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Abstract 27 
This study aimed to describe the morphological alterations that occur in the midgut and 28 
mesentery over time during the herniated phase of the midgut. The primary loop, a single 29 
hairpin-shaped loop, becomes recognizable at Carnegie stage (CS) 16. This loop 30 
projects toward the umbilical cord and subsequently gives rise to four secondary loops 31 
in the midgut of human embryos. As development advances, the segments 32 
corresponding to each secondary loop further develop into an increasing number of loops, 33 
referred to as tertiary loops. The mesenteric leaves and the narrowing parts, which serve 34 
as the borders of the secondary loops, remain identifiable throughout the subsequent 35 
stages of development.  36 
A total of 47 human embryos between CS16 and CS23 and two fetuses in the 37 
physiological umbilical herniated stage were selected for high-resolution magnetic 38 
resonance imaging acquisition. Specimens were obtained from the Congenital Anomaly 39 
Research Center of Kyoto University. Serial tissue sections obtained from four embryos 40 
were subjected to histological observation. The midgut and mesentery were 41 
reconstructed in three dimensions, and the resulting morphological changes were 42 
observed and analyzed. Formation of the primary loop was observed in all specimens 43 
between CS16 and CS18. Secondary loops in the midgut were initially discerned at CS19 44 
in segments 2 and 4 (S2 and S4). The border between S3 and S4 was identified at the 45 
apex of the midgut hernia, where traces of the vitelline artery and duct enter the 46 
mesentery. At CS21 and later stages of development, the presence of three borders at 47 
the exact location delineated by mesenteric narrowing was consistently observed, which 48 
resulted in the midgut being divided into four segments in all specimens. The formation 49 
of tertiary loops was initially identified at Carnegie stage (CS) 21, occurring in either 50 
segment S2 or S3. By CS23, tertiary loops were observed in three segments in most 51 
specimens. Notably, the initial formation of tertiary loops in S4 occurred one Carnegie 52 
stage later than in S2 or S3. Additionally, the increase in the number of folds and the 53 
length per fold in S4 was delayed compared with the number and length of folds observed 54 
in both S2 and S3. The number of loops in S1 remained constant (one secondary loop) 55 
across all specimens. Upon reaching a critical threshold length, the number of loops 56 
exhibited a marked increase, accompanied by rapid elongation in S2, S3, and S4. The 57 
number of tertiary loops increased in accordance with the crown-rump length, which 58 
exhibited a maximum of 19 tertiary loops in S2 to S4 of the midgut.  59 
These findings support the hypothesis that tertiary loops develop biomechanically 60 
through the rapid elongation of the midgut and slow growth of the mesentery. This 61 
study describes the morphological alterations occurring in the midgut and mesentery 62 



