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Introduction

According to the French Public Health Institute, the congenital defects were reported to 3.4% of newborns [START_REF]malformations-congenitales[END_REF]. Knowledge of normal human development is of paramount importance for prenatal diagnosis of congenital malformations and may also help understanding surgical anatomy in adult [START_REF] Baskin | Anatomical studies of the human clitoris[END_REF][START_REF] Kraima | Lymphatic drainage pathways from the cervix uteri: implications for radical hysterectomy?[END_REF].

Current resources on human development are usually based on textbooks and precursive embryologist work on animal models. Moreover, teaching embryologic development to medical students remained a pedagogic challenge due to the lack of subjects and the complexity of each mechanisms [START_REF] Abid | Traditional versus threedimensional teaching of peritoneal embryogenesis: a comparative prospective study[END_REF][START_REF] Arraez-Aybar | A computerised technique for morphometry and 3D reconstruction of embryological structures[END_REF].

The Computer-Assisted Anatomic Dissection (CAAD) is an original method of virtual dissection which consists in a combination of immunohistochemically staining with 3D reconstruction of serial histologic sections or radiologic slices. The 3D reconstruction provides a better understanding of complex anatomic structures and clarifies their relationship with neighbouring organs. The CAAD may overcome the limitations imposed by classical anatomic dissection and provides an interesting approach for describing the fetal anatomy.

The aim of this study was to describe the CAAD applied to fetal anatomy and to assess the feasibility of a 3D fetal anatomy model.

Material and Methods

3D modelization were focused on fetal brain, pelvic innervation and lower limbs vascularisation. These 3 regions were chosen to fully describe each type of anatomical structure and specific technique of 3D modelisation: bones and muscles were described on lower limbs whereas vessels and nerves were described on lower limbs and pelvis. Description of venous network is of clinical interest for diagnosis and surgical treatment of congenital vascular malformations [START_REF] Lee | New approaches to the treatment of congenital vascular malformations (CVMs)--a single centre experience[END_REF][START_REF] Paolacci | Vascular anomalies: molecular bases, genetic testing and therapeutic approaches[END_REF]. Knowledge of pelvic innervation has a surgical impact in nerve-sparing technique for rectal and gynecologic cancer surgeries [START_REF] Peschaud | Preservation of genital innervation in women during total mesorectal excision: which anterior plane?[END_REF][START_REF] Balaya | Anatomical consideration for the technique of nerve-sparing during radical hysterectomy for cervical cancer[END_REF]. Based on magnetic resonance imaging (MRI), fetal brain was modelised to describe the gyration process and because of its clinical interest in prenatal diagnosis of brain development disorders.

Study population

According to a specific protocol, this study conformed to that required examination and authorization of the French Biomedecine Agency (Articles L. 1241-5 and R. 1241-20 of the French Code of Public Health) and was recorded under reference PFS14-017. A consent form for fetal autopsy was signed by the parents (Articles. L. 1232-2, L. 1241-6, and L. 1241-5 of the French Code of Public Health).

The gestational age of each fetus was determined by the Crown-Rump Length (CRL) measurement at the first-trimester ultrasound. The dating was confirmed during fetal autopsy by the measure of the fetal heel-to-toe length, the fetal aspect and the estimation of organ maturation at autopsy [START_REF] Hern | Correlation of fetal age and measurements between 10 and 26 weeks of gestation[END_REF].

For the pelvis and lower limbs study, fetal subjects came from legal abortion, medical pregnancy termination and late miscarriage. For the brain study, MRI were performed in utero or post-mortem after late miscarriage. On macroscopic examination, fetuses were free of abdominal, pelvic or limb malformations and were not macerated. In the region under examination, no prior pathology was report.

Study protocol

Macroscopic dissection and immunohistochemistry

The whole pelvis, containing all the intra pelvic organs and surrounding pelvic bones, were completely dissected from the sacral promontory to the pubic arch. The limbs and legs were cut at the level of the coxo-femoral articulation.

