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Microcomputed X-ray tomography (microCT), developed since the late 1990s, is a miniaturized version of the tomographs used daily in medical imaging. It produces vascular images that are different from those obtained by microradiography, in particular by facilitating the vision in space, thus understanding microvascularisation.

The anatomical specimens, once treated with formalin, are injected with a mixture made of gelatin containing a contrast product (barium) and then analyzed by microCT. des filtres métalliques variables selon l'objet. Les images de projections sont reconstruites de façon à produire des coupes 2D. Celles-ci sont utilisées pour la reconstruction de modèles 3D à l'aide de logiciels de rendu de volume.

Quatre exemples vont permettre de visualiser la microvascularisation : nerf alvéolaire inférieur, cortex cérébral et pie-mère, tronc cérébral, noyaux gris centraux (ganglions de la base du cerveau.

De petits capillaires sont mis en évidence en utilisant des logiciels haut de gamme pour la reconstruction. Les logiciels conventionnels ou gratuits entrainent des pertes d'information sur les petits vaisseaux qui ne sont pas visualisés. Les logiciels haut de gamme comme VGStudio max permettent la réalisation de vidéos particulièrement utiles pour l'exploration 3D et l'enseignement.

The acquisition times that can exceed 24 hours and metal sheets used for X-ray filtering vary according to the sample. The projection images are reconstructed to produce 2D sections. These are combined for the reconstruction of 3D models using a volume rendering software. Four examples will allow the imaging of microvascularization: the inferior alveolar nerve, the cerebral cortex and pia-mother, brain stem, central gray nuclei (ganglia at the base of the brain). Small capillaries are highlighted using high-end software for reconstruction. Conventional software or freeware cause a considerable loss of information on small vessels that are not visualized. The VGStudio max high-end software allows the production of videos that are particularly useful for 3D exploration and teaching.
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Résumé

La microtomographie computérisée aux rayons X (microCT), développée depuis la fin des années 1990, est une version miniaturisée des scanners utilisés quotidiennement en imagerie médicale. Elle permet de réaliser des images vasculaires différentes de celles obtenues par microradiographie, notamment en facilitant la vision dans l'espace et donc la compréhension de la microvascularisation. Les pièces anatomiques une fois formolées sont injectées avec un mélange gélatine-produit de contraste (baryum) puis analysées par microCT avec des durées de traitement qui peuvent dépasser 24H et

INTRODUCTION

Morphological analyses of nervous system vascularization are not only important for the characterization of the anatomical and physiological relationships between vascular and nervous tissue, but also required to understand structural modifications that occur in many pathological conditions affecting the brain. In this context, the organization of cortical blood vessels in the human brain has been described in 2D both in physiological [START_REF] Salamon | Atlas of the arteries of the human brain[END_REF][START_REF] Duvernoy | The human brain: surface, three-dimensional sectional anatomy with MRI and blood supply[END_REF] and in some pathological conditions, such as traumatic injuries, arteriovenous malformations) [START_REF] Naidich | Duvernoy's atlas of the human brain stem and cerebellum: high-field MRI[END_REF][START_REF] Lasjaunias | Surgical Neuroangiography, vol 1: clinical vascular anatomy and variations[END_REF]. But 3D imaging of such microvascularization may help students and clinical patricians to better understand perforators anatomy and its clinical implications in current practice [START_REF] Bernard | Does 3D stereoscopy support anatomical education?[END_REF].

Microcomputed tomography (microCT) is a microscopic technique developed during the last decades [START_REF] Muller | Morphometric analysis of human bone biopsies: a quantitative structural comparison of histological sections and micro-computed tomography[END_REF][START_REF] Sasov | Desktop X-ray microscopy and microtomography[END_REF]. It is a miniaturized version of the computed tomographs commonly used for medical imaging and the systems now have a resolution in the order of 1-2µm. MicroCT systems are based on a sealed microfocus X ray source, a CDD camera and a step by step platform which receive the samples. The attenuation of X-Rays depends on the atomic number, density, thickness and energy of the X-Ray beam used. Because microCT is based on the absorption of X-rays by the matter, it is likely that most biological papers have, up to now, concerned bone which is a radioopaque connective tissue due to the presence of hydroxyapatite in its matrix [START_REF] Stock | Microcomputed tomography: methodology and applications[END_REF].

