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ABSTRACT

During a Disaster Victims ldentification (DVI) mission, international protocols rely on
interdisciplinary work, especially between specialists from forensic imaging and
anthropology. In case of air crashes or explosions, DVI units may face thousands of
fragmented human remains (FHRs). The physical re-association of FHRs and the
identification process is very complex and challenging, and relies upon expensive and
destructive DNA analysis. A virtual re-association (VRA) of these fragments, using
Multidetector Computed Tomography (MDCT), could be a helpful tool in forensic
anthropology analysis, as it could assist in reducing the number of DNA samples. However,

there is no standardized protocol for including such an approach into a DVI procedure.



The aim of this study was to summarize and analyze existing techniques through a systematic
review and to develop a protocol for virtual re-association of FHRs, adapted to the DVI

context.

A keyword-based literature search was conducted, focusing on the VRA methods using
MDCT imaging and 3D surface scan methodology. Reviews and primary articles, published
between 2005 and 2020 in the fields of forensic anthropology, paleoanthropology,
archaeology, and fracture reduction surgery were sorted out. A total of 45 publications were

selected and analyzed based on their content and relevance.

The results show that research on the re-association of FHRs increased significantly during
the last five years. Seven steps regarding the MDCT-based method for the virtual re-
association of FHRs could be identified: acquisition of 3D-images, segmentation of the
MDCT-data, post-processing and surface generation, identification of intact and fracture
surfaces, identification and registration of matching fragments, and validation of the re-

association.

The literature is surprisingly sparse regarding the FHRs re-association as a forensic tool, and
mainly consists in case reports, whereas validated methods were presented in archaeology and
surgery publications. However, we were able to adapt the MDCT-based approach for the
virtual re-association of the FHRs and propose an innovative protocol for DVI missions. This
protocol includes the needed details, from the acquisition of MDCT imaging to the virtual re-
association of 3D models and its validation. Each step has to be fully tested, adapted and

validated in future studies.

Keywords: Forensic anthropology / computed tomography / Fragmented Human Remains /

Re-association / 3D images
1. INTRODUCTION

Medical imaging technologies have revolutionized the fields of medical diagnosis, surgery,
but also forensic pathology, anthropology and archaeology [1]-[4]. Particularly in forensics,
they allow the observer to obtain a snapshot of a material (tissue, bone, etc.) that inevitably
degrades over time. Thus, second expertise, but also evidence consistency, are guaranteed
through these innovative technologies [5]-[8]. Many medical imaging techniques have been
adapted to the forensic field. The Multidetector Computed Tomography (MDCT) uses a



rotating X-ray source combined to several opposing detectors. to acquire the internal and
external morphology of a body. The attenuation coefficient of each tissue is analyzed through

specific algorithm to reconstruct sectional 2D images and combine them as a 3D volume.

Various technologies have also contributed to the development of imaging-based forensic
anthropology, or “virtual anthropology” (VA). One example is the forensic 3D surface
scanning (3DSS), which derived from the industrial field. It allows for the recording of the

external morphology, and depending on the device used, the texture and color of bones [8],

[9].

These imaging techniques have increasingly been used over the past decade [9]-[12].
Currently, several forensic institutes have access to a MDCT unit, either using hospital
equipment, or, more rarely, their own MDCT-scanner. [13], [14]. In Switzerland, every 7
forensic institutes can access at least external MDCT-scans, and the four academic have an in-

house device.

MDCT and 3DSS methods have been used for the determination of biological profile, the
identification of bone pathologies, recent or healed traumas, and the detection of prosthetic
materials (orthopedic, cardiovascular, and so on)[5], [7], [8], [11]. This data helps to reduce
the number of potential matches for the identification process, and leads to a comparative
identification through e.g. odontology, frontal sinuses comparison, or implants labeling [15],
[16].

The application of VA is therefore fundamental for situations when a high number of bodies
are to be identified, i.e. Disaster Victim Identification (DVI) missions. These are set up in
case of mass disaster, or the analysis of mass graves. Prior to any medicolegal examination, a

MDCT-scan is recommended by international DVI guidelines [17], [18].

Especially, in case of explosions, fire accidents, or aircrashes, the remains are fragmented or
altered. Forensic anthropology and imaging may be highly relevant for the analyses. E.g., the
2001 tragic terrorist attack of the World Trade Center is one of the most complex DVI
missions, due to the high number of victims (2 749) and to the heavy fragmentation degree
and commingling (over 20 000 FHRs recovered). Forensic anthropologists were highly
involved from recovery and triage to the identification process. These anthropological
analyses of the FHRs traditionally requires extensive handling [19], and sometimes a

maceration and cleaning process that can compromise DNA analysis [20]. In contrast, the use



of MDCT-scans allows a direct access to the bone structure with minimum handling [7], [19],
[21], [22]. The acquired data represents negligible physical space for storage and are easily
transferred [23]-[25].

Moreover, the physical re-association of complementary fragments is an indispensable process for the
identification, by reducing the number of samples to be taken for DNA analyses [19], [22], [26]-[28].
However, physical reconstruction may be very time-consuming, and may postpone subsequent
analyses for comparative identification purposes. It relies on reconstructive adhesive materials such as
glue, tape, or wax that can alter the bone tissue, are difficult to remove, and as such compromise later

reconstruction [22].

