlying clubfoot and facilitate fetal diagnosis via morphological assessments. 65 



 

 

 66 

Introduction 67 

The morphology of the lower limbs during the late embryonic and early fetal 68 

periods exhibits distinct differences from that observed in adults. The "praying 69 

feet", characteristic of the human lower leg at the end of the embryonic period 70 

(Carnegie stage [CS] 23), is defined by the hallux being positioned cranially, 71 

with the sole of the foot oriented medially (Figure 1a). This posture includes the 72 

internal rotation of the lower leg during the late embryonic period and the 73 

presence of physiological clubfoot at the ankle joint (O'Rahilly & Gardner, 1975; 74 

Takakuwa et al., 2023; Sarrafian & Kelikian, 2011; Bardeen, 1905; Bardeen & 75 

Lewis, 1910). Physiological clubfoot is observed during the late embryonic and 76 

early fetal periods, persisting until approximately the end of 11 gestational 77 

weeks (Kawashima & Uhthoff, 1990; Victoria-Diaz & Victoria-Diaz, 1984). This 78 

condition is characterized by a reduction in the foot angle relative to 79 

the frontal side of the leg (plantar flexion), as well as an initial increase, followed 80 

by a subsequent decrease in the foot angle, relative to the lateral side of the leg 81 

(inversion and adduction). 82 

The human ankle joint is divided into proximal and distal components, 83 

comprising the tibia, fibula, talus, and calcaneus, with the tarsal bones also 84 

playing a crucial role in foot formation. These bones exhibit individual variations 85 

in shape and size, as well as in their positional relationships during this period. 86 

Previous studies employing gross anatomy and histology have endeavored to 87 

elucidate the form and relative positioning of these bones (Bardeen, 1905; 88 

Bardeen & Lewis, 1910; O'Rahilly and Gardner, 1975; Gardner et al., 1959; 89 



 

 

Oliver 1962, 1962; Victoria-Diaz & Victoria-Diaz, 1984; McKee & Bagnall, 1987). 90 

Several investigations have proposed interactions between the bones (O'Rahilly 91 

and Gardner 1975, Gardner et al., 1959, Oliver 1962). The force exerted by the 92 

fibula on the calcaneus has been proposed as the mechanism underlying 93 

physiological clubfoot. (Victoria-Diaz & Victoria-Diaz, 1984) 94 

During the emergence of physiological clubfoot, joint cavities with synovial 95 

linings are not formed in any of the skeletal elements, including the ankle and 96 

foot; therefore, extensive movements of the ankle and foot are not likely during 97 

this period (de Palma et al., 2003; Kawashima & Uhthoff, 1990). Consequently, 98 

changes in the ankle and foot may depend primarily on preprogrammed skeletal 99 

and neuromuscular development (Kawashima & Uhthoff, 1990a; Kawashima & 100 

Uhthoff, 1990b).  101 

To examine the intricate and dynamic morphogenesis of the human body during 102 

the embryonic period, it is imperative to stage each specimen and employ 3D 103 

reconstruction (O'Rahilly, 1987). This necessarily extends to the ankles and 104 

feet. However, few previous studies have adequately applied these two 105 

methodologies (O'Rahilly and Gardner, 1975; Gardner et al., 1959; Oliver 1962, 106 

1962; Victoria-Diaz & Victoria-Diaz, 1984; Kim et al., 2024). Descriptions from 107 

earlier research lacking 3D reconstruction and staging are insufficient for 108 

adequate reference and disputation, potentially leading to confusion. 109 

Interpreting histological findings without 3D reconstruction risks 110 

misunderstanding of the spatial relationships, particularly in the ankle and foot 111 

regions (O'Rahilly & Gardner, 1975). Typically, the orthogonal plane is 112 

determined by the trunk of the specimen, resulting in oblique sections of the 113 



 

 

lower leg. The orientation of the lower leg is variable and differs considerably for 114 

each specimen, leading to variations in the sectional planes. McKee & Bagnall 115 

(1987) highlighted this risk, although their study is rarely cited. Kawashima & 116 

Uhthoff (1990) described the 3D formation of the ankle and foot through serial 117 

sections with three orthogonal planes that were accurately determined for this 118 

region. Although their descriptions appeared to be precise, verification using 119 

reconstruction is still necessary. 120 

Growth and differentiation during the embryonic and early fetal periods proceed 121 

from cranial to caudal, indicating that differentiation of the ankle and foot 122 

continues beyond the embryonic period (O'Rahilly & Gardner, 1975). The use of 123 

Carnegie stages is limited to the embryonic period, up to approximately 56–60 124 

days of gestation (O'Rahilly & Muller, 1987). The staged embryos and older fetal 125 

specimens were also measured in greatest length (GL, which is the maximum 126 

distance from the crown to the rump) and/or gestational week.   127 

Notably, the interpretation of physiological clubfoot based on the relationship 128 

between skeletal elements during the late embryonic and early fetal periods has 129 

remained unresolved for decades. Kawashima & Uhthoff (1990b) proposed that 130 

obliquity in the two planes of the tibiotarsal joint leads to equinus and inversion. 131 