Recently, new techniques have been developed in microCT to enhance the contrast of soft tissues. Muscles, tendon, nerves, cartilage and vessels are radiolucent under the conventional use of a filtrated X-ray beam. A large number of papers have been done recently to image these tissues after impregnation with a metal salt-solution [START_REF] Renders | Contrast-enhanced microCT (EPIC-µCT) ex vivo applied to the mouse and human jaw joint[END_REF][START_REF] Scheller | Use of osmium tetroxide staining with microcomputerized tomography to visualize and quantify bone marrow adipose tissue in vivo[END_REF][START_REF] Metscher | MicroCT for comparative morphology: simple staining methods allow high-contrast 3D imaging of diverse non-mineralized animal tissues[END_REF].

Phosphotungstic acid, uranyle acetate, mercury chloride, osmic acid or Lugol's fluid have been proposed to enhance the contrast of these radiolucent tissues by providing heavier elements with a high atomic number [START_REF] Gignac | Iodine enhanced micro CT imaging: Methodological refinements for the study of the soft tissue anatomy of post embryonic vertebrates[END_REF][START_REF] Karhula | Effects of articular cartilage constituents on phosphotungstic acid enhanced micro-computed tomography[END_REF][START_REF] Manero | Contrast enhancement with uranyl acetate allows quantitative analysis of the articular cartilage by microCT: Application to mandibular condyles in the BTX rat model of disuse[END_REF][START_REF] Pauwels | An exploratory study of contrast agents for soft tissue visualization by means of high resolution X-ray computed tomography imaging[END_REF]. Blood vessels are more difficult to analyze by microCT: they are tubes containing blood and a perfect washing must be done to make them void, prior to inject a liquid medium containing a contrast agent.

The injection should be done with care to avoid fluid leakage due to ruptured small vessels.
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The aim of this study is to provide a 3D anatomical visualization method of the normal vascular architecture in the nervous system using four examples including a peripheral nerve (the inferior alveolar nerve) [START_REF] Lazorthes | Le système nerveux périphérique: description, systématisation, exploration clinique, abord chirurgical[END_REF], the brainstem, the brain cortex, the basal ganglia microvascularization.

MATERIAL AND METHODS

Preparation of the injection medium

A radiopaque material, soluble in water was prepared as follows: a solution composed of 5% of gelatin and 95% of a commercial barium sulfate solution used for digestive Xray analysis (Micropaque®, Guerbet, Roissy, France) was made by heating at 37°C [START_REF] Kun-Darbois | Bone mineralization and vascularization in bisphosphonate-related osteonecrosis of the jaw: an experimental study in the rat[END_REF]. Addition of sodium azide prevented moldiness. The medium was stored in the fridge at +4°C until use. A suitable amount of medium was warmed at 37°C just before use.

Preparation of the corpses

The cadavers were lying on a table outside the fridge; when they have reached a temperature of 20° Celsius, there were injected with a diluted formaldehyde solution (5 liters -Arthyl 25®) using the right primitive carotid artery; an internal jugular venous drainage was performed during the same procedure. Then corpses were submerged in a bath filled with pure formalin for two weeks.

Perfusion modalities

The warmed gelatin-barium was injected at the cephalic extremity. The primitive carotid injection was stopped when a reflux in the contralateral primitive carotid was noticed. The heads were then placed at 4°C for 24 hours to allow hardening of the vascular injection medium. After cooling, the samples were dissected.

The hemi-mandibles were then harvested, de-fleshed and postfixed in formalin and then analyzed without decalcification by microCT.

The top of the skull is removed, then an occipital craniectomy is performed; after sectionning the spinal cord at the foramen magnum level, the brain is extracted in "monobloc" from the cranium ; the brainstem is separated from the cerebellum, then the lateral ventricules are opened and a deep nuclei bloc (thalamus, caudate nucleus head, lentiform nucleus is removed after orientation of the specimen.