The digital reconstruction of the FHRs along with physical examination, however, could reduce
potential damage to the fragments. MDCT being currently included in the DVI process [17], [29],
[30], a virtual re-association (VRA) of digital FHRs would be of great help if implemented before the
classical identification protocol. It may also present some limitations, especially regarding the

difficulty to segment and reconstruct very small fragments and burnt remains.

This article is a synthesis of existing methods for 3D documentation of fragmented bones,
VRA and reconstruction of FHRs, from the fields of archaeology, orthopedic surgery, and
forensic anthropology. The aim of this research was to summarize existing techniques through
a systematic review and eventually to develop an appropriate protocol for the virtual re-

association of FHRs that is reliable, quick, and that can easily be applied in a DVI situation.
2. METHODS

Literature search of PubMed, Web of Science and Science Direct was conducted for the 2005
to 2020 period, using three sets of keywords: “fragments/ fragmentation/bone fracture”,
“3D/virtual”, “re-association/reassociation/reconstruction/reduction”, investigated in specific
fields: archaeology, forensic anthropology, forensic odontology, orthopedic surgery,
engineering and morphometric geometrics (Fig. 1 ; Tab.1).

Our review mainly focused on MDCT imaging for VRA of FHRs, though since surface
scanning is widely used in archaeology and 3D engineering, the methods for re-associating

fragments from surface scans were also considered.

Reviews and primary articles in English were selected and sorted out by relevance using the
browser’s algorithm (automatic selection, based on the decreasing occurrence of the

combined keywords). The 100 most relevant publications of each field (first articles sorted



out by the algorithm) were considered, resulting in a list of 647 publications. Duplicates were
deleted. Among the 224 remaining titles, 114 publications were excluded as they were mainly
focused on methods for facial reconstruction, missing parts completion, distortion correction,

surgical fixation, in situ surgical procedure, post-surgery healing, and 3D printing.

The remaining 110 publications were analyzed by title and abstract content, and 24
publications that correctly fitted with our subject (i.e. that specifically explained methods for
fragments re-association) were reviewed. 15 additional articles, referenced in the selected
publications, completed the list. From these 39 articles, 33 were primary [3], [4], [24], [25],
[31]-[55], [22], [56], [57] and 6 were reviews [2], [7], [11], [14], [58]-[60].

It appeared that the segmentation step itself required a short review (Tab. 1). A preliminary
research in the same databases with “segmentation” and “fragmented bone”/“fracture”

keywords resulted in 6 additional publications [61]-[66].

In total, 45 articles were analyzed for this review, with the aim to define the state-of-the art of
forensic anthropology methods for fragments re-association using MDCT-scan imaging.

3. RESULTS

During the past five years, the literature considering fragments re-association methods
through imaging processes considerably increased (Fig. 2). Publications regarding surgical
treatments have largely contributed to this specific field (Fig. 3).

From this review, most MDCT-based methods for fragments re-association describe seven
necessary steps [32], [37], [48], [63]:

1) Acquisition of 3D -images

2) Segmentation of the MDCT-data in order to generate discrete closed surfaces

3) Post-processing and surface generation

4) ldentification of intact surfaces and fracture surfaces (optional step, depending of the
chosen re-association method)

5) Identification of matching fragments

6) Registration of matching fragments

7) Validation of the re-association



3.1. ACQUISITION OF MDCT-IMAGES

Our review shows that MDCT is an important tool for the virtual re-association of fragmented

human remains (Fig. 4).

Many articles insist that the used acquisition parameters are a crucial factor for the quality of
the reconstruction of the digital 3D-model. Published research by Grabherr et al. (2009) and
Uldin (2016) have shown their importance for the accuracy of the measurements and

anthropological observations on the obtained digital models [5], [7].

A total of 26 articles presented methods based on MDCT data [2]-[4], [7], [14], [25], [32]-
[40], [43], [44], [46], [48]-[50], [52]-[54], [67]. Among them, 15 publications described, at
least partially, their acquisition protocol [3], [7], [25], [32], [33], [35], [40]-[44], [48], [50],
[52], [67], and only 3 provided their full protocol [7], [35], [44]. Based on the published data,
the following range of parameters and device specifications is used for the MDCT acquisition

and virtual reconstruction of non-fossilized skeletal remains:

- 64 detector rows [35], [61]

- Slice thickness: 0.2 mm [32], [55], 0.33 mm [25], 0.5 mm [32], 0.625 mm [40], [67],
[67] 0.9 mm [35], 1.0 mm [39], [40], [44], [50], [62], [66], 1.4mm [62], 1.5 mm [3],
[52], 2.0 mm [66]

- Spacing between overlapping slices: 0.3 mm to 0.5 mm [32], [35], [61], 0.625 mm
[48], [48], 1.0mm [44]

Only one study conducted a review of acquisition parameters in a biological profile evaluation
purpose, and proposed a full protocol [7], that fits within the range of published parameters
and device specificities used for skeletal analysis and fragments reconstruction reviewed

herein:

- 64 detector rows (as opposed to 8 detector rows)
- Voltage 100 kV

- Amperage 120mA

- Speed 1 sec/rotation

- Slice thickness 0.625 mm

- Spacing 0.3 0or 0.6 m



By increasing the number of detector rows, and choosing thin slices and wider overlapping,
the accuracy of the acquisition is enhanced. Such parameters, however, can also create
imaging noise and, by increasing the weight of the data and the number of the slides, the
reconstruction time may be considerably lengthened. The number of fragments to scan at once
have to be taken into account in order to decrease the data weight.