Kawashima & Uhthoff cite articles by Victoria-Diaz & Victoria-Diaz (1984), who 132 

make quite different arguments (although Kawashima & Uhthoff do not address 133 

those divergent ideas). A recent study introduced two ideas but did not discuss 134 

them (Bogers et al., 2019).  135 

Understanding and adequately interpreting physiological clubfoot via skeletal 136 

elements are crucial for two primary reasons. First, it enhances understanding 137 



 

 

of the pathogenesis and mechanisms underlying clubfoot, a well-known 138 

congenital anomaly (Miedzybrodzka, 2003). Second, it facilitates fetal diagnosis 139 

via morphological assessments such as sonography and magnetic resonance 140 

imaging (MRI); Bogers et al., 2019. Consequently, the present study aimed to 141 

analyze ankle and foot development using 3D reconstruction of bones from 142 

high-resolution MRI data. Specimens from the embryonic period were staged 143 

and also GL was measured, while those in the early fetal period were 144 

categorized using the GL alone. 145 

 146 

METHODS 147 

Ethical considerations 148 

The ethics committees of Kyoto University Faculty, the Graduate School of 149 

Medicine, and Shimane University approved this study (approval numbers: 150 

E986, R0316, and R2224 for Kyoto University and 02150226-2 for Shimane 151 

University). 152 

 153 

Human embryonic and fetal specimens  154 

Seventeen human embryos (GL: 13.9–33.5 mm, approximately 51–60 days 155 

post-fertilization, Carnegie stage: 20–23, n = 3–6/stage) and six human fetal 156 

specimens (GL: 37.2–50 mm, 9–10 weeks from the early-fetal period) were 157 

selected for phase-contrast X-ray computed tomography (PCX-CT) and MRI 158 

(Table 1, Figure 1). The specimens were stored at the Congenital Anomaly 159 

Research Center at Kyoto University and Shimane University (Yamada, 2025; 160 

Yamaguchi & Yamada, 2018). The specimens were collected between 1963 and 161 



 

 

1995 under the Maternity Protection Law of Japan, in accordance with relevant 162 

regulations. Written informed consent was not required, the parents provided 163 

verbal informed consent to deposit the specimens, and consent for each 164 

participant was documented in their medical records. All specimens were 165 

anonymized, de-identified, brought to the laboratory, measured, examined, and 166 

staged using the criteria proposed by O’Rahilly & Müller (1987).  167 

 168 

Acquisition of digitized data from specimens 169 

MRI scans were performed using a 7T preclinical MR system (BioSpec 70/20 170 

USR, Bruker BioSpin MRI GmbH, Ettlingen, Germany) installed with ParaVision 171 

5.1 software (Bruker BioSpin). A transmit–receive solenoid coil (inner diameter, 172 

19 mm; Takashima Seisakusyo Co., Ltd., Tokyo, Japan) and quadrature 173 

transmit–receive volume coils (inner diameters of 35 and 72 mm; Bruker 174 

BioSpin and Takashima Seisakusyo) were used. Three-dimensional (3D) T1-175 

weighted MR images were acquired using a spoiled gradient-echo sequence 176 

with appropriate acquisition parameters to obtain morphological information. 177 

Based on the specimen size, suitable data acquisition settings were selected 178 

from three conditions employing different MRI coils and acquisition parameters 179 

(Kanahashi et al., 2023). 180 

PCX-CT images of the human embryos were acquired using a radiographic 181 

imaging system (BL14-C, 17.8 keV) at the Photon Factory, Institute of Materials 182 

Structure Science, High Energy Accelerator Research Organization ( Tsukuba, 183 

Japan). The methodology and conditions used to obtain the PCX-CT images of 184 

embryos have been previously documented (Yoneyama et al., 2013). The 185 



 

 

spatial resolution ranged from 13 to 18 µm (isotropic). The image acquisition 186 

method was selected based on the specimen’s resolution and volume. PCX-CT 187 

was employed to acquire images at a higher resolution than those obtained 188 

using MRI. However, PCX-CT is not appropriate for acquiring images of large-189 

volume specimens. Therefore, we obtained images of specimens between 190 

CS20 and CS23 using PCX-CT. 191 

 192 

Reconstruction 193 

Phase CT and MRI data were analyzed using serial two-dimensional (2D) and 194 

3D stereo-reconstructed images. Skeletal elements comprising the lower leg 195 

and foot were three-dimensionally reconstructed using Amira (version 5.5.0; 196 

Visage Imaging, Germany; Figure 1, Supplementary Videos S1 and S2) and 197 

underwent morphological observations and morphometry (length ratio and 198 

angle measurements). 199 

The plantar view and coronal sections of the talus and calcaneus were used to 200 

observe the relationship between the two bones, which was visualized using 201 

MATLAB (ver. R2023b, MathWorks, USA). 202 

 203 

Length ratio and angle measurements 204 

The length ratios and angles were measured using the anterior, lateral, 205 

posterior, and plantar views (Figure 2). 206 

The anterior view is defined with the tibia perpendicular to it, with maximum 207 

distance between the tibia and fibula (Figure 2a). The tibial axis by the anterior 208 

view was defined as the median line of the lateral and medial tangent lines 209 



 

