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The objective of our study was to assess the reliability of the estimation of posttraumatic survival time (PTST) in forensic cases based on microCT and histology of putrefied/dry bone samples with comparison of initial macroscopic fracture classification performed during autopsy. Macroscopic morphological patterns of bone fracture are routinely used in forensic pathology and anthropology to distinguish between antemortem, perimortem and postmortem injuries. Based on macroscopic and microscopic analysis of six craniofacial fractures, our study results illustrate the need to complete macroscopical findings and initial fracture classification with microscopic analysis to avoid any inaccuracy. MicroCT has become a powerful technique to identify early bone healing signs but histology remains the gold standard to estimate the PTST and determine vital fracture based on hemorrhage marker.

Raman microspectroscopy can identify a blood clot in the fracture line.

hémorragique. La microspectroscopie Raman peut identifier un caillot sanguin dans le trait de fracture.

Résumé

L'objectif de notre étude était d'évaluer la fiabilité de l'estimation du délai de survie posttraumatique (PTST) dans les cas médico-légaux sur la base de l'analyse microtomographique et histologique d'échantillons osseux putréfiés/secs et de comparer ces résultats à la classification macroscopique des fractures réalisée lors de l'autopsie. Les caractéristiques morphologiques macroscopiques des fractures osseuses sont couramment utilisées en médecine légale et en anthropologie médico-légale pour distinguer les traumatismes antemortem, perimortem et postmortem. Basée sur les résultats macroscopiques et microscopiques de six fractures cranio-faciales, notre étude illustre la nécessité de compléter la classification macroscopique initiale des fractures par les observations microscopiques pour éviter les erreurs. La microtomographie X permet d'identifier les premiers signes de réparation osseuse mais l'histologie demeure la technique de référence pour estimer le délai de survie post traumatique et déterminer la vitalité d'une fracture basée sur l'infiltrat

Introduction

The ability to reliably estimate the timing of injuries is of great importance in medico-legal cases of violent death, alleged torture, maltreatment, or abuse. When decomposition has progressed to a highly putrefied or fully skeletonized state, the assessment of posttraumatic survival time and timing of fracture on dry bone becomes particularly challenging. Routine macroscopic and microscopic analysis of fractures are based on signs of hemorrhage, cellular response to traumatic inflammation, and the presence of repair tissues (e.g. cartilage, fibrous tissue, hematopoietic elements), all of which disappear during the decomposition process. For this reason, postmortem changes complicate the accurate assessment of bony injuries and the dating of fractures. Nevertheless, as underlined by Schultz, the autolytic process does not change the microstructure of mineralized or calcified components of bone [START_REF] Schultz | Paleohistopathology of bone: a new approach to the study of ancient diseases[END_REF]. Bone fractures are usually classified in forensic literature as "antemortem" (having occurred before death and are characterized by early bone signs of healing or fracture callus), "perimortem" (occurring around the time of death, without any signs of healing but with certain morphological characteristics related to bone elastic response to trauma) and "postmortem" (after death, when bone injuries are related to environmental processes or human intervention). The use of macroscopic, histologic, and micro-computed tomography (microCT) examination for dating fractures on dry bone specimens has been described [START_REF] Boer | Assessing post-traumatic time interval in human dry bone[END_REF][START_REF] Coelho | Timing of blunt force injuries in long bones: The effects of the environment, PMI length and human surrogate model[END_REF][START_REF] Brighton | Early histological and ultrastructural changes in medullary fracture callus[END_REF][START_REF] Brown | The use of μCT technology to identify skull fracture in a case involving blunt force trauma[END_REF]. However, most of the existing references are based on the fractures of long bones, rather than cranial bones. De Boer et al., [START_REF] Boer | Assessing post-traumatic time interval in human dry bone[END_REF] proposed a method for determining posttraumatic survival time histologically and radiographically in dry bone material. The application of this method was tested along with microCT examination on cranial fractures by Steyn et al., [START_REF] Steyn | Cranial trauma and the assessment of posttraumatic survival time[END_REF] and most recently with histologic and radiological analysis of rib and skull fractures by Cappella et al., [START_REF] Cappella | Histologic and radiological analysis on bone fractures: Estimation of posttraumatic survival time in skeletal trauma[END_REF].