Microcomputed tomography (microCT)

MicroCT of the hemi-mandibles and brain samples was performed using a Skyscan 1272 X-ray computerized microtomograph (Bruker microCT, Kontich, Belgium) equipped with a microfocus tube. The acquisition parameters depended of the analyzed sample.

Inferior alveolar nerve

For analysis of the vascularization of the inferior alveolar nerve (IAN), the microCT worked at 70 kV, 100 µA with a 0.5mm aluminum filter. Analysis was done with a pixel size corresponding to 13.37 µm; the rotation step was fixed at 0.25° with a 180° rotation and 2K binning. The hemi-mandible were placed in a large polystyrene vial, filled with formalin. Pieces of polyester kitchen foam (a radiolucent material) were used to immobilize the bone sample. Stacks of multiple X-ray "shadow" transmission images of the bone from multiple angular views were obtained as the sample rotates on a microCT stage. Image acquisition lasted 59 minutes.

Brain samples

The large brain samples were also analyzed when in the fixative with a very similar preparation. Here again, the polyester foam was used to block the sample avoiding micromovement during rotation. Due to the large thickness of the samples and marked height, an aluminum (0.5 mm) + copper (0.038 mm) filter was used while the microCT was operating at 90 kV / 111 µA with a pixel size of 13.19 µm. The rotation step was fixed at 0.30° with a 360° rotation, and 2K binning to improve resolution. The multiple camera position was used, usually 6 to 12 fields were stitched to analyze these very large sample whose height reached ~70 mm in height. For the largest objects, image acquisition lasted more than 26 hours.

-7 -From the transmission images, cross-section 2D images of the objects were reconstructed using a modified Feldkamp cone-beam algorithm, implemented in the NRecon software (Bruker, release 1.7.3.0). The very large format imaging was obtained thanks to the multithreaded GPU-accelerated 3D-reconstruction. Here again, the reconstruction time depended of the size of the sample and the number of 2D projection images: it ranged from 12 min for the IAN to 94 min for the hypothalamus sample. 3D models were then obtained using different volume-rendering programs: CTVox, (Bruker, release 2.5), ImageJ add-on 3D viewer (ImageJ, NIH https://imagej.nih.gov/ij/) and VG Studio MAX 2.1 software (Volume Graphics GmbH, Heidelberg, Germany; release 3.2).

RESULTS

A piece of mandible injected with gelatin-barium appears on Figure 1. The 3D image was prepared by over imposing a first 3D model containing bone and teeth; the mandibular canal was exposed with a cutting box. A second 3D model was prepared by thresholding only the vessels filled with barium-gelatin that absorbed X-rays more than the calcified tissues. This second model was painted in an orange pseudo color.

A video movie is added to this article as a supplementary material.

The same stack of 2D images was imaged by the three 3D volume-rendering softwares and the results were markedly different as illustrated on Fig. 2. On the CTVox images, a large number of small vessels and capillaries were missing; on ImageJ, the image was inverted, more details were available but with a strong background noise. The best results were obtained with VG Studio MAX that allowed the identification of very thin vessels and capillaries.

The brainstem, sliced at the upper part of the pons, was easily recognizable (Fig. 3).

The 3D volume and its sectioning in smaller parts evidenced the different groups of perforators (anterior, lateral and posterior) supplying the brainstem. The choroid plexus vascularization are visible due to a leakage on the midline represents appearing as a hyper-intense area.

-8 -The basal ganglia is well supplied by many perforators on Fig. 4: from the left to the right, the medial distal striate artery, the lenticulostriate perforators and finally the medial posterior choroidal arteries are well injected and easily recognizable. Rotation of the 3D model showed with a nice precision the different relationships between the nuclei suppliers. These aspects can be well illustrated on the videos provided as supplementary material.

DISCUSSION

Due to its complex angioarchitecture and the frequencies of vascular disorder including from atherosclerosis, traumatisms, malformations including aneurysms the nervous system is one of the most challenging to understand. For this reason, the accurate knowledge of the normal structure and 3D organization of vessels is essential to better understand the vascular effects caused by endovascular treatments as well as the modifications imposed on normal cerebral tissues and vessels by other pathological conditions.