 

(indicated using red broken red lines in Figure 2a) of the tibia by the anterior 210 

view. The calcaneus–talus axis by the anterior view was defined as the median 211 

line of the lateral and medial tangent lines (indicated using broken blue lines in 212 

Figure 2a) of the calcaneus–talus complex by the anterior view. The tibial axis is 213 

set perpendicular to the horizontal line. The length ratio of the fibula to the tibia 214 

(F/Ti) and the angle between the tibial axis and the angle between the tibial axis 215 

and the calcaneus–talus axis by the anterior view (∠TiaCTa_A) were measured. 216 

The posterior view is defined as follows. The lower leg was set on the ground 217 

contact plane, and the proximal medial part of the calcaneus and proximal part 218 

of the 3rd metatarsals overlapped (Figure 2b). The calcaneus‒talus axis is 219 

defined as the median line of the lateral and medial tangent lines (blue broken 220 

lines in Figure 2b) of the calcaneus‒talus complex in the posterior view. The 221 

tibial axis is defined as the median of the lateral and medial tangent lines 222 

(broken red lines in Figure 2b) of the tibia in the posterior view. The incline 223 

angle of the calcaneus–talus axis to the ground contact plane (∠Inc_CTa), angle 224 

between the tibial axis and the perpendicular line of the ground contact plane 225 

(incline angle of the tibial axis: ∠Inc_Tia), and the angle between the tibial and 226 

calcaneus‒talus axes (∠TiaCTa: ankle joint abduction) were measured. 227 

The lateral and medial views were defined as follows: the calcaneus and the 1st 228 

and 5th metatarsals were set on the ground contact plane, and the Chopart joint 229 

plane was observed as a gap (Figure 2c). The plantar flexion of the ankle joint 230 

(∠PF) and the angle between the Chopart joint plane and the tibia using the 231 

lateral view (∠TiCh_l) were measured. 232 



 

 

The plantar view was defined as the tarsal bone on the plane of the display 233 

(Figure 2d). The Chopart joint plane was used as a reference for each 234 

morphometry measurement. The following dimensions were measured, and the 235 

length ratio was calculated. Foot length (FL), foot width (FW), lateral segment 236 

length (LL), medial segment length (ML), hindfoot length (HL), 1st metatarsal 237 

length (1st), 3rd metatarsal length (3rd). 5th metatarsal length (5th). FW was 238 

measured in parallel, whereas FL, LL, ML, and HL were measured 239 

perpendicular to the Chopart joint plane. 240 

The angle between the Chopart and Lisfranc joint plane in the plantar view 241 

(∠ChLf_P), angle between the Chopart joint plane and 1st metatarsal 242 

(∠ChM1:1st metatarsal abduction), angle between the Chopart joint plane and 243 

5th metatarsal (∠ChM5:5th metatarsal adduction), and angle between the 1st 244 

and 5th metatarsal (∠M1M5) were measured.  245 

 246 

RESULTS 247 

Anterior view with the tibial long axis perpendicular 248 

The tibia at the proximal region of the knee joint differentiates as early as CS20, 249 

and the medial and lateral condyles and the intercondylar eminence can be 250 

distinguished by the end of the embryonic period (Figure 3a). Consequently, the 251 

proximal part of the tibia is considerably larger than the shaft during the 252 

embryonic period. The fibula is located distal to the knee joint and does not form 253 

part of the knee joint.   254 

The tibial and fibular shafts do not run in parallel, and the distal ends of the tibia 255 

and fibula are separated. The tibia and fibula extend toward the medial and 256 



 

 

lateral sides of the talus, respectively, with the talus located between them 257 

during the embryonic period. During this period, the tibia is located more distally 258 

than the fibula. The distal end of the tibia, which forms the distal tibial articular 259 

surface, is tilted laterally to the tibial axis at CS20–22.  260 

By the end of the embryonic period, the distal ends of the tibia and fibula begin 261 

forming the medial and lateral malleoli. These are located at approximately the 262 

same position at CS23. The fibula appeared to be in contact with the calcaneus 263 

in the frontal view (indicated by * in the CS23 reconstruction in Figure 3a). 264 

However, the two bones were located apart and had gaps that were clearly 265 

visible in the posterior and lateral views.   266 

The distal ends of the fibula were slightly more distal than the tibia. The distal 267 

ends of the tibia and fibula surrounded the talus and were located close to each 268 

other; the articular surface of the ankle joint was formed during the early fetal 269 

period.  270 

During the embryonic period, the fibula was shorter than the tibia, with a length 271 

ratio (F/Ti length ratio) ranging from 0.6 to 0.8 at CS20 and gradually increasing 272 

to over 0.8 at CS23 and EF, but never exceeding 1.0 (Figure 3b_i). This 273 

indicated that the tibia was consistently longer than the fibula.  274 

According to the growth of each skeletal element with joint formation, the angle 275 

between the tibial axis and the calcaneus–talus axis in the anterior view 276 

decreases. Morphometry revealed that the calcaneus–talus axis tilted 277 

approximately 80–86° to the tibial shaft axis at CS20–21, which decreased 278 

gradually, reaching 15–35° at EF (Figure 3b_ii). This decreased angle may be 279 

related to inversion of the whole foot and adduction of the forefoot. 280 



 