Firstly, the specimens were fixed in formalin for 48-72 h. During 7 to 10 days, EDTA were used to decalcify the bones. Due to knee angulation, 2 or 3 intra-specimen straight needles were added in sagittal axe to facilitate superposing the histological slides in the subsequent alignment step for lower limbs. Then, the whole pelvis was transversally cut in block of 5 mm each and the whole limb in block of 10 mm each. These blocks were inserted in baskets of 40 x 25 x 10 mm and were embedded with paraffin. A binocular microscope was used to orient the limb perpendicular to the cutting plane of the block. Thirdly, series of transverse cross-section of 5 μm thickness using a microtome every 100 μm of interval were made on each block. Each block was divided in ribbons which were constituted by 5 consecutive slices for the pelvis and 10 consecutive slices for the limb.

A total number of 2000 of slices was obtained for each limb and 133 to 575 slices for each pelvis depending on the age and size of each specimen. For the pelvis, a conventional histological examination with HES was performed on the 1st and the 5th slice in order to distinguish muscular from connective tissue, an immunostaining was done on the 2 nd and 3rd slice and the last one was unstained and stocked at 4°C for further examination. For the limbs, the 1st slice was stained using HES, the 2 nd slice was stained using Masson Trichrome, the 3rd and 4th slices were stained using Protein S100 and the six unstained slices of each series of ten were stored at 4°C. Slices numbering was done in the order they were cut.

Immunolabelling was done by using anti-Protein S100 Protein S100 is a marker of cells from neuro-ectodermic origin that specifically identifies the nucleus and cytoplasm of Schwann cells in formalin-fixed paraffin-embedded nerve tissue [START_REF] Stefansson | Distribution of S-100 protein outside the central nervous system[END_REF]. This immunolabeling detects the distribution of nerve fibers and nerve endings. D2-40 is a marker of endothelial cells that we used for identifying lymphatic and vascular structure.

Fetal brain MRI protocol

Fetal brain MRI was performed on post-mortem or in-utero. Among the fetal brain MRI examinations performed, 5 fetuses were selected with a gestational age of 19 to 37 WG. All fetuses presented normal findings on sonographic brain examinations. In 2 cases, MRI was performed in postmortem just after late miscarriage and macroscopic examinations did not reveal any abnormalities. In 3 cases, MRI imaging was performed in utero within standardized exploration protocols for fetal indications secondary to maternal toxoplasma primo-infection. MR images were acquired using a 1-T superconducting magnet (Panorama 1.0T, Philips ® ) and slices were always orthogonal to the fetal brain. Two types of sequences were used: gradient-echo T2weighted sequences were performed for post-mortem brain MRI with parameters of 1500/250 (TR/TE), a flip angle of 90, a slice thickness 2 mm and gradient-echo T2-weighted sequences were performed for inutero brain MRI with parameters of 15000/120 (TR/TE), a flip angle of 90, a slice thickness 4 mm. We considered that a sulcus appeared as a clear indentation at the surface of the brain.

Conception and images treatment

Stained and immunolabelled histologic slices were digitalized at a resolution of 9,600 dots/inch. These high-resolution details permitted to analyse very fine structure under appropriate high magnifications (x4 to x20). Given that the low interval of 5 μm between the slices was insignificant, sections were almost at the same level and so stackable. Each digitalised section was saved in JPEG format and were edited with Adobe Photoshop CC ® (V2014.2.1 Adobe systems, San Jose, USA) The contrast and the brightness of each digitalised slice were adjusted as their alignment. The alignment process is essential because a misalignment between the slices leads to a progressive drift of the serial section stack and alter the 3D reconstruction with an undented and "zigzag" aspect. The alignment axis was defined by selected anatomical landmarks such as the vertebral column, spinal cord and iliac bones for the pelvis and the nerve stained by antibodies anti PS-100 for the limbs. The alignment was realised by superimposing slice by slice using a semi-transparent layer and a combination of translation and rotation, the preceding image serving as a reference for the next one (Supplementary material 1).