Various techniques for studying the microvascularization of the nervous system have been used in recent decades. Among others, one can cite microangiography with selective injections of brain vessels filled with a mixture of minium-gelatin [START_REF] Salamon | Atlas of the arteries of the human brain[END_REF], Indian ink, histologic study with microphotography [START_REF] Duvernoy | The human brain: surface, three-dimensional sectional anatomy with MRI and blood supply[END_REF], stereo-angiography [START_REF] Naidich | Duvernoy's atlas of the human brain stem and cerebellum: high-field MRI[END_REF][START_REF] Lasjaunias | Surgical Neuroangiography, vol 1: clinical vascular anatomy and variations[END_REF]. However, the high viscosity of these mixtures does not allow visualization of the small vessels and 2D imaging makes it difficult to represent the trajectory of the brain vessels. Analysis of our specimens, completed by video imaging of the 3D models, has increased our knowledge in showing for example a pial cortical vascularization stretched between dura-mater and cortex and explaining in some situations the existence of abnormal dura-mater vessels supplying cortical arteriovenous malformation. The study of 3D models of brainstem vascularization visualizes the different groups of perforators with their origin and course. Finally, the 3D basal ganglia makes clear the supply of the head of the caudate nucleus by the Heubner's artery and the medial lenticulostriate arteries.
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Several techniques have been proposed to analyze micro vascularization in 3D

with microCT. A small number of papers are concerned with localization of the vascular bed in different organs such as placenta, lung, bone, heart and prostate… [START_REF] Guldberg | Analyzing bone, blood vessels, and biomaterials with microcomputed tomography[END_REF][START_REF] Langheinrich | Cardio-pulmonary vascular system. Three-dimensional quantitative evaluation by microcomputed tomography[END_REF][START_REF] Junaid | Whole organ vascular casting and microCT examination of the human placental vascular tree -14 -reveals novel alterations associated with pregnancy disease[END_REF][START_REF] Yeung | Feasibility and Safety of Silicone Rubber Contrast-Enhanced Microcomputed Tomography in Evaluating the Angioarchitecture of Prostatectomy Specimens[END_REF]. The method has also been used to evaluate the vessels in different pathological conditions such as bone metastasis [START_REF] Nyangoga | Threedimensional characterization of the vascular bed in bone metastasis of the rat by microcomputed tomography (MicroCT)[END_REF], diabetes [START_REF] Caliaperoumal | Type 2 diabetes impairs angiogenesis and osteogenesis in calvarial defects: MicroCT study in ZDF rats[END_REF], ischemia [START_REF] Duvall | Quantitative microcomputed tomography analysis of collateral vessel development after ischemic injury[END_REF], cerebral angioma [START_REF] Quintana | The cerebral angiome: High resolution MicroCT imaging of the whole brain cerebrovasculature in female and male mice[END_REF] or nerves [START_REF] Saffari | New methods for objective angiogenesis evaluation of rat nerves using microcomputed tomography scanning and conventional photography[END_REF].