 

 281 

Posterior view with the ground contact plane horizontal 282 

During the embryonic period, the talus and calcaneus begin to align closely to 283 

form an articular surface (Figure 4a). The calcaneus–talus axis was almost 284 

parallel to the horizontal plane (ground plane) at CS20. As growth progressed, 285 

the calcaneus–talus axis gradually elevated from the ground. Morphometry 286 

(∠Inc_CTa) revealed that the angle was 15–20° at CS20, increasing 287 

progressively with growth, exceeded 30° at CS23, and reached 45–55° at EF 288 

(Figure 4b_i). This angle reflects a twist in the forefoot, or alternatively, the 289 

reduced inversion of the forefoot. 290 

The angle between the tibial and calcaneus–talus axes (∠TiaCTa) exceeded 60° 291 

at CS20 and 21 and gradually decreased until the end of the embryonic period, 292 

reaching less than 20° at EF. This angle may reflect the formation of the tibia–293 

talus joint (Figure 4b_ii). 294 

The tibial inclination in the posterior view (∠Inc_Tia) was measured; the values 295 

varied for each specimen at CS20–21, ranging from approximately -20 to 24°. 296 

The inclination angle increased at CS22-23 and EF, reaching approximately 30° 297 

(Figure 4b, iii). 298 

 299 

Lateral and medial views with the ground contact plane set horizontal 300 

The ankle joint at CS20 displayed a significant degree of plantar flexion 301 

(equinus) (80–95°)(Figure 5a, b). Posterior curvature of the tibia was observed, 302 

which accentuating the equinus posture.  303 



 

 

The talus was round at Cs20, which changed the shape (Figure 5b). The talus 304 

was close to the tibia by the medial posterior part. It elongated anterior-305 

posteriorly, and its height increased, which differentiated the articular surface for 306 

the navicular and tibia and fibula, respectively. The degree of plantar flexion 307 

decreased gradually, reaching approximately 40–60° at EF. The tip of the 308 

metatarsal bone extends downward, and the arch at the sole becomes 309 

conspicuous with growth (Figure 5a). At the end of the embryonic period and 310 

EFs, the joint surface changes its position in a cranial direction. The long axis of 311 

the fibula was oriented towards the talus, with the tip of the fibula extending to 312 

the talus to form the ankle joint, which is distinct from the calcaneus (indicated 313 

by * in Figure 5a). The medial and lateral condyles elongate to cover both 314 

medial and lateral sides. 315 

The angle of the Chopart joint plane to the ground was generally vertical in the 316 

lateral view and did not change significantly during the observation period.  317 

The angle between the Chopart joint plane and the tibia in the lateral plane 318 

(∠Tch_l) increased as plantar flexion decreased, which was negatively 319 

correlated with plantar flexion (Figure 5c_ii). 320 

Plantar view of the tarsus 321 

At CS20, the hindfoot was relatively short and narrow, while the forefoot 322 

exhibited a fan-like shape with each metatarsal spreading radially (Figure 6a). 323 

As growth progressed, each tarsal bone changed in size and shape. The 324 

proportion apparently differed from that of the hand. The fan-like forefoot 325 

disappeared as each metatarsal moved closer and adducted. The talus did not 326 



 

 

contact the ground plane, and the medial posterior side of the calcaneus was 327 

obscured by the talus in the plantar view.  328 

The detailed relation of the two bones is presented in Figure 6 b_i, ii. The 329 

articulating surfaces between the talus and calcaneus can be recognized as 330 

early as the CS21-22. The talus and calcaneus were closely positioned and 331 

overlapped. The degree of overlap increased with growth. The talus and 332 

calcaneus differentiated, and the tuberosity gradually became distinct during the 333 

embryonic period. Changes in the shape of the bones, such as the formation of 334 

the sustentaculum tali and the tuber calcanei, contributed to the positional 335 

change of the bone (Figure 6 b_ii). 336 

The FW/FL ratio ranged from approximately 0.90 to 1.0 at CS20 (Figure 7a_i). 337 

With growth, the FW/FL ratio gradually decreased, reaching 0.5–.065 at EF. The 338 

HL/FL value was approximately 0.3–0.4, and a slight increasing trend was 339 

observed, which suggests a higher rate of growth of the hindfoot. The 3M/FL 340 

value was distributed between approximately 0.35–0.5, and a local maximum 341 

was observed at the end of the embryonic period (CS22–23). ML/FL and LL/FL 342 

were considerably less than one, whereas ML was longer than LL at CS20 343 

(Figure 7a_ii). The ML/FL and LL/FL ratios increased, reaching 0.85–1.00 of EF. 344 

This implies that the foot had a boxy shape (Figure 6a). The lengths of the first, 345 

third, and fifth metatarsals at CS20 were in the following order: third, fifth, and 346 

first (Figure7a_iii). During the embryonic period, the length ratios of the 5th to 347 

3rd and 1st to 3rd approached 1, and the fifth metatarsal becomes equal to or 348 

even longer than the third metatarsal at EF. The first metatarsal was still shorter 349 