3 
 

over time during the herniated phase of the midgut and provides a comprehensive 63 
understanding of the roles of genetic and biomechanical factors in loop formation.  64 
Keywords: human embryo, intestinal loop formation, midgut, umbilical herniation 65 
 66 
1 INTRODUCTION 67 
The rate of change in the number and configuration of small intestinal loops in adults is 68 
sufficiently complex and difficult to comprehend fully. However, it is not believed to be 69 
entirely random. Therefore, examining the period during which the initial formation of the 70 
fundamental intestinal loop becomes discernible could provide valuable insights into the 71 
underlying constraints. A single hairpin-shaped loop, known as the primary loop, 72 
becomes recognizable at Carnegie stage (CS) 16, where it projects toward the umbilical 73 
cord (Kim et al., 2003; Ueda et al., 2016). Mall (1898) observed that the intestinal tracts 74 
of four embryos, measuring between 17 and 28 mm in crown-rump length (CRL), 75 
exhibited physiological umbilical herniation with intestinal loops. Six distinct loops were 76 
identified in the small intestine (the duodenum, jejunum, and ileum). Furthermore, the 77 
intestinal loop arrangements corresponding to these six loops have been observed in 78 
adult autopsy cases. Pernkopf (1925) revised the interpretation of Mall’s study, 79 
particularly of the first three loops within the abdominal cavity. The initial three loops 80 
undergo elongation, forming a single extensive loop that gives rise to the duodenum and 81 
duodenojejunal flexure. Consequently, the author posited the existence of four loops in 82 
the small intestine extending from the duodenum to the cecum. A comparison of several 83 
studies (Soffers et al., 2015; Pernkopf, 1924; Pernkopf, 1925; Frazer & Robbins, 1915) 84 
revealed that the number, shape, and topography of the secondary loops remain 85 
consistent throughout embryonic development. Human anatomists and embryologists 86 
have widely accepted that four loops are formed in the small intestines of human 87 
embryos. The first loop develops and persists within the abdominal cavity, whereas the 88 
remaining three secondary loops form within the extra-embryonic coelom during the 89 
developmental period of physiological umbilical hernia. 90 
As development progresses, each secondary loop in the extraembryonic coelom 91 
generates an increasing number of tertiary loops. In contrast, the mesenteric leaves and 92 
the narrowing parts, which delineate the borders of the secondary loops, remain 93 
discernible throughout subsequent developmental stages. 94 
Soffers et al. (2015) argued that midgut loops arise hierarchically (Figure 1a). They 95 
proposed that the morphology of the primary and secondary loops is genetically 96 
predetermined, whereas additional tertiary loops form within the four segments 97 
corresponding to the secondary loops, exhibiting unpredictable configurations and 98 
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topographic distributions. Consequently, they suggested that biomechanical factors, 99 
particularly the differential growth between the intestine and mesentery, play a crucial 100 
role in the formation of tertiary loops. This study analyzed a relatively limited number of 101 
samples using histological sections. The precise circumstances surrounding the initial 102 
formation of secondary and tertiary loops, subsequent formation of additional loops, and 103 
currently available information on their characteristics, similarities, and differences 104 
remain insufficient. This information is crucial for a comprehensive understanding of the 105 
roles of genetic and biomechanical factors in loop formation.  106 
Concurrent with the development of intricate midgut loops during the embryonic and 107 
early fetal stages, two significant events occur: (1) herniation into the extraembryonic 108 
coelom and (2) return to the abdominal cavity (Kim et al., 2003; Ueda et al., 2016; Nagata 109 
et al., 2019; Soffers et al., 2015; Kakeya et al., 2022). These phenomena result in a 110 
significant alteration of the midgut position, thereby rendering the precise and detailed 111 
analysis of loop formation challenging. Recent studies have visualized and observed the 112 
superior mesenteric artery (SMA) branches (Soffers, 2015; Ginzel, 2021; Kakeya, 2022) 113 
and mesentery (Soffers et al., 2015; Hikspoors et al., 2019) in conjunction with the 114 
intestinal tract, thereby providing additional anatomical landmarks and serving as a 115 
substitute for the complex course of the intestinal tract. Soffers et al. (2015) 116 
demonstrated that the mesenteric architecture accentuates the boundaries of the 117 
secondary loops. By focusing on the intestinal membrane, capturing the basic 118 
stereotypical architecture of the midgut is possible, particularly the four secondary loops 119 
that form the four segments, without being distracted by the intricate and varied course 120 
of the intestine. This study aimed to reconstruct the intestinal tract and mesentery in 121 
three dimensions (3D) to observe and quantify their morphological changes during the 122 
process of formation, from the initial formation of primary loops to secondary and 123 
complex loops. High-resolution magnetic resonance (MR) images and serial histological 124 
sections were used to reconstruct the mesenteric structure and determine the secondary 125 
loops and segments. 126 
2 MATERIALS & METHODS 127 
2.1 Human embryo specimens 128 
This study was approved by the ethics committees of Kyoto University Faculty and 129 
Graduate School of Medicine (approval numbers: E986, R0316, and R2224). 130 
A total of 47 human embryos (CRL: 7.6–32.3 mm, Carnegie stage [CS]: 16–23) and two 131 
specimens in the post-embryonic period (PE) (CRL: 32.0 mm and 36.5 mm) were 132 
selected for high-resolution MR imaging (MRI) acquisition (Table 1). The majority of the 133 
midguts of these specimens were within the extraembryonic coelom (a physiological 134 
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umbilical herniation). Other four embryo specimens at CS17, 19, 21, and 23 were 135 
selected for histological analysis, and serial tissue sections were prepared for each stage. 136 
The embryos were stored at the Congenital Anomaly Research Center of Kyoto 137 
University (Yamaguchi & Yamada, 2018). In accordance with the Maternity Protection 138 
Law of Japan, most specimens were obtained following pregnancy termination for 139 
socioeconomic reasons. The specimens were collected between 1963 and 1995 in 140 
accordance with the relevant regulations. Written informed consent from the parents was 141 
not required. The parents provided verbal informed consent for the specimens to be 142 
deposited, and the consent of each parent was documented in their medical records. All 143 
samples were anonymized and de-identified prior to analysis.  144 
 145 
2. 2 Image acquisition  146 
Twenty-six embryos were selected for 2.35-T MRI using previously described methods 147 
(Shiota et al., 2007) (Table 1). The MR images of 21 embryos and two fetuses were 148 
acquired using a 7-T MR system (BioSpec 70/20 USR; Bruker BioSpin MRI GmbH, 149 
Ettlingen, Germany) at the Medical Research Support Center, Graduate School of 150 
Medicine, Kyoto University.  151 
Various MRI coils and acquisition parameters were prepared for the 7T-MRI. The 152 
appropriate settings were selected based on the specimen size (Table 2). 153 
 154 
Serial tissue sections from the four embryos were digitized, and histological observations 155 
were subsequently performed using the Olympus virtual slide system (VS120; Olympus 156 
Corporation, Tokyo, Japan). These observations were conducted to verify how the 157 
intestinal tract, mesentery, and other tissues identified in the MR images corresponded 158 
to those observed in the histological sections. 159 
 160 
2.3 Three-dimensional reconstruction of the midgut and mesenteries 161 
Acquired MR images from all 49 samples were processed to create 3D reconstructions. 162 
The midgut loop (duodenum and small and large intestines) and mesentery associated 163 
with the midgut were manually segmented using Amira software (ver. 5.50, Visage 164 
Imaging GmbH, Berlin, Germany). Subsequently, 3D images of these structures were 165 
reconstructed. The AmiraSkel software module was used to determine the midlines of 166 
the intestines.  167 
 168 
2.4 Definition of the midgut, four segments, and secondary and tertiary loops  169 