Considering 3DSS, a total of 12 publications focused on it for VRA of fragments [14], [22],
[24], [31], [33], [41], [45], [51], [55]-[57], [67]. Unlike the MDCT-scan that constitutes the
first step of the DVI post-mortem examination, 3DSS is too time-consuming for a DVI
context, and we did not investigate the parameters used for the acquisition with those

scanners.

3.2. SEGMENTATION OF THE CT-DATA IN ORDER TO GENERATE
DISCRETE CLOSED SURFACES

While the surface scan images are directly converted into surface format, MDCT-scan data
have to be segmented, in order to obtain discrete surfaces from the radiography slices [2].

The first segmentation step is the individualization of each bone fragment from the CT-data if
several fragments were scanned within one acquisition. The accuracy of the segmentation is a
crucial factor for the success of the final 3D reconstruction [2], [31], [37], [63]. Indeed, over-
or under segmentation may impede jigsaw-puzzle solutions, and the separation of fragments

that share a contact (touching fragments) may represent a specific issue.
Different segmentation methods have been used in the literature (Fig. 5):
Manual segmentation

Manual segmentation only concerned 4 publications of our review. This process consists in a

2D, slice-by-slice, selection of bone fragments pixels [3], [4], [43], [50].
Automatic thresholding

Each tissue presents a specific attenuation of the incident X-ray, or radiodensity in Hounsfield
Units (HU), that is specific to its composition and density, which is visually computed into
pixels with a specific grey level. Using an automatic thresholding algorithm only discards

pixels out of a defined interval of radiodensity (HU), thus segmenting only bone tissue [3].



While widely used - by 14 publications among 39 in our review (Tabl. 1) - simple automatic
thresholding does not consider the variation of bone density (diaphysis to epiphysis, for
example). Near the joints, cortical bone gets thinner and may even disappear. In this area, it
can have an intensity similar to the surrounding soft tissues, resulting in an over or under-
segmentation [63]. To solve this problem, Rathnayaka et al. (2011) proposes a multi-
thresholding segmentation of the cortical bone, with thresholds adapted to anatomical regions
[61]. According to its authors, this method allows for quick, accurate, and reproducible
reconstructions, but it requires knowledge of which anatomical regions are analysed.
Furthermore, this process cannot separate touching fragments. Multilevel thresholding method
is used in 4 publications in our review, either as principal technique or as part of the
segmentation protocol [46], [49], [52], [61].

Automatic region growing techniques (ARG)

ARG is applied in 5 publications of our review [4], [44], [50], [65], [66]. Also based on the
CT-intensity mapping of each voxel, the algorithm considers contiguous pixels with a HU
values in a defined CT-intensity interval as belonging to the same surface. This method is
fully automated, and does not depend on the anatomical location of the fragment. However,

for now, touching fragments cannot be automatically separated using ARG technique only.
Automatic placing seeds (APS) methods

All the segmentation methods mentioned above share the same limit in distinguishing
touching fragments, especially for comminuted fractures. In addition, due to MDCT image
resolution, close fragments can appear as joined and an operator-conducted post-segmentation
step is therefore necessary to separate them. APS algorithms represent a solution for splitting
these fragments. From 2011 to 2020, 7 publications of our review used APS methods for
segmentation, all of them from the orthopedic surgery field [46], [48], [49], [52], [62]-[64].

Following Huang in 2011, Paulano proposed in 2014 an approach that, according to its
authors, labels and separates fragments during segmentation [62], [63]. This method consists
in manually placing a virtual seed in known distinct fragments, and applying simultaneous
region growing algorithm. This algorithm considers homogeneous pixels -contiguous pixels
with small differences in their intensity values (HU) - as belonging to a unique fragment. It

therefore allows for splitting, and labeling fragments in contact with one another.



A following study from Nysjo [64] added a preliminary volume rendering technique to the
placing seeds methods, so the operator can draw seeds directly on the surface of the 3D

model.

More recently, an innovative method from Irwansyah [46], [49] combined in a single software
(Physiguide®) a multi-level thresholding in order to automatically select seeds, and in a
second step the placing seeds technique. This method has the advantage of being almost fully
automated, and appears to successfully separate contiguous touching fragments while labeling

them.

APS has been recently used for the segmentation of paranasal sinuses in a forensic

identification objective [68].
3.3. POST-PROCESSING AND SURFACE GENERATION

In order to work on the 3D volume reconstructions from 2D images, the initial 2D Digital
Imaging and Communication in Medicine (DICOM) files are converted into Surface
Tessellation Language (STL, or Stereolithography) files [2], [14], [69].

The surfaces (triangular meshes or points clouds) may present errors, such as holes, pikes, or
breaks. For a forensic purpose, and especially for geometric morphometry-based fragments
re-association, the original surface should not be modified as corrections might alter the next
steps of matching and registration. An extremely accurate data acquisition is preferable.
However, in case of radiological artifacts, numerous 3D softwares offers options such to fix

holes and remove breaks.