 

 

than the 3rd and 5th metatarsals, but gradually became less conspicuous. The 350 

plantar view confirms this trend (Figure 6a). 351 

The angle between the Chopart and Lisfranc joints in the plantar view ranged 352 

from 10° to 30° in the majority of specimens (Figure 7b_i). A slightly decreasing 353 

trend was observed, which may enhance the adduction of the forefoot. 354 

The adduction angle of the first metatarsal to the Chopart joint plane varied in 355 

each specimen (Figure 7b_ii). During the embryonic period, most specimens 356 

exhibited an adduction angle of more than 30° (range 25–55°), which 357 

decreased to approximately 30° or less (22–32°) at the EF. 358 

The second to fifth metatarsals change direction to become gradually adducted 359 

during the embryonic and early fetal periods. The adduction angle of the fifth 360 

metatarsal to the Chopart joint plane decreased from approximately 60 °to less 361 

than 0° with growth (Figure 7_iii). The angle between the first and fifth 362 

metatarsals decreased from approximately 90° to less than 30° from CS20 to 363 

the EFs (Figure 7_iv).  364 

 365 

DISCUSSION 366 

Positional change of the talus and calcaneus 367 

The talus and calcaneus are located close to each other during the embryonic 368 

period, as if in an intimate partnership, which the anterior, lateral, and posterior 369 

views in the present study confirmed. This implies that the future articular 370 

surface had already been determined during this period. The growth and 371 

differentiation of the hindfoot (talus and calcaneus) and the formation of joints 372 

with adjacent bones undoubtedly play essential roles in ankle joint and foot 373 



 

 

formation and posture; therefore, many previous studies have focused on the 374 

positional change of the hindfoot (Bardeen, 1905; Bardeen & Lewis, 1910; 375 

O'Rahilly and Gardner, 1975; Gardner et al., 1959; Oliver 1962, 1962; Victoria-376 

Diaz & Victoria-Diaz, 1984). 377 

Our observations using 3D reconstruction indicated that the hindfoot exhibited 378 

supination along the lower limb axis according to growth, which was one long 379 

axis at CS20. When the plantar flexion of the ankle joint decreased, the lower 380 

limb was separated into the tibial and foot axes, and the hindfoot was supinated 381 

along the foot axis. The reduced plantar flexion of the ankle joint makes the 382 

positional change of the hindfoot much more complex. The positional change of 383 

the hindfoot changed in three dimensions when the lower leg was used as the 384 

reference. Therefore, it will be difficult to understand these changes without 3D 385 

reconstruction. Several previous studies using histological methods interpreted 386 

the position only in the local area or over-interpreted the 3D position. 387 

Several studies have assumed the local interference of the fibula with the 388 

calcaneus. Gardner et al. (1959) and Oliver (1962) described the joint formation 389 

between the fibula and calcaneus. A recent study described the proximity of 390 

these two bones (Kim et al., 2024). In the lateral view of our reconstruction, in 391 

the lateral view, the fibula and calcaneus are located apart and have a 392 

significant gap compared to other bones, which later form joints. Moreover, the 393 

fibula is oriented toward the lateral side of the talus in the anterior view and is 394 

not oriented to the calcaneus, which is consistent with Oliver’s (1962) 395 

description at CS18 and 19 in which the distal ends of the fibula and tibia are 396 

separated, and the talus is wedged between the tibia and the fibula. The long 397 



 

 

fibular axis was oriented to the talus, which was never oriented to the 398 

calcaneus, even in the early fetal period (Lateral view in Figure 5a). 399 

Furthermore, the fibula exhibited a rapid elongation rate but stopped slightly 400 

beyond the medial malleolus, similar to that in adults (Figure 3). Although 401 

Victoria-Diaz & Victoria-Diaz (1984) proposed the mechanism that the force of 402 

the extra-elongated fibula pushes the calcaneus, which results in the formation 403 

of the club foot, i.e., the 'fibular phase' in the fetus with GL21–30 mm in their 404 

category, our anterior view (Figure 3) refutes their theory. McKee and Bagnall 405 

(1987), who analyzed 3D reconstructions from serial histological sections, 406 

reached the same conclusion, attributing the discrepancy to the oblique 407 

orientation of histological sections of the ankle joint, in which the calcaneus and 408 

fibula appeared closer when the plantar plane was used as the reference. 409 

Our present reconstruction suggests that changes in the shape of the calcaneus 410 

and talus, such as the formation of the lateral and medial tubercle in the talus 411 

and the sustentaculum tali and the tuber calcanei in the calcaneus, contribute to 412 

the positional change of the two bones. Specifically, the concept of "differential 413 

growth,” which has been applied to various aspects of morphogenesis during 414 

the human embryonic period, such as the brain and external ear (Gasser, 2006; 415 

Kagurasho et al., 2012), may also be applicable to ankle-joint morphogenesis. 416 

In other words, positional changes in the developing structures may be 417 

attributable to alterations in the size and shape of the embryo and its 418 

components, rather than to the movement of structures from one region of the 419 

embryo to another. A recent histological study described the shape of the 420 

calcaneus and talus (Kim et al., 2024). However, because this study did not 421 



 