The oral end of the duodenum was defined based on its 3D morphology, specifically the 170 



6 
 

constricted portion at the anal end of the pyloric antrum (O’Rahilly & Muller, 1987). The 171 
midgut extends from the oral end of the duodenum to the inflection point of the colon, 172 
which represents the caudal boundary of the midgut following intestinal return (Soffers 173 
et al., 2015). Soffers et al. (2015) showed that the thin sideward extensions of the 174 
mesenteric leaf on the right side of the mesenteric rod connected with loops 2 and 3, 175 
whereas the leaf on the left side connected with loop 4 and the proximal colon. The 176 
mesenteric leaves associated with the secondary loops remained recognizable during 177 
subsequent development and thus formed landmarks for these loops, which were 178 
delineated by three narrowing parts (Nps) of the mesentery. Based on the three-179 
dimensional reconstructed mesenteric architecture, we divided the midgut loop into one 180 
segment (S1) located within the abdominal cavity and three segments (S2, S3, and S4) 181 
situated within the extraembryonic coelom and colic part in our present study (Figure 1a, 182 
Supplementary Figure 1). The secondary and tertiary loop formations were distinguished 183 
by the number of mesenteric folds per segment (Figure 1b). The secondary loop is 184 
characterized by the presence of two folds and one loop in the segment. The tertiary loop 185 
exhibited a minimum of three folds and two loops in each segment. The number of tertiary 186 
loops was calculated using the following formula: number of folds – 1. The minimum 187 
length of each segment at which more than one, two, or three tertiary loops were formed 188 
in more than 80% of individuals was defined as the threshold for the number of each 189 
tertiary loop. 190 

 191 
2.5 Position of the midgut in the axial view 192 
A straight line passing through two points—the tip of the herniated midgut in the umbilical 193 
cord and the center of gravity of the mesentery in the section at the umbilical ring—was 194 
defined as the axis of the midgut loop, assuming the run of the SMA trunk (Figure 1c-i). 195 
From a plane perpendicular to the axis, the areas, including S2, S3, and S4 of the midgut 196 
and their mesenteries, were determined using Amira software (Figure 1c-ii), and those 197 
areas were illustrated using fan shapes around the axis (Figure 1c-iii). 198 
 199 
3 RESULTS  200 
3.1 Morphology 201 
3.1.1 Formation of the primary loop 202 
In all nine specimens between CS16 and CS18, the midgut was elevated toward the 203 
extraembryonic coelom, forming the primary loop (Figures 2, 3a-i). The mesenteries 204 
were situated between the proximal and distal limbs of the midgut, extending directly 205 
from the base to the tip without narrowing. Except for one case at CS16, all midguts 206 
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herniated into the extraembryonic coelom. 207 
 208 
3.1.2 Formation of the secondary loop 209 

Secondary loops in the midgut were first detected at Carnegie stage (CS) 19. Two 210 
secondary loops with two narrowing points (Nps; Np.1 and Np.3) in the mesenteries were 211 
observed at CS19 in five of the seven cases and at CS20 in one of the eight cases 212 
(Figure 3a). Np.1 emerged around the umbilical ring and was observed to narrow 213 
progressively from the caudal to the cranial side of the ring. Np.3 was located within the 214 
herniated midgut, serving as the boundary between the proximal and distal limbs of the 215 
midgut. At CS19, the secondary loop in S1 formed a U-shaped structure, extending from 216 
the oral side of the duodenum (+) to the caudal side of the abdominal cavity. Between 217 
Np.1 and Np.3, no obvious folds were observed. Four secondary loops with three 218 
narrowing points (Nps; Np.1, Np.2, and Np.3) were observed in the remaining nine 219 
specimens at CS19 and CS20. Np.2 was positioned to divide the proximal limb of the 220 
midgut into further proximal and distal segments within the extraembryonic coelom. The 221 
three Nps were constantly observed at their exact locations. Consequently, the midgut 222 
was divided into four segments by the three Nps and ileocecum in all specimens at CS21 223 
and in older specimens. Np.3 was noted at the tip of the midgut hernia, at the point where 224 
the traces of the vitelline artery and duct enter the mesentery (Figure 3b). S1 was formed 225 
in the abdominal cavity, S2 and S3 were formed within the extraembryonic coelom on 226 
the right side, and S4 was formed on the left side of the axis of the herniated midgut. No 227 
discernible secondary loop formation was observed in any of the specimens at the colic 228 
part. 229 

 230 
3.1.3 Formation of the tertiary loop 231 
Formation of the tertiary loop was initially observed at CS21 (Figure 2). The tertiary loop 232 
was observed in one segment (S2 or S3) in three specimens and in two segments (S2 233 
and S3) in one specimen (Figure 4a). At CS21, tertiary loop formation was not observed 234 
in the remaining seven specimens. At CS22, the tertiary loop was observed in one 235 
segment (S3) in one specimen and in two segments (S2 and S3) in the remaining four 236 
specimens (Figure 4a). At CS23, the tertiary loop was observed in two segments (S2 237 
and S3) in two specimens and in three segments (S2, S3, and S4) in the remaining five 238 
specimens (Figure 4b). The tertiary loop was observed at the PE in three segments of 239 
both specimens.  240 
The mesentery of the midgut in S1 was not membranous, but rod-like, and a tertiary loop 241 
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was not observed in any of the specimens. In contrast, the midgut in S1 underwent 242 
caudal elongation until CS21 (Figure 5) and subsequently flexed anticlockwise in the 243 
axial view of CS22. 244 
 245 