The MRI slices were extracted by using the software Osirix ® Lite (V11.0.3, Bernex Switzerland) and files were also converted in JPEG format. The alignment process was automatically done, and contrast or brightness adjustment were unnecessary.

Three-dimensional reconstruction

To perform the 3D reconstruction, the software WinSurf ® (version 4.3) was used by manual segmentation and building 3D vectorial models. The 3D scale parameters were setup. The "slice width'' in a X and Y plane and the ''slice thickness'' in the Z scale were determined. The slice numbers interval used in the labeling (''slice interval'') was recorded. The 3D reconstruction consisted in the following steps:

(1) Main anatomical structures are manually outlined (Supplementary material 2)

(2) Geometrical alignment to adjust the contours of stacked points.

(3) Converting the series of point into polygons called splines (wire-framed object).

(4) Modeling of the surfaces by meshing the splines and smoothing the contours of the object reconstructed from points (surface rendering)

(5) Applying a realistic texture on the surface and finally getting and a 3D realistic model (Texturing process). ( 6) 3D interactive visualization of the reconstructed structures.

The 3D model can be mobilized in the x-, y-and z-axes. The topography of the different organs, nerves and vessels can be analysed by transparency as an animated motion picture (Supplementary material 3).

The whole process is summarised in Figure 1.

Results

CAAD was performed on 10 fetuses between 13 and 37 weeks of gestation (WG). Different structures were modelised as following: pelvis from 3 fetuses of 13, 15 and 24 WG, lower limbs from 2 fetuses, 14 and 15 WG and brain from 5 fetuses aged between 19 and 37 WG. Fetal population characteristics are presented in Table 1.

CAAD of fetal pelvic innervation

The superior hypogastric plexus (SHP) was in front of the body of L5 for the fetus 1 (13 WG) and in front of the promontory for the two others (15 and 24 WG) as adult. Underneath the promontory, the SHP caudally and laterally divided into two hypogastric nerves. Hypogastric nerves (HN) descended along the lateral side of the rectum, then ran postero-medially to the ureter until the superior angle of the Inferior Hypogastric Plexus (IHP) (Figure 2). Pelvic splanchnic nerves (PSN) emerged from ventral rami of S2, S3

and S4 and sacral splanchnic nerve (SSN) came from sympathetic trunk of S2, S3 and S4, reaching the dorsal edge of the IHP. Fibers from HN, SSN and PSN joined to constitute the IHP. The 3D modelisation highlighted that IHP has a triangular form with a posterior base and an anterior inferior top and was located in a sagittal plane. The IHP appeared on the sections between the second and fifth sacral vertebrae and extended from the anterolateral face of the rectum, passed lateral to the cervix and the vaginal fornix, and attempts to the lateral vaginal wall and the base of the bladder. Efferences of the IHP were constituted by three main plexuses: vesical plexus, vagino-rectal plexus and inferior rectal plexus.

CAAD of fetal Lower limbs venous system

In the 3D model of the right limb of the 15 weeks old fetus, the femoral vein followed the artery inside the femoral canal and was formed by a plexus of 2-3 veins (diameter from 200 to 300 μm) much smaller than the axial vein. The axial vein ran along the sciatic nerve at the level of the thigh and reached a diameter of 700 μm. The axial vein joined the deep femoral vein at the root of the limb. At the calf level, the sural nerve travelled along the small saphenous vein. Furthermore, the saphenous nerve was close to the great saphenous vein in the middle portion of the knee and the leg. As a general rule, the large diameter of all the nerves, in particular the two plantar nerves on the sole were observed.

Similarly, the study of the left lower limb of the 14 weeks old fetus put the stress on a large axial vein (diameter = 500 μm) following the sciatic nerve at the level of the thigh. In contrast, only a small plexus of 3-4 veins (diameter from 100 to 200 μm) constituted the femoral vein traveling with the femoral artery inside the femoral canal. On the opposite limb, the same elements were found, namely 2 veins versus 1 artery forming the deep vascular pedicle (Figure 3).