 

apply Carnegie staging and 3D reconstruction, we could not compare our 422 

current results with those of the previous study, either in timing, spatial 423 

relationship, or their contribution to the positional change. 424 

 425 

Plantar flexion of the ankle joint 426 

A mechanism to reduce plantar flexion of the ankle joint is essential for 427 

understanding the ankle joint posture. The growth and differentiation of the talus 428 

and the formation of joints with adjacent bones, tibia, and talus play an essential 429 

role in reducing plantar flexion and the angle between the tibial and calcaneus–430 

talus axes (Kawashima and Ulthoff, 1984). Even minor changes in the talus and 431 

lower part of the tibia will be noticed owing to amplified changes in ankle 432 

posture. During embryonic development, the talus is relatively flat, and the distal 433 

end of the tibia is oblique and concave (Kawashima and Ulthoff, 1984; Oliver, 434 

1962; Straus Jr, 1927; de Palma et al., 2003). Our 3D reconstruction confirmed 435 

the previously described feature in the embryonic period and revealed that the 436 

talus formed a pulley-like structure during the early fetal period (Figure 5b).  437 

In the posterior view, with the ground contact plane set horizontally, the 438 

calcaneus–talus axis was tilted toward the ground (Figure 4). This observation 439 

indicates that the forefoot pronated along the foot axis and that the opposite 440 

change in position between the hindfoot and forefoot caused the foot to twist. 441 

The twisting could be quantified as ∠Inc_CTa in Figure 4, which shows a 442 

continuous change of approximately 30 degrees from CS20 to EFs. In addition 443 

to the tarsal bones that compose the forefoot, the calcaneus and talus may also 444 

contribute to torsion by changing their shape (Straus Jr, 1927; Oliver, 1962). 445 



 

 

This change is crucial for understanding foot arch formation. A detailed analysis 446 

will be required in future studies. 447 

McKee and Bagnall (1987) also observed this view in their reconstructions and 448 

highlighted that previous studies had focused their attention on the change in 449 

the position of the hindfoot, while not evaluating the posture of the forefoot. The 450 

foot twisting appeared to be offset by a change in the angle between the 451 

calcaneus–talus and tibial axis by the posterior view (∠TiaCTa). The change in 452 

∠TiaCTa has been highlighted by Kawashima and Ulthoff (1984), who claimed 453 

that the obliquity in two planes of the tibia–talus joint is responsible for 454 

plantarflexion and inversion at the ankle joint. A change in angle of posterior 455 

view, observed as the ∠TiaCTa in the present study, was as large as the plantar 456 

flexion of the ankle (Figure 4b_i). We believe that these two angle changes 457 

were not pointed out in previous studies, mainly because the offset effect of the 458 

two angles obscures such considerable changes in the angle.  459 

McKee and Bagnall (1987) claimed that when this torsion of the hindfoot and 460 

forefoot was considered properly, the calcaneus appeared to be situated below 461 

the talus as early as stage 20, implying that the relationships in the embryonic 462 

hindfoot in the cartilaginous phase are similar to those in adults. Our 463 

observations of the posterior (Figure 4) and anterior views (Figure 3) and 464 

coronal section (Figure 6b_ii) support their claim at CS20 and later 465 

(cartilaginous period). Specimens before CS20 could not be reconstructed for 466 

analysis in the present study because the contrast of the MR was not sufficient 467 

to differentiate between precartilage and other mesenchymal tissues. It is 468 

crucial to determine whether the precartilages consisting of the ankle joint (tibia, 469 



 

 

fibula, talus, and calcaneus) were on an identical plane. Knowing this would 470 

help to establish whether precartilage elements change from the embryonic to 471 

adult configuration, or whether the position is similar to the adult position at the 472 

initial precartilaginous stages (McKee and Bagnall 1984). This will be the 473 

subject of our future studies. 474 

 475 

Foot proportion in the plantar view 476 

Adduction of the forefoot and closing of the intermetatarsal have been reported 477 

in previous studies (Kawashima and Uhthoff 1990), which could be confirmed 478 

by 3D reconstruction and quantified in the present study by the foot proportion 479 

in the plantar view. The decrease in the adduction of the 1st metatarsal and the 480 

angle between the Chopart and Lisfranc joint surfaces was slight, suggesting 481 

that it contributes to the adduction of the forefoot. The elongation rate of the 482 

lateral part was slightly higher than that of the medial part, contrary to the 483 

results of a previous study (Victoria-Diaz & Victoria-Diaz 1984), which 484 

contradicted their theory.  485 

Based on the present findings and those of previous studies, the assumed 486 

changes in the positions of the lower leg and foot are summarized in Figure 8. 487 

The continuous supination of the hindfoot, pronation of the forefoot along the 488 

foot axis, and reduced plantar flexion of the ankle joint may be key changes in 489 

understanding the posture that gives rise to a temporal physiological clubfoot. 490 

These three changes were initiated as early as the late embryonic period. 491 

However, the time to termination for these three factors was not determined in 492 

the present study. 493 



 

 