3.2 Length and the number of loops in the midgut 246 

The length of the entire midgut (from the duodenal origin to the colonic inflection point) 247 
and each segment increased as the CS progressed (Figure 6a). 248 
As the length of S2, S3, and S4 reached the thresholds indicated by “TL2” (Figure 6b, 249 
dotted line with "2"), a minimum of two folds were formed in more than 80% of the 250 
specimens, i.e., a minimum of two tertiary loops in each segment. Upon reaching the 251 
subsequent threshold lengths indicated by "TL3" and "TL4" (Figure 6b, dotted line with 252 
"3" and "4"), an increase in the number of loops was observed, forming at least three and 253 
four tertiary loops, respectively.  254 
In each specimen at CS23 and PE, the number of tertiary loops increased in accordance 255 
with the CRL, with a maximum of 19 tertiary loops in S2, S3, and S4. S2, S3, and S4 256 
exhibited a maximum of seven, six, and eight loops, respectively, in the CS23 and PE 257 
specimens (Figure 7a, Supplementary Table 1). The number of loops in S4 was smaller 258 
than that in S2 and S3 in specimens with a smaller CRL. This difference was not 259 
significant in specimens with a larger CRL. The number of loops in S1 remained constant 260 
(one secondary loop) across all nine specimens. 261 
The midgut length per segment increased with the CRL (Figure 7b). The rates of increase 262 
were more rapid in S2, S3, and S4 than in S1 and the colic segment. 263 
The mean midgut length per fold in the tertiary loop ranged between 2.5 and 3.0 mm in 264 
S2, S3, and S4 in the specimens at CS23 and PE, with the exception of S1 (Figure 7c). 265 
The mean value observed in S1 was 1.5–2.0 times higher than that observed in the other 266 
three segments. 267 

3.3 Location of the three midgut segments along the midgut axis 268 

The three midgut segments are located along the midgut axis. 269 
The distributions of the three segments varied in all nine specimens (Figure 8a). S2 was 270 
situated in the segment that overlaid the third quadrant in the axial view, a configuration 271 
that was observed in the majority of the specimens. S3 exhibited a range of 180–360°, 272 
indicating that it was situated in the second and third quadrants (right-sided) of the axial 273 
view in the majority of the specimens. S4 appeared to be situated on the opposite side 274 
of S2 and S3, relative to the axis of rotation, specifically on the left or cranial side of the 275 
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axis (Figure 8b). S4 demonstrated notable inter-individual variability in the extent of 276 
segmental coverage by the central angle. 277 
 278 
4 DISCUSSION 279 
The present study demonstrated the stereotypical position of the Nps in the mesentery 280 
and secondary loop formation. Several anatomical structures may be associated with the 281 
development of each Np.  282 
The 3D reconstruction revealed that the mesentery in S1 exhibited distinctive 283 

characteristics compared with those of the remaining three segments. In particular, the 284 

mesentery of S1 appeared rigid and rod-shaped and lacked a membranous leaf. In 285 

contrast, the remaining three segments exhibited membranous leaf structures. These 286 

observations are in accordance with those of a previous study (Soffers et al., 2015). 287 

Previous studies have also indicated that Np.1 is located close to the umbilical ring (Mall, 288 

1898; Pernkopf, 1925; Soffers et al., 2015). Despite the proximity to the umbilical ring, 289 

our morphological observations do not indicate that a mechanical force can be 290 

transmitted from the umbilical ring to create Np.1. Given the potential for lethal 291 

complications resulting from mechanical forces transmitted from the umbilical ring to the 292 

midgut and its mesentery, including blood flow obstruction and intestinal injury, it is 293 

plausible that the positions of the umbilical ring and Np.1 are incidental.  294 

Our findings indicate that discrimination of S2 and S3 by forming Np.2 occurred 295 

approximately one stage later than that of S1 and S2 and S3 and S4 by forming Nps.1 296 

and 3, respectively. Furthermore, the midgut and mesentery characteristics in S2 and S3 297 

exhibited more remarkable similarity than those observed in S4, even after the formation 298 

of Np.2. The anatomical structures forming Np.2 could not be identified in the 3D 299 

reconstruction or morphological observation of the mesentery. Soffers et al. (2015) 300 

posited that the distribution of the SMA sister branches flowing through S2 and S3 might 301 

contribute to the discrimination of these segments. The SMA sister branches arising in 302 

the abdominal cavity (the fourth to seventh branches) flow into the midgut in S2 of the 303 

extraembryonic coelom through the umbilical ring. In contrast, those arising in the 304 

extraembryonic cavity (the 10th to 14th branches) flow into the midgut in S3. The 305 

morphology of the SMA sister branches flowing through the small intestine differs 306 

between the jejunum and ileum in adults (Conley et al., 2009). The characteristics of the 307 