In this paper, we present three medico-legal cases involving the decomposed (ranging from highly putrefied to skeletonized) remains of adult males sustaining a total of six craniofacial fractures consistent with blunt force trauma. In each case, the fractures were examined using macroscopic, histologic, and microCT scanning in order to estimate the fracture time (ante mortem/perimortem/postmortem) and estimate the individuals' posttraumatic survival time.

The main objective of our study was to assess the reliability of the estimation of posttraumatic survival time (PTST) based on microCT and histology of putrefied/dry bone samples and to compare these results with the initial macroscopic fracture classification to evaluate possible discrepancy.

Materials and methods

Cases description

1. The putrefied corpse of a 50-year-old male with a history of alcoholism, who was last seen three weeks prior, was found in his residence after a well-being check. Two months before his discovery, he had had a scooter accident, for which he refused medical attention. An autopsy was performed, during which a fracture of the left parietal bone of the skull was identified, consistent with blunt force trauma. There were no cutaneous lesion or hemorrhagic infiltration in the scalp. Macroscopic examination of the skull fracture revealed no obvious signs of healing, and thus a portion was sampled for complementary analysis to better estimate the age and timing of the fracture (i.e. antemortem vs. perimortem).

2. The fully skeletonized remains of an adult were discovered in a forested area. Prior to arrival at our facility, an examination determined the biological profile and DNA analysis later confirmed the skeleton to be that of a 19-year-old male who had sustained bilateral fractures of the mandible and a potential fracture of the nasal bone, consistent with blunt force trauma. The remains were sent to our lab for further analysis in order to determine the posttraumatic interval.

3. The fully skeletonized, disarticulated remains of an adult were discovered in a wooded area adjacent to a railroad. Macroscopic examination revealed three fractures of the skull: one to the frontal bone, displaying no signs of healing, a second to the right lateral frontoparietal region, and a third along the lambdoid suture extending to the external acoustic meatus, with signs of healing. Rib fractures were also identified.

These three forensic cases were chosen as they were determined to sustain bone injuries consistent with blunt force trauma. A total of six fracture margins sampled from the skull (N=5) and from the mandible (N=1) were analyzed to estimate the PTST. All samples were performed under the request of judicial authorities.

MicroCT analysis

Only craniofacial fractures were included, in order to compare the fracture-healing process in bones with intramembranous ossification. Bone samples were collected during autopsy/anthropological examination, taking the fracture line with both margins. Samples were then processed for microCT analysis and histology. MicroCT analysis was performed on a Skyscan 1172 microcomputed tomograph (Bruker™ microCT, Kontich, Belgium). The dried bone samples were fixed on brass stubs with plasticine. The microCT was operated at 70kV, 100µA with a 0.5 mm aluminum filter. The cubic voxel size was fixed at 13.19 µm and the angular rotation step at 0.30°. For each bone sample, a stack of 2D slices was reconstructed with the NRecon software (release 1.6.9.18, Brucker™) in gray levels ranging from 0 to 255. 3D models of bones were obtained with VG Studiomax (release 3.2, Volume Graphics GmbH, Heidelberg, Germany) operating in the volume-rendering mode. 3D movies were obtained from the stacks of the 2D sections with the CtVol and VG Studiomax softwares.

Bone histology

The dried bone specimens were fixed for one week in 70% alcohol and then dehydrated in acetone and embedded undecalcified in poly methylmethacrylate (pMMA). Blocks were then sectioned with a diamond saw (Accutom, Struers, France) into 500 µm thick slices. Slices were polished on an automatic polishing machine (Struers) to a 1-µm finish with diamond particles. Then surface staining was done after acid etching with 0.1% formic acid in distilled water for 4 minutes, followed by staining with borax-toluidine blue for 45 min. Slices were dried and analyzed on an Olympus BX 51 microscope and imaged with a DP74 CCD camera.