 494 

Limitations 495 

The present study has some limitations. First, the length and angle were 496 

calculated on the 3D reconstruction image on the display, which may have 497 

resulted in measurement errors. Second, deformities and shrinkage due to 498 

fixation and preservation should be considered. Third, the artificial deformation 499 

of the foot may have been due to an external force that was occasionally 500 

observed. The phalanges were not included in the present study because they 501 

were most affected by artificial deformations and defects. Finally, the present 502 

study only analyzed the shape of the skeletal system around the ankle joint and 503 

foot. The degree of differentiation in each cartilaginous bone and joint formation, 504 

as well as other associated mesenchymal structures such as the muscle and 505 

tendon, may affect the shape and position of each bone. A complementary 506 

approach using 3D reconstructions and serial histological studies is necessary 507 

for a detailed analysis and a deeper understanding. 508 

 509 

Conclusions 510 

The lower leg and tarsal bones were three-dimensionally reconstructed, and 511 

sequential changes from CS20 to the early fetal period were analyzed 512 

morphologically and morphometrically in the anterior, lateral, posterior, and 513 

plantar views. The continuous positional change of the talus and calcaneus 514 

(supination along the foot axis), pronation of the forefoot along the foot axis, and 515 

reduced plantar flexion of the ankle joint may be pivotal changes in 516 

understanding the posture that gives rise to a temporal physiological clubfoot. 517 



 

 

The findings of this present study are expected to enhance understanding of the 518 

pathogenesis and mechanisms underlying clubfoot and facilitate fetal diagnosis 519 

via morphological assessments. 520 
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  616 

FIGURE LEGENDS 617 

Figure 1: Representative gross images of the specimens, phase-contrast X-618 

ray computed tomography (PCX-CT) and MR images, and 3D 619 

reconstructions used in the present study. 620 

a) Specimens at CS 23 (ID. 29137) 621 

i) Lateral view of the gross image 622 

ii) Anterior views of the gross image  623 

iii) Plane PCX-CT image  624 

iv) 3D reconstruction 625 

Blue: tibia, cyan: fibula, light green: talus, purple: calcaneus 626 

Note the "praying feet", characteristic of the human lower leg at the end of 627 

the embryonic period 628 

b) Specimens at the early fetal period (ID. F2510; GL 50 mm) 629 

i) Lateral view of the gross image  630 

ii) Plane MR image  631 

iii) 3D reconstruction 632 

Blue: tibia, cyan: fibula, light green: talus, purple: calcaneus 633 

Physiological clubfoot is still noted. 634 

 635 

Figure 2 Morphometry 636 

a) Anterior view with the tibial axis perpendicular to the ground plane 637 



 

 

b) Posterior view with the ground plane horizontal.  638 

Blue broken lines: lateral and medial tangent lines of the calcaneus‒talus 639 

complex. Red broken lines: Lateral and medial tangent lines of the tibia. 640 

c) Lateral view with the ground plane horizontal. 641 

d) Plantar view. 642 

Double line: the Chopart joint plane used as a reference 643 

Blue: tibia, cyan: fibula, light green: talus, purple: calcaneus       644 

e) Abbreviations and definitions of the measurements are summarized in the 645 

panel. 646 

 647 

Figure 3 Anterior view with the tibial long axis perpendicular 648 

a) 3D reconstructions: Six representative reconstructed images are 649 

illustrated. 650 

Blue: tibia, cyan: fibula, light green: talus, purple: calcaneus   651 

b) Morphometry using the anterior view 652 

i) Fibula to tibial (F/Ti) length ratio,  653 

ii) The angle between the tibial axis and the calcaneus‒talus axis 654 

from the anterior view (∠TiaCTa_A) 655 

 656 

Figure 4 Posterior view with the ground contact plane horizontal 657 

a) 3D reconstructions: Six representative reconstructed images are 658 

illustrated. 659 

*: gap between the fibula and the calcaneus 660 

Blue: tibia, cyan: fibula, light green: talus, purple: calcaneus  661 



 

 

b) Angle measurements  662 

i) ∠Inc_CTa: incline angle of the calcaneus‒talus axis to the ground 663 

contact plane  664 

ii) ∠TiaCTa: angle between the tibial and the calcaneus‒talus axis 665 

(ankle abduction) 666 

iii) ∠Inc_Tia: incline angle of the tibial axis: angle between the tibial axis 667 

and the perpendicular line of the ground contact plane  668 

 669 

Figure 5 Lateral and medial views with the ground contact plane horizontal 670 

a) 3D reconstructions: four representative reconstructed images are 671 

illustrated. *: gap between the fibula and the calcaneus 672 

b) Medial closer view closer to the talus. Skeletal elements, except the 673 

talus, were translucent to recognize the change in the shape of the talus 674 

and the site of its joint with the tibia. 675 

Blue: tibia, cyan: fibula, light green: talus, purple: calcaneus 676 

c) Angle measurements  i) ∠PF: plantar flexion of the ankle joint, ii) 677 

∠TiCh_l: angle between the Chopart joint plane and the tibia using the 678 

lateral view 679 

 680 

Figure 6 Plantar view of the tarsus 681 

a) 3D reconstructions: Six representative reconstructed images are 682 

illustrated.  683 

Light green: talus, purple: calcaneus 684 

b) Relative position of the talus and calcaneus 685 

i) Plantar view of the talus and calcaneus. Red points indicated the 686 



 