SMA branches in S2 and S3 may correspond to those of the SMA branches flowing into 308 

the jejunum and ileum, respectively. Furthermore, Soffers et al. (2015) reported that the 309 
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ileocecal artery and several short branches arise between the seventh and ninth SMA 310 

branches, which are located at the umbilical ring and do not give rise to a caudal branch 311 

flowing in either S2 or S3 of the midgut. As a result, the SMA branches for S2 and S3 312 

were distinct in their study. However, Kakeya et al. (2022) did not detect short branches 313 

around the umbilical ring, and the boundary of the SMA branches for S2 and S3 was not 314 

discernible. Whether the distribution of the SMA sister branches determines the 315 

formation of Np.2 in the mesentery, which designates the border between S2 and S3, 316 

remains unclear. 317 
The location of Np.3 was confirmed to coincide with the traces of the vitelline artery and 318 
duct, which led to the SMA in the MR images of the specimens at CS21 and CS23. S4 319 
was identified on the contralateral side of S2 and S3 with respect to the midgut axis, 320 
including Np.3. This finding was consistent with the reports of Soffers et al. (2015), i.e., 321 
that the third loop was located to the right, and the fourth loop was situated to the left of 322 
the axis formed by the SMA.  323 
Np.3, in conjunction with the vitelline artery and duct, maintained its position at the apex 324 
of the midgut loop in all specimens throughout the herniation phase. Kakeya et al. (2022) 325 
indicated that the effect of this structure was recognized until the late return phase, at 326 
which point the location of the midgut changed from the extraembryonic coelom to the 327 
abdominal cavity. The specimen demonstrated that the distribution of the midgut in the 328 
abdominal cavity was influenced by the traces of the vitelline artery and duct. The 329 
mechanism responsible for maintaining the position of Np.3 may be of great importance 330 
in the dynamic changes in the location of physiological umbilical herniation and return, 331 
which are essential for the normal midgut development. 332 
The midgut in S1 differs from that in the other areas because it never forms tertiary loops, 333 
a phenomenon described in numerous previous studies (Mall, 1898; Bardeen, 1914; 334 
Pernkopf, 1925; Soffers et al., 2015). In the present study, the secondary loop underwent 335 
elongation as it surrounded the rod-like midgut mesentery by three-fourths, which can 336 
be described as a rotation of the duodenum by 270°. The length per fold was greater 337 
than the threshold length for tertiary loop formation in other segments. This looping 338 
mechanism is significant because an abnormality in the looping results in congenital 339 
anomalies, such as non-rotation and malrotation of the midgut (Mehall, 2002; Metzger et 340 
al., 2011; Kluth et al., 2003; Snyder and Chaffin, 1954; Vogt, 1917). The interaction 341 
between the midgut and mesentery plays a crucial role in tertiary loop formation. 342 
Nevertheless, whether the mechanism determining the loop size (degree of rotation) in 343 
S1 operates via a similar mechanism remains unclear. 344 
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Soffers et al. (2015) argued that the location where secondary loops form is genetically 345 
determined and consistent among embryos. The findings of the present study also 346 
demonstrated that Np.1 and Np.3 occur at anatomically defined locations: Np.1 near the 347 
umbilical ring, and Np.3 in association with the traces of the vitelline artery and duct. 348 
These observations support the hypothesis that the formation of Np.1 and Np.3 may be 349 
genetically regulated. Conversely, Np.2 appeared later than Np.1 and Np.3, and no 350 
anatomical landmarks were identified in this study to correlate with its location. 351 
Furthermore, the midgut and mesentery within S2 and S3, separated by Np.2, exhibited 352 
similar characteristics. Whether the formation of Np.2, marking the boundary between 353 
the second and third secondary loops, is genetically determined remains an open 354 
question.  355 

Upon reaching a critical threshold length, the number of loops exhibited a marked 356 
increase, accompanied by rapid elongation in S2, S3, and S4. These findings indicate 357 
that midgut elongation contributes to an increase in the number of folds and support the 358 
hypothesis that intestinal loops develop biomechanically through rapid elongation of the 359 
midgut and slow growth of the mesentery (Savin et al., 2011). Segmental variations were 360 
observed between S2, S3, and S4. The initial formation of the tertiary loops was 361 
observed to occur at a later CS (one stage later) in S4 than in S2 and S3. The number 362 
of folds in S4 increased at a later CS compared with those in S2 and S3. Whether these 363 
segmental differences are significant, and what factors contribute to their emergence is 364 
currently unclear. The midgut undergoes both lengthening and an increase in diameter 365 
as a result of differentiation of its histological structures (Ueda et al., 2016; Hikspoors et 366 
al., 2019). The mesentery may undergo alterations as a consequence of the 367 
differentiation of mesenchymal structures, including structural changes in vascularity and 368 
innervation. Such growth and segmental differences may influence loop formation. 369 