CAAD of fetal brain

The sequential identification of each brain sulci was noted. At 19 WG, the fetal brain appeared smooth with a few gyri but the Sylvian fissure, the interhemispheric and parieto-occipital sulci were already visualized (Figure 4). At 22 WG, the Sylvian fissure was deeply dug. The calcarine fissure, the cingular and marginal sulci were individualized. At 30 WG, the superior and inferior frontal sulci, the superior temporal sulci and precentral and postcentral sulci were identified. At 37 WG, the operculization of the sylvian fissure was achieved and insular and cingular gyri were constituted. Superior and inferior temporal sulci and occipitotemporal sulcus were also individualised (Figure 5). Lateral ventricles had the same aspects as found in adults. However, due to MRI low resolution, secondary and tertiary sulci were not precisely seen.

Discussion

In this study, we described fetal anatomy 3D modelization by CAAD technique and we highlighted that a fetal 3D anatomy was feasible. Fetal specimen present numerous practical advantages compared to adult for studying very fine structure. The size of the fetus allows to analyse a whole anatomical structure in one histological slice and immunolabelling is easier with automates. The CAAD is a fully reliable and less onerous technique for microdissection. 3D reconstruction by CAAD permits to precisely localize very thin structures such as nerve fibers of 25 μm-diameter and their relationships thanks to highresolution digitalization system that allows X40 optical zoom. With the increasing of data processor capabilities, the current power of computer and the development of new software, complex anatomical structures and regions can be easily reconstructed in 3D for anatomical and clinical studies. This modelization reflects the true anatomy and each structure can be analysed one by one or simultaneously by mobilization in the three axes, from different angles and opacity adjustment allowing a virtual dissection.

After eight weeks of gestation, corresponding to Carnegie stage 23, pelvic innervation is mature and does not undergo fundamental changes during growth in fetal and post fetal periods [START_REF] Fritsch | Topography of the pelvic autonomic nerves in human fetuses between 21-29 weeks of gestation[END_REF][START_REF] Arango-Toro | Development of the pelvic plexus in human embryos and fetuses and its relationship with the pelvic viscera[END_REF]. This difference of vertebral level is due to the difference in age between the different fetuses. Initially the IHP is a ganglionic mass that comes from the pre-aortic plexus at Carnegie stage 16 and then migrate progressively in an inferior direction to reach its final position [START_REF] Arango-Toro | Development of the pelvic plexus in human embryos and fetuses and its relationship with the pelvic viscera[END_REF]. We found that the female IHP had a triangular form with a posterior base and an anterior inferior top as described by Arango-Toro and Hounnou [START_REF] Arango-Toro | Development of the pelvic plexus in human embryos and fetuses and its relationship with the pelvic viscera[END_REF][START_REF] Hounnou | Morphometry by computerized three-dimensional reconstruction of the hypogastric plexus of a human fetus[END_REF] whereas Alsaid et al. described the IHP as a quadrangular shape [START_REF] Alsaid | Coexistence of adrenergic and cholinergic nerves in the inferior hypogastric plexus: anatomical and immunohistochemical study with 3D reconstruction in human male fetus[END_REF]. The 3D modelization of pelvic innervation in fetus has been used to determine the anatomic risk-zone of pelvic nerve-injury in rectal and gynecologic surgery [START_REF] Moszkowicz | Where does pelvic nerve injury occur during rectal surgery for cancer?[END_REF][START_REF] Balaya | Pelvic nerve injury during radical hysterectomy for cervical cancer: key anatomical zone[END_REF].