Specific softwares are commonly used for segmentation, 3D volume rendering and post-
processing. It may be necessary to use complementary softwares for further surface
modification, registration (3D superimposition of two surfaces based on their similarities by

minimizing the distance between their points clouds) and comparison (Tab. 2).
3.4. IDENTIFICATION OF INTACT SURFACES AND FRACTURE SURFACES

The identification of fracture surfaces reduces the areas to compare. Thus, the calculation for
automatic matching and registration is simplified. It is especially useful in cases of multi-

fragmentation, meaning that each facet of a fragment can be complemented by several partial



fractured surfaces. Our review exposes different methods for identifying the limits of fracture
surfaces (Tab. 3):

CT-intensity based methods:

During the segmentation, semi-automatic methods from Willis (2007) and Zhou (2009) [32],
[37] synthesize the CT-intensity (Hounsfield units) of each pixel as a histogram, that is
splitted in two interfitting gaussian curves by the mixed gaussian method : the trabecular bone
(TB) constitutes the curve of lower value and the cortical bone (CB) constitutes the higher
intensities curve, and appropriate statistical thresholds are calculated for TB and CB. This
method identifies the fractured surface as exposed TB, either by simple thresholding [32],
[37] or through the placing seeds method [63].

Post-segmentation methods:

After the segmentation and reconstruction of the fragment surface, the identification of the
fracture surface can be done by a visual evaluation of the 3D model [34], [36], [52]. Although
quick, the reliability of the representation of the fracture outlines is uncertain.

Other automatic methods are based on roughness analysis, first points in contact methods,

automatic outlining of the fracture through curvature analysis, etc.

In 2017, Mahfouz et al. presented a roughness-based technique for identifying fractured
surfaces of fragmented crania, innominates, humeri and femurs. Roughness criteria is
quantified by the amplitude of the deviation of the normal vectors at each point of a surface. It
represents the variation in the height of micropeaks and valleys. The roughness of the external
surface of an intact bone template was calculated and converted into a histogram with two
components (gaussian curves): smooth and rough. When fractured, the roughness histogram
presents a third high roughness component corresponding to the fracture surface. They
showed that this method allows for isolating fractured surfaces that present roughness values
similar to this third curve [67].

Considering that the fracture generates surface irregularities and exposes irregular trabecular
bone, the fractured surfaces consists of the points with a high degree of roughness [31] or
curvature [50]. While these methods are fully automated, according to the authors, some
bones may present complex anatomical features that can be wrongly interpreted as fracture

surfaces.



From a different point of view, Paulano-Godino and Jiménez-Delgado built a method
considering that the fracture surface of a fragment consists in the “first points in contact” with
the complementary surface [48]. This semi-automatic method manually sets fragments in a
roughly appropriate relative position. Each fragment was contained in a virtual 3D frame, or
bounding box. Both frames were displaced closer to each other following a virtual line
between their respective centroids, until the two point clouds were in contact. The boxes were
subdivided in 3D grids composed of voxels. The first voxels of each grid presenting at least
one point from both surfaces were considered as belonging to a fracture surface. In this
method, fracture surface edges depended of the considered pair of fragments. Consequently,
each fragment was compared to every others to select the largest fracture (see section 5). This
method quickly led to the final registration (see section 6). However, even if these steps were
quickly achieved (less than 2 seconds by fracture surface merging) in case of high
fragmentation degree, it would have to be repeated numerous times to obtain the matching

corresponding surfaces, which might be too time-consuming.
3.5. IDENTIFICATION OF MATCHING FRAGMENTS

Several authors highlighted that a challenging aspect of fragments re-association in case of
high fragmentation is the pairwise matching complexity [34], [48], [50]: one fragment has to
be compared to multiple others, each of them presenting several fracture surfaces. This
problem is frequently encountered by archaeologists when commingled ceramic fragments are
to be reconstructed. According to a recent review of computer-aided methods for
archaeological ceramics reconstruction [60], a two-step procedure is commonly used : first, a
preliminary classification step that reduces the number of possible matches, then a local or
global shape-based matching of the fracture surfaces can be applied. In surgery planning as

for anthropological cases, same matching methods are used.

The identification of complementary fractured surfaces can be visually processed [4], [46],
[49], [52]; nonetheless, in case of complex fragmentation, this combinatory problem of
pairwise matching can require an automatic method. Orthopedic surgery frequently
encounters this situation and different virtual methods have been built to allow rapid and
reliable preoperative fracture reduction planning [2], [48](Tab. 4).



Operator-directed matching:

Twenty studies rely on an operator directed matching [3], [4], [22], [24], [25], [32], [33],
[37]-[40], [42], [43], [49], [52]-[57]. This method relies on the operator’s knowledge in
osteology and on the visual comparison of the fragments morphology. It is quick and simple
for non-mixed fragmented bones from a single individual, though subjective.

Automatic pairwise matching:

Template-guided re-association methods are based on the matching of a fragment with the

intact surface of an anatomical model, or template.

Anatomical landmarks can be used for locating a fragment onto an individual or statistical
template (average bone morphology calculated from a sample of intact bones). This method
requires previously identified fragments and sufficient landmarks on them, which may be

lacking with small size fragments [39], [40], [54].

Another criterion for this template-guided re-association is the comparison of roughness and
curvature features with intact templates. This method requires a pre-calculation of roughness
or curvature values of a statistical template and the identification of anatomical features:
different algorithms have been developed in digital engineering for archaeological purpose,
such as Geodesic Disk spectrum and Heat Kernel signature [41]. Features mappings of the
intact surface of the fragment are then compared to different bone type templates and placed
onto the corresponding one [41], [45], [51], [67]. At this step, this method does not aim to fit a
fragment with another, but rather to allocate each fragment to a probable position on the
template, so that likely associations are quickly highlighted. The authors put forward the
advantage of this method in case of missing fragments, when re-association can be done at
least as an orientation tool for individualization. They nevertheless expose the main limit of
this method, that requires previous statistical templates, therefore, an extended database of
intact bone MDCT-scans. It is still unclear if the population and sex categorization of the
template may have an impact on the efficiency of the method, nor if commingling situations

can be solved without an operator-directed intervention.