Soffers et al. (2015) described variations in the number and position of the tertiary loops 370 
in three specimens of varying sizes at CS23. The authors posited that the discrepancy 371 
in the location of the secondary region was attributable to growth-related factors, 372 
specifically the rapid transition from the right to the left. The nine specimens at CS23 and 373 
PE in our study were retested from a similar viewpoint, namely, the midgut axial view. 374 
The positions of the three segments in the extraembryonic coelom exhibited variability 375 
along the midgut axis, irrespective of the specimen size, indicating that any rapid 376 
movement of the positional changes with increasing size is unlikely at CS23. As 377 
previously demonstrated by Kakeya et al. (2022), alterations in SMA branch distribution 378 
occur before the onset of positional changes in the midgut. Considering the CRL and CS 379 
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of the specimens in the present study, we can hypothesize that alterations in SMA branch 380 
distribution may have occurred, which could influence the location of the midgut loop in 381 
the nine specimens. However, this hypothesis could not be verified because the MR 382 
image used could not detect the SMA branch distribution. To fully elucidate the SMA 383 
distribution, an analysis using 3D reconstruction from tissue sections (Soffers et al., 384 
2015; Kakeya et al., 2022) and microcomputed tomography images (Ginzel et al., 2021) 385 
is essential.  386 
The present study is limited in the following ways. First, the SMA was not discernible 387 
because of the intrinsic resolution of the MR images. Consequently, an examination of 388 
the relationship between the SMA distribution and intestinal tract or mesentery was not 389 
feasible. Moreover, the trajectory of the SMA could not be utilized as a reference point 390 
for the midgut axis. Second, the anal end of the pyloric antrum was defined as the oral 391 
end of the midgut. This definition does not refer to other anatomical landmarks such as 392 
the pancreatic ducts and inferior vena cava, which can provide more accurate 393 
measurements. Third, the specimens used in this study were limited to the herniated 394 
stage, wherein the midgut had herniated into the extraembryonic coelom. As the 395 
specimen develops, the midgut will undergo a change in position from the 396 
extraembryonic coelom to the abdominal cavity, and further changes occur within the 397 
abdominal cavity. Whether the number of loops, their rate of increase, and various other 398 
values are affected by the position of the midgut remain unclear. 399 
In conclusion, this study delineated the morphological alterations that occurred in the 400 
midgut and mesentery over time during the herniated midgut phase. The mesentery 401 
displayed a fundamental, stereotypical architectural configuration that was particularly 402 
evident in the secondary loops and their delineation into the four segments of the midgut. 403 
The findings of this study are crucial for a comprehensive understanding of the role of 404 
genetic and biomechanical factors in loop formation. 405 
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Table 1. MRI of the embryos  

CS ID 
CRL 
(mm) 

MRI 
system 

7T-MRI 
condition 

16 
[n=2] 

22322 7.6 7-T Condition 1 
29261 9.2 7-T Condition 1 

17 
[n=2] 

22903 11.3 7-T Condition 1 
24578 11.9 7-T Condition 1 

18 
[n=5] 

31870 11.8 7-T Condition 1 
21314 13.1 2.35-T  
21409 13.3 2.35-T  
21142 14.1 2.35-T  
23652 14.3 2.35-T  

19 
[n=7] 

19989 14.8 2.35-T  
16127 14.9 2.35-T  
21011 15.3 2.35-T  
19605 15.7 2.35-T  
26979 16.0 7-T Condition 1 
24343 16.1 2.35-T  
22014 16.3 2.35-T  

20 
[n=8] 

23617 16.2 2.35-T  
22363 17.0 2.35-T  
28070 17.0 2.35-T  
26006 17.5 2.35-T  
22606 18.0 2.35-T  
24977 19.1 7-T Condition 1 
25337 19.5 2.35-T  

26354 19.8 2.35-T  

21 
[n=11] 

28066 18.8 7-T Condition 1 
22044 19.0 2.35-T  
29515 19.4 2.35-T  
25858 19.7 7-T Condition 1 
24787 20.0 2.35-T  
30236 20.2 2.35-T  
25694 20.4 2.35-T  
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  515 32721 20.7 7-T Condition 1 
21875 20.8 7-T Condition 2 
24728 20.9 2.35-T  
26896 21.4 2.35-T  

22 
[n=5] 

23275 19.8 2.35-T  
35233 22.0 7-T Condition 2 

22157 22.1 2.35-T  
27050 22.2 7-T Condition 1 
30809 24.5 7-T Condition 2 

23 
[n=7] 

20018 23.1 7-T Condition 1 
38239 24.0 7-T Condition 1 
52578 25.5 7-T Condition 1 
20249 25.6 7-T Condition 1 
25796 26.8 7-T Condition 2 

22964 29.1 7-T Condition 1 
15919 32.3 7-T Condition 1 

PE 
[n=2] 

51397 32.0 7-T Condition 2 
31423 36.5 7-T Condition 1 

CS, Carnegie stage; CRL, crown-rump length; 
MRI, magnetic resonance imaging; PE, post-
embryonic period; 7-T, 7-T magnetic 
resonance system; 2.35-T, 2.35-T magnetic 
resonance system 
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 516 

Table 2. MRI coils and acquisition parameters using the animal 7T-MRI system 
 Condition 1 Condition 2 

MRI coil (inner diameter) 
Solenoid coil 
(19 mm) * 

Quadrature volume coil 
(35 mm)** 

Spatial resolution (isotropic, 
um) 