Raman microspectroscopy

A Raman spectroscopy analysis was performed on the embedded blocks with an InVia Qontor confocal fitted Raman microscope fitted with the WIRE 5.0 software (Renishaw, Champs sur Marne, France). The excitation laser wavelength was 785nm with an excitation power of 50 mw and a gradient of 1200 line/mm resolution. The laser beam was focused on the surface of the block to a micrometer spot size using a Leica DM2700 microscope, objective 20X, NA 0.40, WD 0.39 (Leica Microsystems, Wetzlar, Germany). A video image of the block surface was taken before analysis to localize the areas of interest. The final spectra were obtained by averaging 15 scans acquired on the different areas of interest for each spectrum from 700-1700 cm -1 . A concave rubberband base-line correction was applied with an x 5 polynomial equation.

Results

The macroscopic, histologic, and micro tomography findings are summarized in Table 1. The six bone injuries consistent with blunt force trauma show distinct morphologic characteristics at a macroscopic level (e.g. rounded aspect of fracture margins versus absence of healing signs, smooth versus irregular aspect of fracture margins) that are routinely used to distinguish antemortem versus perimortem fractures. The first classification, based on macroscopic findings, and the final determination, based on microscopic evidence, will be discussed.

The parietal fracture line of case #1 showed no macroscopic signs of healing and irregular aspects of the fracture margins (Fig. 1 &2). However, microCT clearly evidenced the presence of woven bone, i.e. newly formed, immature bone indicative of a reparative process (Fig. 3). In addition, histologic analysis with Goldner trichrome staining shows fibrosis at the fracture margin, and toluidine blue staining under polarized light allowed visualization of a dense zone of rich in glycosaminoglycans (GAG) which are important players in wound healing (Fig. 4). This fracture, initially classified as perimortem at a macroscopic level, was finally determined to be an antemortem fracture based on microscopic findings, with a minimum PTST of 180 days. The decedent's next of kin recalled a scooter accident that had occurred two months prior the body recovery, though we were unable to ascertain with certainty whether the fracture was related to this incident.

Macroscopically, the nasal and mandible fractures of case #2 showed the presence of woven bone around the fracture margins, and persistence of a gap in the mandible fracture (Fig. 5 &6). The presence of woven bone and the absence of bridging (as seen in the mandibular fracture line) are typically considered early signs of bone remodeling. MicroCT confirms these initial findings, but also reveals the presence of vascular channels (Fig. 7 &8).

Histologic examination evidenced the presence of complete osteons, indicating an advanced state of bone repair (Fig. 9). Because complete osteons (Haversian systems) with multiple concentric lamellae were observed, it can be ascertained that the remodeling process lasted at least 120 days, the time for osteoblasts to rebuild a new bone structure unit.

The fracture line from case #3, located on the frontal bone, showed an irregular aspect of the margins at a macroscopic level, with no signs of healing (Fig. 10). The gross morphology of the fracture (absence of healing signs, irregular aspect of bone margins) was consistent with a perimortem fracture (Fig. 11). MicroCT showed a clearly defined fracture line passing through medullary spaces and Haversian canals without any evidence of bone remodeling (Fig. 12). Histologic analysis confirmed the absence of healing signs (Fig. 13), but was crucial, as a blood clot was detected on the fracture margin (Fig. 14). Raman microspectroscopy was performed to confirm this finding. Results were consistent with the reported literature, as the combination of haemoglobin and fibrin spectral components are used as a spectroscopic signature to identify blood with the Raman technique (Fig. 15) [START_REF] Virkler | Blood species identification for forensic purposes using Raman spectroscopy combined with advanced statistical analysis[END_REF].

This fracture, initially classified as perimortem, was then hypothesized to be a vital fracture.

The two others fractures from case #3 show clear macroscopic signs of bone healing with round fracture margins, and were classified as antemortem lesions (Fig. 16 & 17). MicroCT and histology confirmed the presence of bone remodeling (Fig. 18 & 19). In this case, no discrepancy was found between macroscopic and microscopic findings (table 1).