In the lower limbs, a large axial vein was highlighted adjacent and parallel to the sciatic nerve. This vein appeared bigger than the plexiform femoral vein and should be considered as the principal vessel of the thigh at the end of organogenesis. In most of cases in adult, this large vein becomes nonetheless hypoplastic being limited to a small venous arcade contrary to the femoral vein, located with the artery and the femoral nerve inside the femoral canal, which becomes the main vein of the limb. These findings are concordant with the "angio-guiding nerves" concept which states that there is an interaction between angiogenesis and neurogenesis [START_REF] Uhl | Embryology and three-dimensional anatomy of the superficial venous system of the lower limbs[END_REF] and may help identifying at the doppler ultrasound the highrisk zones for the treatment of chronic venous disease [START_REF] Uhl | Anatomy and embryology of the small saphenous vein: nerve relationships and implications for treatment[END_REF].

According to a specific chronology determined by pathologic analysis, gyri and sulci reflect the fetal brain maturity [START_REF] Fees-Higgins | Le developpement du cerveau foetal humain=[END_REF][START_REF] Larroche | The development of the central nervous system during intrauterine life[END_REF]. Our results were concordant to those found in the literature, but our small number of subjects did not permit to extrapole them. Moreover, the small number of slices limited the delineation of tertiary sulci. In utero fetal imaging raises some difficulties especially due to artefacts linked to natural living fetal movement during acquisition. Due to MRI low-resolution, intracerebral structures such as thalami or callosum corpus were not described. To highlight brain vascularisation in post-mortem subjects, gadolinium injection through the umbilical cord may be helpful. We feel that 1T MRI would not be an option for earlier stages of fetal development and more efficient MRI would provide better results as described for heart anatomy with a 4.7 T research MRI [START_REF] Blondiaux | Evaluation of septal insertion of atrioventricular valves in fetuses by postmortem 4.7 Tesla cardiac MRI: A feasibility study[END_REF]. Appropriate post-mortem analysis, even if this process requires a long time to achieve, emerges as the best solution for a fine analysis of the brain structures. An alternative way to improve this modelisation could be to digitalize existing collection of fetal brain specimens or to initiate collaborative work with prenatal diagnosis centers with a high level of expertise in the fetal brain.

From a technical point of view, getting slices perpendicular to the main axis of the structures is the best way for an anatomical reconstruction by making the slices alignment easier. Due to the loss orientation after slices cutting, one of the main technical problem is the manual realignment process. The transverse cross-section realized with the microtome can result in distortion, detachment or narrowing of the different slice obtained. To overcome this problem, fiducial landmarks included in the paraffin block may be used such as straight needles. The Winsurf ® software has an alignment function but restricted to object by object and does not permit a global alignment process. A great improvement of this procedure could be an automatic alignment that prevents progressive sliding of the pile of sections and is more precise, but it is rarely feasible because of the lack of contrast between the different tissues. Manual contouring is a step which is highly time-consuming. 20 structures were rebuilt for each specimen on each slice, such as more than 10.000 surrounded cycles were realized. Although high resolution slices were obtained, manual contouring is a subjective process that requires an anatomical expertise and accuracy to build a valid 3D reconstruction. Moreover, some structure cannot be reconstructed such as the ligament because of the high density of adipose tissue or as pineal gland due to low resolution of MRI. To resolve these inconvenient, informatic algorithms should be developed to automatically recognize and surround these anatomic structures but it necessitates an adequate density gradient between the surrounding tissues. However, this technique is precise and could be used easily by non-professional computer users such as surgeon or radiologists. This technique could hardly be used in everyday practice and should remain in research area.

The major limitation of our study was the small number of specimens which cannot take in account interindividual variations and reduces the extrapolation of our results. This low number was mainly due to legal restrictions and difficulties to obtain specimen. Several inclusions were not possible due to an absence of signature of consent (or to a refusal of consent) for fetal autopsy, mostly because of the absence of appropriate information to the parents. The delivery time of specimen to the fetal pathology department exceeded sometimes 24 hours causing a maceration of tissue and thus immunolabelling could not be performed any more.