Fragment-to-fragment re-association methods are based on the consistency between two
fragments. They can consider the shape similarities of intact surfaces (surface extrapolation)

or the complementarity of the fractured surfaces (roughness pattern, etc.).



The global shape of the fragment is a first criterion for fragment-to-fragment re-association
[42], [44]. In one study published by Kikuchi and Ogihara [42], a morphometric geometrics
algorithm calculates the global curvature of the fragment, and converts it into a Bezier curve
(the mathematical transcription of a smooth curve, defined by the position of four or more
control points in vector graphics). An intact surface extrapolation algorithm then predicts the
curvature of the complementary fragments. Fragments with interpolating curves are
considered as matching fragments and will be registered for a better fitting of their curves.
The authors put forward the limitations of this technique: intact surface extrapolation seems
appropriate for large fragments that can present Bezier curves specific enough to be
compatible with few complementary fragments. It however requires an operator-induced
matching in case of high fragmentation: For small fragments, this method may result in false
positive matches, and more investigation is needed on the implementation of this methods for
high fragmentation degrees.

The first points in contact method can be used for fragment-to-fragment re-association [37],
[48] (see section 4). Both surfaces with the maximum number of voxels of contact are
considered as best matches. As already mentioned, this method needs to test each fractured
surface, with every other available surfaces and, according to its author, is limited by the

number of fragments.

Winckelbach developed another method using surface-in-contact for pairwise matching [34].
For each point of the fracture surface the normale (the vector that is strictly perpendicular to
the surface) was calculated, then aligned with corresponding normales of a possible matching
surface. This represents the first registration step, which was then conducted for each
complementary surface. The global surface-in-contact was calculated. By reducing the
surfaces to smaller subsets, the optimal relative position of the fragments was iteratively
calculated. According to the authors, this method requires 1 to 9 seconds for a surface

comparison.

The last criterion for fragment-to-fragment pairwise matching of fractured surfaces is their
local shape, through the surface roughness mapping. Huang considered the patterns of high
roughness on the fragmented surface as feature clusters [31]. Patches of feature clusters are
then targeted and multi-fragment automatic registrations are performed, based on these

clusters as landmarks. Interpenetrating fragments are eliminated, and non-interpenetrating



surfaces are considered as matching surfaces. This method quickly highlights mismatches,

and anticipate the last step of fine registration of the fragments.
3.6. REGISTRATION OF MATCHING FRAGMENTS

Once the matching fragments have been selected, it is necessary to bring them together in
order to minimize the space between their fractured surfaces, and to finally merge them into a
restored piece (Tab. 5). As the surfaces are partially similar, the choice of the reference and
moving models may influence the result [68]. The registration step can be manually done in a
virtual environment, or by adjusting selected opposite landmarks, or features of the fracture
surface, or by adjusting intact touching surfaces with each other or onto a statistical template.
The final registration of different fragments can then be automatically performed with specific

algorithms (mainly, iterative closest point, or ICP).
Operator-directed merging:

Operator-directed merging in a desktop environment [22], [24], [53] consists in the manual
alignment of the fractured surfaces in a desktop environment and requires minimum material.

As such, it can be easily employed in any situation, including DVI missions.

This method is directly derived from the physical reconstruction, and the previous choice of
matching fragment is, classically, operator-directed. According to the referenced authors, the
manual registration is more accurate and reliable than the physical reconstruction, mainly
because of the lack of gravity and the possibility to carry out several tries before choosing the

best alignment.

Virtual reality can be a complementary tool for operator-directed reconstruction [11], [25],
[47]. Although the technology of VR headsets makes them more comfortable, high
fragmentation cases would imply a long-lasting use that may visually and physically fatigue
the operator. It is worth noting that haptic technology, which allows for a tactile response
when “touching” a virtual object, seems to enhance the quality of the reconstruction,

compared to manual or desktop reconstruction [33], [38].

Finally, thanks to the recent technological advances of 3D printers, fragment models can be
physically replicated as shown by Collings et al. and Johnson et al, 2019 [55], [56]. They
showed a manual merging of such replicate allowing the physical reconstruction of



compromised fragments. However, in these studies the fragments were known to belong to

one individual only.
Semi-automatic registration:

A virtual merging of the 3D reconstruction of the fragments can be performed with a minimal
intervention of the operator by either using a global shape or a local shape of the fragments.

The global shape of the fragments was used by Kikuchi and Ogihara, who extended the
surface extrapolation technique to set the complementary fragments in the appropriate relative

position so that their Bezier curves fit at best [42].

The local shape has also been used, initially by Huang, 2006[31]. This work was then
resumed by Yu 2012, Du 2016 and Yin 2018. Previous roughness analysis had highlighted
feature clusters on the fracture surface, which were used to register complementary fragments
[41], [45], [51].

These methods allowed a first rough registration that further needs to be refined. Automatic
fine registration algorithms are frequently employed during a second stage [31], [32], [37],
[45], [46], [51], [56], [67].

Automatic registration:

In 2017, Paulano et al performed fragments registration by using the first points in contact as
landmarks. The relative position of each surface was then automatically refined [48].