Discussion

The preponderance of the literature classifies skeletal trauma in a forensic context as "antemortem" (before death), "perimortem" (occurring at or around the time of death), or "postmortem" (after death). As stated by Galloway, "While the death of the individual is the determining event in separating these periods, in skeletal tissue the divisions are based instead on qualities of the bone tissue" [START_REF] Galloway | Broken bones: Anthropological analysis of blunt borce trauma[END_REF]. Antemortem lesions are characterized by the presence of healing features, whereas postmortem lesions lack them and are characterized by changes in the bone mechanical properties in response to trauma due to decomposition. Perimortem injuries, in turn, are characterized by an elastic response, occurring when the bones is still fresh, although bone may retain its elastic properties for as long as substantial amounts of collagen are preserved in the bone [START_REF] Steyn | Cranial trauma and the assessment of posttraumatic survival time[END_REF][START_REF] Kemp | Postmortem change and its effect on evaluation of fractures[END_REF], before reaching the desiccation state. Indeed, different parts of the same body may reach desiccation at different postmortem intervals [START_REF] Kranioti | Forensic investigation of cranial injuries due to blunt force trauma: current best practice[END_REF], and such changes like bone dehydration depend heavily upon postmortem conditions (e.g. heat, cold, immersion in water) [START_REF] Coelho | Timing of blunt force injuries in long bones: The effects of the environment, PMI length and human surrogate model[END_REF][START_REF] Kemp | Postmortem change and its effect on evaluation of fractures[END_REF][START_REF] Jordana | Diagnosis of skull fractures according to postmortem interval: An experimental approach in a porcine model[END_REF]. Several authors have proposed macroscopic criteria to differentiate perimortem cranial trauma from postmortem damage, including presence of bone flakes, acute or obtuse fracture angles, smooth fracture texture, cortical delamination/beveling, and fracture edge morphology that is sharp, bent, or incomplete [START_REF] Kranioti | Forensic investigation of cranial injuries due to blunt force trauma: current best practice[END_REF][START_REF] Galloway | Diagnostic criteria for the determination of timing and fracture mechanism[END_REF][START_REF] Cappella | The difficult task of assessing perimortem and postmortem fractures on the skeleton: a blind text on 210 fractures of known origin[END_REF][START_REF] Symes | Taphonomy and the timing of bone fractures in trauma analysis[END_REF][START_REF] Scheirs | New insights in the analysis of blunt force trauma in human bones. Preliminary results[END_REF]. De Boer et al., performed an extensive literature review regarding histological findings in dry bone, noting specifically that microscopy has seldom been used in the analysis of traumatic lesions in dry bone material [START_REF] Boer | Assessing post-traumatic time interval in human dry bone[END_REF]. They proposed a method to determine PTST histologically and radiographically in dry bone material, concluding that various stages of the healing process can be reliably differentiated. Thus, the bone healing process can be used to estimate posttraumatic time interval of both fractures and amputations. Steyn et al. tested whether the method proposed by De Boer could be applied to cranial fractures, and whether microCT scanning could be of use in such circumstances [START_REF] Steyn | Cranial trauma and the assessment of posttraumatic survival time[END_REF]. They found that while cranial fractures may be more difficult to date due to factors such as immobilization, the histological and radiological methodology applied supported what was known about the case history.

MicroCT scanning (first described in a forensics context by Brown et al., [START_REF] Brown | The use of μCT technology to identify skull fracture in a case involving blunt force trauma[END_REF]) identified some features traditionally only seen on light microscopy, but its application was found to be complementary to, and not a replacement for, histologic examination. A recent study combined radiologic (computed tomography) and histologic analysis to test the estimation of the minimum PTST on injuries with known survival time [START_REF] Cappella | Histologic and radiological analysis on bone fractures: Estimation of posttraumatic survival time in skeletal trauma[END_REF].

Although the use of macroscopic, microscopic, and microCT tools in dating fractures has been discussed in the literature [START_REF] Boer | Assessing post-traumatic time interval in human dry bone[END_REF][START_REF] Coelho | Timing of blunt force injuries in long bones: The effects of the environment, PMI length and human surrogate model[END_REF][START_REF] Brighton | Early histological and ultrastructural changes in medullary fracture callus[END_REF][START_REF] Brown | The use of μCT technology to identify skull fracture in a case involving blunt force trauma[END_REF], such studies tend to focus on long bones, rather than cranial bones specifically. Furthermore, even when cranial bones are studied, more emphasis has been placed on the macroscopic examination and detection of fractures [START_REF] Jordana | Diagnosis of skull fractures according to postmortem interval: An experimental approach in a porcine model[END_REF][START_REF] Barbian | Healing following cranial trauma[END_REF].