The most frequently used contrast agent is Microfil ® MV-122 (Flow Tech, Carver, MA), a silicon rubber compound developed to produce blood vessels casts and containing a colored mercury salt [START_REF] Nyangoga | Threedimensional characterization of the vascular bed in bone metastasis of the rat by microcomputed tomography (MicroCT)[END_REF][START_REF] Caliaperoumal | Type 2 diabetes impairs angiogenesis and osteogenesis in calvarial defects: MicroCT study in ZDF rats[END_REF][START_REF] Saffari | New methods for objective angiogenesis evaluation of rat nerves using microcomputed tomography scanning and conventional photography[END_REF][START_REF] Marxen | MicroCT scanner performance and considerations for vascular specimen imaging[END_REF][START_REF] Faight | MicroCT analysis of vascular morphometry: a comparison of right lung lobes in the SUGEN/hypoxic rat model of pulmonary arterial hypertension[END_REF]. Microfil ® is highly viscous and needs a decalcification of bone-containing sample that limits the possibility to analyze the precise relationships between the vascular network and bone. In the present study, the vasculature of the IAN inside the mandibular canal was readily analyzed without decalcification [START_REF] Chappard | Microcomputed tomography (microCT) and histology of the mandibular canal in human and laboratory animals[END_REF]. Other authors have proposed different injection media containing various radio-opaque metal salts: iodine [START_REF] Prajapati | Contrast enhanced vessel imaging using microCT[END_REF][START_REF] Grabherr | Angiofil (R)-mediated visualization of the vascular system by microcomputed tomography: A feasibility study[END_REF], hafnium [START_REF] Kerckhofs | Simultaneous three-dimensional visualization of mineralized and soft skeletal tissues by a novel microCT contrast agent with polyoxometalate structure[END_REF], erbium [START_REF] Tse | Erbium-based perfusion contrast agent for small-animal microvessel imaging[END_REF], methylmethacrylate casting material containing an unknown metal [START_REF] Junaid | Whole organ vascular casting and microCT examination of the human placental vascular tree -14 -reveals novel alterations associated with pregnancy disease[END_REF]. Contrast media containing barium sulfate have been used for post-mortem angiographic studies using X-ray films or computed tomography since decades [START_REF] Saunders | Post-mortem computed tomography angiography: past, present and future[END_REF]. Because particles of barium sulfate are very fine, they can penetrate small vessels when suspended in a water-based fluid [START_REF] Winchester | Responsible use of computed tomography in the evaluation of coronary artery disease and chest pain[END_REF]. We have previously found that such a warmed gelatin-barium sulfate medium could enter the thin capillary of the dental pulp in the rat [START_REF] Kun-Darbois | Bone mineralization and vascularization in bisphosphonate-related osteonecrosis of the jaw: an experimental study in the rat[END_REF]. In the present study, this radio-opaque medium was found suitable to penetrate the thin capillaries of the deep nuclei of the central nervous system. The large vessels (such as the basilar arteries) which have a large diameter and contain a big amount of barium-gelatin did not induce reconstruction artefacts.

The importance of the 3D visualization software is highlighted in this study for allowing high precision images: the 3D reconstruction software provided by the microCT manufacturer gave unsatisfactory results were compared to a commercial high-end software especially written for analysis and visualization of CT data.

Conclusion -10 -

A barium-gelatin medium can be recommended in human anatomy to study the fine 3D resolution of the vascularization of the central and peripheral nervous system by microCT. However, long time acquisition conditions are necessary with the microtomograph and the use of a high performance reconstruction software is necessary to take full advantage of the viewing capabilities of very small vessels. VGStudioMax. There is a considerable number of small vessels and capillaries reconstructed with this software.
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Fig. 1 :Fig. 2 :

 12 Fig. 1:3D microCT of the vascular bed in the mandibular canal of a human mandible injected with barium-gelatin. The bone and teeth appear in a variety of grey on a 1 st 3D model and the vessels, obtained with a 2 nd model over imposed, are highlighted with an orange pseudo-color. The "shadow" option was used to enhance the relief appearanceFor the publisher: this a one-column fitting image

Fig. 3 :Fig 4 :

 34 Fig.3:The brainstem, sliced at the upper part of the pons is easily recognizable.The different groups of perforators (anterior, lateral and posterior) supplying the brainstem are easily identified on the 3D model. The hyperintensity due to a leakage on the midline represents also the choroid plexus vascularization.For the publisher: due to the necessity to see the smallest details, this a two-column fitting image

  

Conflict of Interest

No conflicts of interest, financial or otherwise, are declared by the authors.

Supplementary information

4 video movies in 3D rendering are provided: movie 1: "vx_mandible.mp4" illustrates the vascularization of the IAN in the mandibular canal. movie 2: "vx corticaux and piemeriens.wmv" illustrates the cortical microvascularisation and the relationships between pie-mere and cortex movie 3: "Brainstem high definition.wmv" shows the different arterials suppliers in the brainstem movie 4: "Deep nuclei.mp4" illustrates the vascularization of the caudate nucleus, lentiform nucleus and thalamus,