40 54 

Acquisition time 18h51mm0s 22h30m0s 

Field of view (mm×mm×mm) 20×15×15 37.8×27.0×24.3 

Matrix size 500×376×376 700×500×450 

Repetition time (ms) 30 30 

Echo time (ms) 4.7 5.7 

Flip angle (degrees) 25 25 

*Manufacturer: Takashima Seisakusyo Co., Ltd., Tokyo, Japan 

**Manufacturer: Bruker BioSpin MRI GmbH, Ettlingen, Germany 

FOV and spatial resolution are adjusted to cover the specimen with different sizes. 
FOV, field of view; MRI, magnetic resonance imaging 517 
 518 
  519 
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FIGURE LEGENDS 520 
 521 
Figure 1. Illustrations indicating methods and definitions used in this study  522 
a) Schematic diagram of the hierarchical process of midgut loop formation during the 523 
herniation phase  524 
i) Primary loop: One loop is projecting within the extraembryonic coelom. 525 
ii) Secondary loops: The secondary loops are formed in S1 (red) in the abdominal cavity 526 
(AC) and in S2 (yellow), S3 (green), and S4 (blue) in the extraembryonic coelom (EC).  527 
iii) The tertiary loops exhibit increased folds in S2, S3, and S4 of the extraembryonic 528 
coelom, resulting in a more complex structure. 529 
The narrowing parts of the mesentery (Nps.1-3; purple lines) and ileocecum (purple dot) 530 
define four segments in the midgut. a, anal side; light blue line; the umbilical ring; O: oral 531 
side 532 
+, oral end of the duodenum in the present study, corresponding to the end of the pyloric-533 
antrum (illustrated in thick black). Note that the point is defined based on its 534 
morphological observations.  535 
 536 
b) Definition of the tertiary loop according to the number of mesenteric folds.  537 
i) Secondary loop: A segment with two mesenteric folds 538 
ii) Tertiary loop: A segment with at least three mesenteric folds 539 
The number of loops is calculated as two using the following formula: number of folds – 540 
1. The upper and lower diagrams indicate two loops (three folds) and three loops (four 541 
folds), respectively. Note that the minimum number of the tertiary loops is two. 542 
c) Definition of the axis of the herniated midgut for analyzing the position of the midgut 543 
segments 544 
i) The mid-sagittal plane of the magnetic resonance imaging (MRI) indicates the axis of 545 
the herniated midgut (white dot line). The axis is lined through the tip of the herniated 546 
midgut in the extraembryonic coelom (white dot) and center of gravity of the mesentery 547 
in the section at the umbilical ring (light blue line and diamond). Pink segments show the 548 
mesentery of the midgut.  549 
ii) Midgut and the accompanying mesentery (axial view): The white dot at the origin 550 
indicates the axis of the midgut. The midgut (duodenum, small intestine, and part of the 551 
colon) is indicated by color-coded lines according to the segments. Pink reconstruction 552 
shows the mesentery of the midgut. The black dashed lines indicate the cranial-caudal 553 
and transverse axes. L, left; R, right 554 

iii) Diagrams showing the distribution of S2 (yellow), S3 (green), and S4 (blue) along 555 
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the axis of the midgut: The broken line indicates the middle value of each segment’s 556 
distribution. 557 

 558 

Figure 2. Summary of the primary, secondary, and tertiary loop formation by four 559 
segments 560 
The schematic diagram illustrates the primary, secondary, and tertiary loops in each 561 
segment. The number of specimens corresponding to the loop formation is indicated 562 
according to the Carnegie stage. PE, post-embryonic period 563 
 564 
Figure 3. Secondary loop formation with three narrowing parts of the midgut mesentery 565 
a) Representative MR image sagittal plane, and three-dimensional (3D) reconstructions 566 
from the MR images. Histological sagittal sections stained with hematoxylin and eosin 567 
at a comparable developmental stage were analyzed to validate the findings observed 568 
in the MR images within the histological sections. 569 

(i) One primary loop is herniated into the extraembryonic coelom. No narrowing parts of 570 

the mesentery were detected (CS17). 571 

(ii) Two secondary loops are detected in S1 and S4. No Np.2 is detected (CS19).  572 

(iii). Four secondary loops are formed with three Nps in the mesentery's midgut (CS21). 573 

The color-coded asterisks and tubes indicate the midgut (the duodenum, small intestine, 574 

and colon), and the color corresponds to the segments indicated in the legend. The scale 575 

bar indicates 1 mm. 576 

Light blue line, umbilical ring; arrowheads, mesentery of the midgut; purple lines, 577 

mesenteric narrowing parts (Nps); +, anal end of the pyloric antrum 578 

A, anal side; AC, abdominal cavity; EC, extraembryonic coelom; Li, liver; O, oral side  579 

Note that the mesentery is clearly discernible between the midgut on MR image, 580 

exhibiting a signal intensity that is either equal to or slightly lower than that of the midgut.  581 