The 3D modeling by CAAD represents a useful anatomical educational tool for medical students [START_REF] Uhl | 3D modeling in the field of morphology: methods, interest and results[END_REF][START_REF] Uhl | Three-dimensional reconstruction of urogenital tract from Visible Korean Human[END_REF]. These 3D tools assets could be used on graphic tablet as a new teaching way of Anatomy and embryology complementary to cadaver dissection and blackboard chalk drawings. For the study of organogenesis, each embryonic stage could be reconstructed in three dimensions as a dynamic process (4). The 3D modelization is a consistent method of teaching because these data can be saved and can constitute electronic atlases available online through institution site. To assess the impact of such 3D model as a pedagogic tool, a controlled study should be performed among medical students [START_REF] Balaya | 3D modeling of the female pelvis by Computer-Assisted Anatomical Dissection: Applications and perspectives[END_REF].

CAAD technique is an original method that provides an accurate 3D reconstruction of fetal anatomy for lower limbs and pelvis but has to be improved for brain model since midline structures were not amendable for analysis. These data may be useful for comparison between normal and pathologic fetal anatomy. This 3D model constitutes an innovative tool for the teaching of fetal anatomy. Modelisation of other fetal structures such as the heart or the liver remained uncharted territories and might bring new challenges. The present results are encouraging but require to be confirmed using a larger series of specimens at different stages of embryonic and fetal development. 

Figures

Figure 1 .

 1 Figure 1. General workflow of the Computer-Assisted Anatomical dissection process.

Figure 2 .

 2 Figure 2. 3D reconstruction of a fetus of 13 weeks of gestation. Anterior view. The Superior HypogastricPlexus is located in front of L5 and is higher than its usual localization. Uterus and bladder are hidden.

Figure 3 .

 3 Figure 3. Three-dimensional reconstruction of a 15 weeks old fetal right lower limb with muscle (a) and without muscles (b). 1 sciatic nerve, 2 axial vein, 3 femoral vein and artery, 4 great saphenous vein, 5 saphenous nerve, 6 small saphenous vein, 7 sural nerve, 8b fibular nerve, 8 tibial nerve, 9 medial plantar nerve, 10 lateral plantar nerve, 11 posterior tibial artery and two veins, 12 tendon of the hallux flexor longus, 13 flexor digitorum longus, 14 posterior tibial tendon, 15 tendons of peronaeus longus and brevis

Figure 4 .Figure 5 .

 45 Figure 4. Three-dimensional reconstruction of a fetal brain of 22 weeks of gestation -A. Right lateral view -B. Left lateral view -C. Antero-inferior view -D. Superior view -E. Posterior view. -F. Right lateral view with lateral ventricle -G. Antero-inferior view with lateral ventricle. The yellow arrow corresponds to the lateral scissure and the blue arrow corresponds to the calcarine scissure. Ventricles are blue
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 1 Population study characteristics.

Table 1 .

 1 Population study characteristics. MTP: Medical pregnancy termination

		Fetus 1	Fetus 2	Fetus 3	Fetus 4	Fetus 5	Fetus 6	Fetus 7	Fetus 8	Fetus 9	Fetus 10
	Age (WG)	14	15	13	24	15	19	22	30	36	37
	Gender	Male	Male	Female	Female	Female	Male	Female	Male	Male	Male
	Anatomic region	Lower limb	Lower limb	Pelvis	Pelvis	Pelvis	Brain	Brain	Brain	Brain	Brain
	Origin	Legal abortion	Late miscarriage	Legal abortion	MPT	MPT	post mortem MRI	post mortem MRI	in utero MRI	in utero MRI	in utero MRI
	Crown-Rump Length (mm)	90	105	69	205	110	-	-	-	-	-
					Hydrocephaly	Malformative					
	Associated malformation	None	None	None	Myelomening-	cardiopathy	None	None	None	None	None
					ocele	Cleft palate					
	Total number of slices	1800	2000	133	575	320	50	161	50	55	50
	Number of HES stained slices	360	400	133	230	132	-	-	-	-	-
	Number of										
	immunolabeled	360	400	0	230	132	-	-	-	-	-
	slices										
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