The main algorithms used for fine registration of complementary surfaces are ICP (Iterative
Closest Point) and LSTE (Least Square Transformation Error): these calculations get the
surface in appropriate relative position so that the component points are globally as close as
possible [2], [24], [37], [48], [67].This method can possibly be weighted by a CT intensity
coefficient (based on Hounsfield unit) favoring the iterative registration of cortical bone
points [32].

3.7. VALIDATION OF THE RE-ASSOCIATION

Once every matching fragment chosen and registered, the fragmented bone can be
reconstructed. The efficiency of the reconstruction method is evaluated by comparison with

an intact model, a template, or a physical reconstruction. Different criteria can be used. While



a visual evaluation can be done, a quantitative method is more accurate and less subjective.
Thus, mesh-to-mesh distance, landmarks superimposition or metric dimensions constitute

better criteria.

Comparison with physical reconstruction (using wax, glue, etc.) is mostly employed in order
to evaluate the expected advantages of a virtual reconstruction (enhancing of reproducibility
and repeatability, speed, etc.) versus physical reconstruction, rather than evaluating the

accuracy of the virtual reconstruction itself [24].

In order to assess the accuracy of the reconstruction and thus to validate the re-association
method, the ideal process is to compare the reconstructed model with the model of the intact

bone before its fragmentation [25].

However, in a real case scenario this so-called intact model is missing. Therefore, a statistical
template, constructed from a CT database of intact bones, can be calculated as mentioned in
the paper of Mahfouz [67]. This process requires a sufficient database of different bone types,
if possible, scanned with the same method, parameters and devices. The average morphology
is considered as a reliable template for comparisons, but the influence of sex and ancestry,

however, remains unclear.

Without any previous intact model nor adequate available database, individual templates have
been previously used [22], [35], [44], [57]. These studies compared the reconstruction to an
intact model from an individual with a similar biological profile. This method requires
rigorous evaluation of the biological profile, and is contested for individual identification

purposes.

The consistency of the reconstruction and regularity of the merging surfaces can be roughly
evaluated by visual means. Although this procedure is subjective, it can be a first step for a
quick exclusion of false matches [31], [41], [50]. Printed 3D model re-association could be an
additional method for an operator-directed physical fit analysis [55].

A more reliable criterion for validation is mesh-to-mesh comparison. Automatic algorithms
such as TPS (Thin Plate Spline) or ICP (lterative Closest Point) evaluate the distance from
each point of the reference model (intact model at best) to the virtual reconstruction surface.
The TPS algorithm places both surfaces in a position that minimizes the distance between

them, then calculates the necessary energy for deforming the questioned surface so that it fits



perfectly with the reference one, while the ICP algorithm calculate the point-to-point distance
from a surface to the other. The result can be expressed as cumulative energy for TPS or
mean/median distance for ICP. A colored map of the differences between the models can be
edited, in order to show the location of inaccuracies or to illustrate the correct fitting of both

surfaces [44].
4. DISCUSSION

Throughout this review, it appeared that the literature considering the virtual methods for
FHRs re-association in forensics is surprisingly sparse, and mainly consists in case reports.
Few studies proposed a validated protocol, testing the inter- and intra-operator variability

[24], [25] or the rate of correct automatic matching [45].

In contrast, other fields such as archaeology and or surgery already explored the perspectives
of computer-aided (human or non-human) re-association of fragments, and their advances

could greatly benefit forensic anthropology.

This review summarizes the existing methods for FHRs re-association methods in forensics,
anthropology, archaeology, orthopedic surgery, and within various engineering specialties, in
order to highlight their respective advantages and drawbacks. The objective is to identify
appropriate methods for a DVI situation when clear protocols have to be proposed to
specialized units at an international level. MDCT imaging has proven to be a crucial tool in
DVI missions [70] and its use for the virtual re-association of fragments would represent a

valuable complement for enhancing the efficiency and quality of the remains identification.

Therefore, the re-association protocol has to be quick, easy-to-apply, and cost-efficient. Most
important, it needs to yield reliable results in order to enhance the victim identification

process.

Thanks to the careful review of the literature, an innovative protocol is proposed, which aims
to optimize MDCT-scan parameters and segmentation steps, and to move forward towards a

maximal automating of pairwise matching and registration in the future.



4.1. Acquisition of 3D —images:

Considering the MDCT unit, the number of detector rows is an important factor for a high-
quality reconstruction: according to our review, a 64-detectors row is an appropriate device,

and is currently a common one in forensic and medical imaging departments.

Most of the methods for virtual anthropology use submillimetric slice thickness. Based on her
review, Uldin proposed a 0.625 mm slice thickness [7], however, this setting results in a time-
consuming reconstruction that can slow down the entire process of victim identification.
Moreover, this parameter is proposed in only 2 publications of our review on FHRs virtual re-

association.

Images of millimetric slice thickness are quicker to acquire, and their association with a small
spacing allows for precise reconstruction. It is used by 8 papers (3, 39, 40, 44, 50, 52, 62, 66)
for FHRs reconstruction among the 15 providing their MDCT parameters. An alternative
parameter would be to use thicker slices (1.25 mm) with a small interval (0.8 mm).

Both parameters (0.625mm and 1.25 mm) should be tested with the following protocol for
fragmented remains reconstruction in order to obtain the right balance between speed and

precision of the acquisition phase.