Two skull fractures from our sample were initially classified as perimortem fractures based on the macroscopic absence of healing signs and the irregular aspect of the fracture margins. In one fracture, however, the histologic findings were consistent with an antemortem fracture with a minimum PTST of 180 days (Case #1, Fx01). The second fracture, initially classified as perimortem, was eventually hypothesized to be a vital fracture based on the identification of a blood clot and the results of Raman spectroscopy (Case #3, Fx01). To our knowledge, this study is the first to have evidenced a blood clot on a dry bone fracture margin using histology, with confirmation by Raman spectrometry. The method has previously been used in forensic medicine (but not for bone lesions) and the characteristic peaks of heme have been reported [START_REF] Virkler | Blood species identification for forensic purposes using Raman spectroscopy combined with advanced statistical analysis[END_REF][START_REF] Sikirzhytskaya | Forensic identification of blood in the presence of contaminations using Raman microspectroscopy coupled with advanced statistics: effect of sand, dust, and soil[END_REF]. Very few studies have suggested the possibility to detect fibrin or red blood cell clots in dry bone fracture with histochemical and immunohistochemical techniques [START_REF] Cattaneo | The detection of microscopic markers of hemorrhaging and wound age on dry bone: a pilot study[END_REF][START_REF] Cappella | Exiting the limbo of perimortem trauma: a brief review of microscopic markers of hemorrhaging and early healing signs in bone[END_REF]. Caution must be exercised, however, as detection of signs of hemorrhage remains challenging in skeletonized samples.

In a recent study on bone fractures with known posttraumatic intervals, the authors stated that histology was the best technique to analyze the healing response [START_REF] Cappella | Histologic and radiological analysis on bone fractures: Estimation of posttraumatic survival time in skeletal trauma[END_REF]. These results are consistent with our study; however, microCT analysis provided accurate information especially for early healing signs. A number of studies were recently published to illustrate the potential of microCT analysis in forensic cases involving strangulation [START_REF] Baier | Validating micro-CT findings in cases of strangulation using histology[END_REF] sharp force injuries [START_REF] Komo | Experimental sharp force injuries to ribs: Multimodal morphological and geometric morphometric analyses using micro-CT, macro photography and SEM[END_REF] and gunshot wounds [START_REF] Giraudo | Micro-CT features of intermediate gunshot wounds covered by textiles[END_REF]. Despite the fact that several studies published satisfactory results in the estimation of PTST in cranial injuries of known fracture time, we aim to underline the difficulty of determining PTST in craniofacial fractures. The healing process of a long bone is very well documented, though the cranial healing process is mainly based on radiological findings, on surgical follow-up, or on experimental studies using animal models [START_REF] Zuscik | Skeletal Healing[END_REF][START_REF] Marsell | The biology of fracture healing[END_REF][START_REF] Rozen | Role of bone regeneration and turnover modulators in control of fracture[END_REF][START_REF] Libouban | La réparation osseuse après fracture et au contact des implants[END_REF]. The persistence of micromovements in cranial fractures can lead to localized fibrosis and underestimation of the survival time [START_REF] Loi | Inflammation, fracture and bone repair[END_REF]. The estimation of PTST in advanced healing of craniofacial fractures also remains challenging, as later stages of bone repair are less documented for the aforementioned reasons, and because the remodeling phase encompasses less predictable indicators.

Even if more research is needed on a larger number of samples, our study illustrates the need to interpret macroscopic findings with caution, particularly any absence of healing signs and irregular aspects of fracture margins, as they can lead to erroneous perimortem classification.

Additionally, early signs of healing of craniofacial fractures are difficult to interpret at a macroscopic level, as illustrated by case #2, where the histological findings were found to be consistent with a minimum PTST of 120 days. For perimortem fractures, macroscopic classification of fracture time must be accompanied by microscopic study, with histology remaining the gold standard.

Conclusion

Despite the limited number of samples examined in our study, our results illustrate the need to be cautious with macroscopic criteria classically used to distinguish between antemortem and perimortem craniofacial fractures. In the past decade, MicroCT analysis has become powerful method to document bone injuries, though histology remains the gold standard, particularly for the determination of posttraumatic survival time. So far, we aim to underline the difficulty of accurately estimating PTST in craniofacial injuries considering the lack of accurate references on healing stages.