 

predicted articular surface between the bones. A black horizontal line 687 

depicted the position of the cross-section indicated in Figure 5b_ii. 688 

Light green: talus, purple: calcaneus 689 

ii) Coronal section at the sustentaculum tali. mt: medial tuberosity, lt: 690 

lateral tuberosity, st: sustentaculum tali, tc: tuber calcanei 691 

 692 

Figure 7 Morphometry of the tarsus using the plantar view  693 

a) Proportion (length ratio) 694 

i) Proportion_1: FW/FL, HL/FL, 3rd/FL   695 

ii) Proportion_2: ML/FL, LL/FL 696 

iii) Metatarsal: 5th/3rd, 1st/3rd (Length ratio of the 1st and 5th to 3rd 697 

metatarsal) 698 

b) Angle measurements 699 

i) ∠ChLf_P: angle between Chopart and Lisfranc joint planes 700 

ii) ∠ChM1: angle between Chopart joint plane and 1st metatarsal (1st 701 

metatarsal adduction)  702 

iii) ∠ChM5: angle between Chopart joint plane and 5th metatarsal (5th 703 

metatarsal adduction)  704 

iv) ∠M1M5: angle between the 1st and 5th metatarsals  705 

 706 

Figure 8 Summary showing the assumed change in position of the lower leg 707 

and foot  708 

 709 

Late embryonic period (CS20–CS23) 710 



 

 

The limb axis is almost straight, running between the tibia, fibula and talus. The 711 

calcaneus was located on the fibular side of the talus. A 90° plantarflexion is 712 

observed.  713 

The hindfoot (talus and calcaneus) initiates supination, whereas the forefoot 714 

pronates and adducts. 715 

The ankle joint gradually reduces the plantar flexion, implying that the limb axis 716 

is separated into the lower leg and foot. 717 

The hindfoot (talus and calcaneus) is located along the foot axis. The calcaneus 718 

gradually changes position posterior to the talus, which emerges as the heel 719 

formation because this supination axis runs through the talus.  720 

Early fetal period (12 GA<) 721 

The hindfoot (talus and calcaneus) was continuously supinated, whereas the 722 

forefoot pronated and adducted. 723 

This positional change appears externally as an inversion of the ankle joint. The 724 

positional changes of the hindfoot and forefoot along the foot axis appear to be 725 

opposite, resulting in twisting. This positional change appears externally 726 

because of reduced inversion of the foot. Finally, the tibia, talus, and calcaneus 727 

are almost perpendicular to the vertical axis. 728 

 729 

This change in the angle between the lower leg and the foot is related to a 730 

change in the technical terms describing the position of the ankle joint. It should 731 

be noted that the supination of the hindfoot to the foot axis becomes 732 

synonymous with inversion of the ankle joint, and the pronation of the forefoot to 733 

the foot axis becomes synonymous with the reduced inversion of the ankle joint, 734 



 

 

when the plantarflexion is reduced (Kawashima and Ulthoff, 1984). 735 

When evaluating the ankle joint position, we estimated the tibia‒talus joint, as 736 

well as other joint positions in the skeletal element. We believe that this makes 737 

the interpretation more complex. 738 

 739 

Supplementary Videos 740 

S1: Representative 3D reconstructions of the lower leg and foot skeletal 741 

elements rotating along the tibial long axis 742 

 743 

S2: Representative 3D reconstructions of the lower leg and foot skeletal 744 

elements rotating with the ground contact horizontal plane. 745 

Information about specimens used for each video are provided in the below 746 

panel. 747 

stage ID GL (mm) 
CS20 21594 16.6 
CS21 24325 19.0 
CS22 27050 19.6 
CS23 52578 24.3 

EF <40 52002 37.2 
EF <50 F2307 43.0 
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Table 1. Specimens used in the study 

  Stage GL ID Modality 

Em
br

yo
ni

c 
pe

rio
d  

CS20 

ND 23144 PCX-CT 

13.9 20268 PCX-CT 

16.6 21594 PCX-CT 

16.3 22403 PCX-CT 

CS21 

19.0 24325 PCX-CT 

18.2 24787 PCX-CT 

17.0 30652 PCX-CT 

CS22 

19.6 27050 PCX-CT 

19.7 27545 PCX-CT 

23.1 32163 PCX-CT 

21.4 35233 MRI 

CS23 

21.2 20018 PCX-CT 

24.0 20249 MRI 

22.5 29137 PCX-CT 

24.3 52578 PCX-CT 

23.0 52817 MRI 

33.5 F2310 MRI 

Ea
rly

 fe
ta

l p
er

io
d  

<40 (CRL<40 mm) 

37.2 52002* MRI 

39.0 33467 MRI 

40.0 52730 MRI 

<50 (CRL<50 mm) 

43.0 F2307 MRI 

48.5 F2624 MRI 

50.0 F2510* MRI 

 CS:  Carnegie stage, GL: greatest length, PCX-
CT; phase-contrast X-ray computed tomography 
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