Considering the surface scan acquisition, it has to be separately performed for each fragment,
on a cleaned bone. In our opinion, it is too time-consuming, and therefore not appropriate for

a DVI context, that necessits a quick acquisition of numerous fragments.
4.2. Segmentation of the MDCT-data in order to generate discrete closed surfaces:

From a qualitative point of view, the segmentation step is the bottleneck of the entire protocol.
It should be fully automated and as precise as possible. Manual segmentation of numerous
fragments is time-consuming, and can be excluded for the identification of mass disaster
victims. Automatic simple thresholding can lead to over or under-segmentation of the
fragments, especially in case of touching fragments that cannot be automatically

distinguished.

Automatic multi-level thresholding provides better quality for fragment segmentation, but
requires a preliminary triage of the fragments that visually distinguishes flat, short and long
bones, and epiphysis from diaphysis. The region growing method provides more automated



steps, but once more, cannot separate the fragments in contact with each other. An operator
intervention is therefore needed. For this reason, the placing seeds method seems to be the
most appropriate approach, considering its perspectives of automatic segmentation and

touching fragments labeling and splitting.
4.3. Post-processing and surface generation:

In order to optimize the time of surface mesh reconstruction, many softwares can be used.
Some licenses provide modules for both segmentation, conversion in surface mesh or point
cloud format, and 3D treatment (e.g. Materialise®, Amira®, Geomagic®). Switching from
one module to the other represents a gain of time, but the license itself may be expensive.

Home-built software may allow the same operations (e.g. Fragmento®, Physiguide®, or

VIRTOPS®) and its application for forensic purposes would be interesting.

Freewares for segmentation (e.g. Fiji®, ITK-Snap®, Sliceviewer®) and for 3D modeling (e.g.
Blender®, Cloudcompare®, Gomlnspect®, Meshlab®) seems to be the best choice for a DVI
application, as they are charge-free and easily available to every forensic unit. While the
segmentation options may be limited, many of these softwares benefit from continuous

collaborative research and development program.

4.4. Identification of intact surfaces and fracture surfaces (optional step, depending

of the chosen re-association method):

The identification of fracture surfaces needs to be quick and reliable. Operator-directed
methods for fracture selection (slice by slice or onto the 3D model) can be very time-
consuming. CT-intensity thresholding methods are quicker, but result in an underestimation of
the fracture surfaces (these methods consider the exposed surface of trabecular bone as a
fracture surface). The thresholding technique implies a previous calibration of the MDCT-
scan, though in DVI context, the imaging devices might differ in type and parameters for each
mission. Additionally, the bone density shows an inter-individual variation.

Roughness-based methods seem to be more suitable: roughness analysis of intact surfaces
distinguishes fractured and intact surfaces by comparison with roughness values of intact
bones (46). This method has the advantage of being fully automated, however, it requires a
large database of intact bone models. Finally, the edge curvature and roughness analysis



methods seem to be promising approaches for identifying sharp fracture edges. Moreover, the

roughness method can also be used for further steps of the protocol later on.
4.5. Identification of matching fragments:

Operator-directed matching and first points in contact methods are too time-consuming in
cases of high degree of fragmentation and commingling.

The surface-in-contact method is quicker (1 to 9 seconds per comparison) but while it is of
interest to medical purpose, it would remain too time-consuming when dealing with thousands

of multi-surfaces comparison.

Methods using surface extrapolation are quick, but would be difficult to implement onto small

fragments, and flat or serial bones.

Roughness analysis of intact surfaces [67] has the advantage of identifying the bone element
of the fragment. However, it has to be compared to a sex and population specific template,
whereas in a DVI context, the sex and origin of the victims are frequently unknown. Thus,
this method requires the previous setting of a 3D model database with homogenous ages and
sex categorization. Although the method used by Mahfouz et al. (2017) seems to be currently

inapplicable in a DVI context, it could be promising in the future.

Finally, the roughness analysis of fracture surfaces appears to be a rapid and easy method for
pairwise matching. Based on clusters of features, this approach can also lead to a basic

registration considering the complementary features as landmarks [31], [50].

None of the previously mentioned methods can be directly applied in a high fragmentation
and numerous victims context. In order to restrain the potential matches, the use of different
matrix - one for each bone type as planned for the segmentation step- can be considered. Each
matrix contains “dormant” (possibly matching fragments) and “active sets” (reference

fragments).

Thus, for the method applied by Huang et al. (2006) using fractured surface roughness
analysis, a two-steps protocol is set up. First, fragments with the highest number of clusters,
representing an active set of reference model, are reconstructed and merged (active sets):

preliminary reconstruction by fragments merging would already eliminate important surfaces



and therefore reduce the possibilities for placing small fragments. Secondly, the “small

fragments” with fewer clusters are compared to the reconstructed one.

The choice of the fragments to re-associate can be validated, as in the article presented by
Huang [31], by performing a constraint free registration (i.e. allowing interpenetration of the
surfaces), using the roughness features as landmarks. Non-interpenetrating fragments would

be considered as matching fragments.

While this roughness-based method is promising, it may still present limitations in a scenario
of high fragmentation / numerous victims. Before the re-association protocol, some strategies
must be applied to identify the best fragments as references (and later comparing them with
the other fragments) and to reduce the number of fragments to be re-associated (e.g. applying
a minimal size as exclusion factor). The choice of fragments to re-associate may be also
weighted by an on-site distance factor. This would imply to register the precise position of
every fragments during their recovery.