To our knowledge, this study is the first to have evidenced a blood clot on dry bone fracture margin with histology and confirmed by Raman spectrometry. Though the detection of signs of hemorrhage remains very difficult in dry bone samples and one example may not yet indicate that vitality can be proven, it however encourage for further research.
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Legends of figures

Fig. 1 Fracture on left parietal during autopsy (case #1).

Fig. 2

Stereomicroscope view of left parietal fracture margin (case #1).

Fig. 3 MicroCT views of left parietal fracture margins (case #1). A, C sagittal section, B, D coronal sections. Fracture has been considerably but incompletely remodeled. A bone defect persists at the center of the sample and the bone margins have a round shape with marked remodeling. These bone edges are corticalized. At distance from this hole, the fracture has partly healed and the continuity of the bone is restored by a proliferation of bone bridging the inferior cortical plates.

Confirms MicroCT findings and shows that numerous Haversian systems have developed in the bone bridge but the integrity of the bone height is not completely restored +2 years Table 1. Results of macroscopic examination, macroscopic estimation of time since injuries compared with microct / histological findings and microscopic estimation of time since injuries.

Fig. 4

 4 Fig. 4 Undecalcified bone sections stained with Goldner trichrome (A-B) showing fibrosis (red arrow) and woven bone (blue arrow) at the fracture margin (case #1). C) Undecalcified bone section stained with picro Sirius and viewed under polarization microscopy showing the presence of woven bone at the fracture margin (blue arrows). D) Undecalcified bone section stained with toluidine blue and viewed under polarization microscopy showing the presence of a dense zone rich in glycosaminoglycans (GAG) (red arrows) and woven bone (yellow arrow) at the fracture margin.

Fig. 5

 5 Fig. 5 Macroscopic view of the left nasal bone showing the presence of woven bone (red arrow) (fx01 case #2).

Fig. 6 A

 6 Fig. 6 A) Macroscopic view of the left internal aspect of the mandible showing the presence of woven bone (red arrows) and persistence of the fracture gap (green arrows) (fx02 case #2). B) Macroscopic view of the right internal aspect of the mandible showing the presence of woven bone (red arrows) and persistence of the fracture gap (green arrows).

Fig. 7 A

 7 Fig. 7 A-F) MicroCT views of mandible ramus sample showing the presence of woven bone (green arrows), the presence of vascular channels (red arrows) and dental canal (yellow arrow) (fx 02 case #2).

Fig. 8 A

 8 Fig.8A-D) MicroCT views of the nasal bone sample showing the presence of woven bone (green arrows) and vascular channels (red arrows) (fx01 case #2).

Fig. 9 A

 9 Fig.9A) Undecalcified bone sections stained with Goldner trichrome showing the limit between woven bone and lamellar bone (yellow arrows) on nasal sample (fx01 case #2). B) Same field analyzed by polarization microscopy. C-D) same aspect viewed after toluidine blue staining in bright field and polarization microscopy.

Fig. 10

 10 Fig. 10Macroscopic view of superior aspect of skull showing a fracture line on the frontal bone (red arrows) (fx01 case #3).

Fig. 11

 11 Fig. 11 Stereomicroscope view of fracture line on the frontal bone (fx01 case #3).

Fig. 12 MicroCT

 12 Fig. 12MicroCT 2S sections from the frontal bone showing the fracture line without any signs of healing (red arrows) (fx01 case #3).

Fig.

  Fig. Undecalcified bone section with toluidine blue surface staining showing the absence of healing signs at fracture line (fx01 case #3).

Fig. A blood

  Fig. A blood clot (yellow arrow) is observed in the fracture margin. Episcopic illumination.

Fig.

  Fig. Macroscopic view of left portion of lambdoid suture of the skull showing a fracture line with signs of healing (red arrows) (fx03 case #3).

Fig. A )

 A Fig. A) MicroCT view and B) undecalcified bone section of the fracture line showing remodeling margins (fx02 case #3).

Fig. A )

 A Fig. A) MicroCT view and B) undecalcified bone section of the fracture line showing remodeling margins and restoration of the inferior cortex (fx03 case #3).