 582 
b) The magnetic resonance images indicating the relationship between the narrowing 583 
part of the midgut mesentery (Np.3) and the traces of the vitelline artery and duct 584 
Specimens at CS21 (left) and CS23 (right) are provided. The traces of the vitelline artery 585 
and duct (Vad), which are similar in intensity to the intestine, run into the mesentery on 586 
Np.3. 587 
CS, Carnegie stage; MRI, magnetic resonance  588 
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 589 
Figure 4. Formation of the tertiary loops 590 
(a) Representative three-dimensional reconstruction indicating the tertiary loop formation 591 
in S2 and S3 (CS22: left lateral view). S1 and S4 have secondary loops.  592 
(b) Representative histological sagittal sections with hematoxylin and eosin staining, MR 593 
image sagittal plane, and three-dimensional reconstructions from the MR images 594 
indicating the tertiary loop formation in S2, S3, and S4 (CS23) 595 
The color-coded asterisks and tubes indicate the midgut (the duodenum, small intestine, 596 
and colon). Arrowheads, mesentery of the midgut; light blue line, umbilical ring; purple 597 
dot, ileocecum; purple line, mesenteric narrowing parts (Np); +, end of the pyloric antrum 598 
A, anal side; AC, abdominal cavity; CS, Carnegie stage; EC, extraembryonic coelom; Li, 599 
liver; MR, magnetic resonance; O, oral side; P, pancreas; S, stomach 600 
 601 
Figure 5. Representative three-dimensional reconstructions indicating the change in the 602 
secondary loop in the S1 of the midgut at CS20 and CS23 603 
The axial (left) and caudal views in the abdominal cavity (AC) (right) are provided. 604 
The color-coded tubes or lines indicate the run of the midgut. The pink-colored 605 
reconstruction indicates the mesentery of the midgut. Light blue line, umbilical ring; +, 606 
oral end of the duodenum, EC, extraembryonic coelom; L, left; R, right 607 
Red arrows indicate the bending direction in S1 (red tubes). Gray arrows indicate the 608 
direction of the colon (proximal to distal).  609 
Marked left caudal flexion is observed. The mesentery of the abdominal cavity is rod-like 610 
rather than membranous.  611 
 612 
Figure 6. Midgut length  613 
(a) Mid-gut length of each specimen  614 
The data are presented in order by the Carnegie stage and by the crown-rump length of 615 
the specimens within each Carnegie stage. Colored bars in the graph correspond to the 616 
segments indicated in the legends. CS, Carnegie stage; PE, post-embryonic period;  617 
(b) Midgut length in S1 (i), S2 (ii), S3 (iii), and S4 (iv) The data are presented in order 618 
first by the Carnegie stage and then by the crown–rump length (CRL) of the specimen 619 
within each stage. The colored bars in the graph correspond to the number of folds in 620 
each segment of the specimen.  621 
The red dashed horizontal lines (with "TL2") in the graph indicate the threshold length 622 
for the tertiary loop formation. A minimum of two loops are formed when the midgut length 623 
in the segment is greater than the threshold. The dotted lines (with "TL3" and "TL4") 624 



22 
 

indicate the threshold length for forming a minimum of three and four tertiary loops in the 625 
segment, respectively. The number of tertiary loops is calculated using the following 626 
formula: number of folds – 1.  627 
 628 
Figure 7. Number of folds and the midgut segment length at CS23 and in the post-629 

embryonic period 630 

i) Number of folds 631 

ii) Midgut length per segment 632 

iii) Midgut length per fold by each segment 633 

The data are presented in order by the Carnegie stage and by the crown-rump length of 634 

the specimens within each Carnegie stage. The colors in the graph correspond to the 635 

segment indicated in the legend. 636 

 637 
Figure 8. Location along the axis of the midgut loop at CS23 and the post-embryonic 638 
period  639 
(a) Diagrams showing the distribution of the S2 (yellow), S3 (green), and S4 (blue) along 640 
the axis of the midgut loop  641 
A diagram of all the nine specimens at CS23 and PE is shown. The broken line indicates 642 
the middle value of each segment’s distribution. CRL and the number of loops in the 643 
midgut for each specimen are provided. 644 
(b) Graph showing the distribution of the midgut by S2, S3, and S4 at CS23 and PE 645 
The data are presented in order first by the Carnegie stage and then by the specimen's 646 
crown-rump length (CRL) within each stage,. The bars indicate the range of each 647 
segment. The broken lines represent the middle value of each segment's distribution. In 648 
specimens in which the segments extend across 0°, 360° is added or subtracted from 649 
the cranial or caudal angle of the segment, depending on the size of the central angle. 650 
CS, Carnegie stage; PE, post-embryonic period 651 
 652 
Supplementary Figure 1 Three-dimensional reconstructions of the mesentery and three 653 
narrowing parts  654 
(i) No narrowing parts (Nps) of the mesentery were detected. 655 
(ii) Two Nps are detected (Np.1 and 3). No Np.2 is detected (CS19).   656 
(iii). Three Nps are detected (CS21).  657 
(iv) Three Nps can still be identified after forming the tertiary loop (CS23). 658 
Pink reconstructions represent the mesentery, and lines indicate the centerlines of the 659 
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midguts (the duodenum, small intestine, and colon), and the color corresponds to the 660 
segments indicated in the legend. The scale bar indicates 1 mm. 661 
Light blue line, umbilical ring; purple lines, mesenteric narrowing parts (Nps); +, anal end 662 
of the pyloric antrum 663 
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