More studies are needed on this point unless advanced technologies (e.g. artificial intelligence

and more specifically machine learning) may enhance the identification of matching clusters.
4.6. Registration of matching fragments:

The final registration of matching surfaces leads to the reconstruction of fragmented models.
The operator-directed methods of reconstruction in a virtual environment offers more reliable
results than physical reconstruction [24] but they are still far too time-consuming for a DVI
situation. Considering the surface extrapolation method for registration, its application on flat
and serial bones (vertebra, ribs, etc.) can be hazardous. As for the matching, the first-point-in-

contact method for the fragments registration is time-consuming.

Finally, the roughness analysis can lead to a first registration by the use of features as
landmarks, with a final ICP method. This fine registration technique is used with most of the
semi-automatic and automatic methods. The influence of the reference and moving surface

choice would however to be investigated.



4.7. Validation of the re-association:

Mesh-to-mesh distance with the intact bone, or to intact statistical template (preferably to
individual template) is an easy and validated method to evaluate if two fragments sufficiently

fit to consider them as belonging to a single bone.

Most of the methods for fragments re-association are published as case reports without
reproducibility studies. There is therefore a clear need for a validated protocols that can be
applied in extreme situations (such as mass disaster missions) and brings a benefit when
compared to manual pairwise matching and reconstruction. In consequence, intra-operator
and inter-operator variability of the tested method should be evaluated, as well as the time

needed for the complete protocol.

In the upcoming research, the percentage of reconstructed bone, the time needed and the
sensibility/sensitivity of the chosen VRA methods constitute variables to consider and should
be compared to physical methods, in order to evaluate the global operational efficiency of the
built protocol.

Taphonomic processes, such as heat alteration, or plastic deformation of the bone may also
represent crucial limits for the VRA method and their influence on its efficiency have to be
evaluated [70]

5. CONCLUSION

In a DVI context, the virtual re-association of FHRs from the CT imaging would possibly
make the identification process more efficient, by re-assembling the fragments from one
individual before any physical examination and without any additional handling of the

remains.

This review paper shows the state-of-the-art concerning different techniques for digitalizing
fragmented bones and virtually re-assembling them. Approaches were tested in the field of
forensic and paleoanthropology, but also from surgery planning, archaeology and
morphometric geometrics. All of these specialties show an increasing interest for the virtual

re-association of fragments:



Through the review of the considered published works and the evaluation of the applicability
of the referenced methods for a DVI context, the following protocol for virtual re-association

of FHRs is proposed:

1) Acquisition of the radiological image through the MDCT-scan, with a 64 detector
rows device, and a slice thickness of 0.625mm / spacing 0.3mm or 1.25/0.8mm

2) Segmentation of the CT-data in order to generate discrete closed surfaces through the
placing seeds methods

3) Post-processing and surface generation, using freewares allowing roughness analysis

4) ldentification of intact surfaces and fracture surfaces by roughness analysis (optional
step)

5) ldentification of matching surfaces by roughness analysis

6) Registration of matching fragments, using roughness features as landmarks and
refined by ICP

7) Validation of the registration by mesh-to-mesh comparison with the formerly scanned

intact bone

Before being practically integrated to current guidelines, this protocol would have to be fully
evaluated for its inter- and intra-operator variability, for sensibility/sensitivity, and for
possible limitations due to heat alteration, plastic deformation of the bones, and size and
number of the FHRs. Some methodological aspects such as the choice of the reference surface
for the registration, and the perspective of a distance-weighted identification of matching

fragments still need to be investigated.

The use of more advanced techniques, such as machine learning for the identification of
fracture surfaces and for the matching step would considerably enhance the efficiency of the

process.

Finally, this protocol of virtual re-association of FHRs may provide more extensive

applications, not only for forensic purposes, but also in the archaeological and surgical fields.
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Figure 2. Quantitative evolution of fragments VRA publications from 2005 to 2020 (N=39)
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Figure 4. Data acquisition sources for fragments in the reviewed publications (N=39). Some

re-association protocols used both MDCT-scan and Surface scan
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Figure 5. Segmentation methods for CT-scanned fragments in the reviewed publications
(N=45). Some segmentation protocols require the association of different methods (e.g.
thresholding and placing seeds or region growing techniques; multilevel thresholding and
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Table 2. Softwares for segmentation and modeling of FHR surfaces

REFERENCES
SOFTWARES
SEGMENTATION 3D MODELING
Amira 24, 25, 35, 38, 39, 40, 44, 61 24, 38, 44, 55, 61, 65
ArtiSynth 4
Blender 25
Cloudcompare 25
Fiji 55
Fragmento 67 67
Freeform Modeling 33
Geomagic 2, 22,55, 56, 57
Gomlnspect 24
ITK-Snap 4,43
Landmarks 2
MatLab 32,43, 61 50
Maya 2
Meshlab 2
Materialise (Mimics and 3
3Matics)
Physiguide 48, 49, 52, 53 52
Polyworks 40

Rapidform XR 40, 54



ScanStudio 24

Spiers 2
Sliceviewer 33

VGStudio 2
Virtops 3

Table 3. Descriptive processes for identifying the fracture surfaces

METHODS REFERENCES
CT-INTENSITY THRESHOLDING 32,37,61
BASED METHODS
PLACING SEEDS 63
REGION GROWING 32.65
POST- OPERATOR-DIRECTED METHODS 34, 36, 40, 52
SEGMENTATION
METHODS ROUGHNESS / Template 67
CURVATURE
ANALYSIS Intrinseque 31,50
roughness
FIRST POINT IN CONTACT METHODS 48

Table 4. Descriptive processes for pairwise matching of complementary fragments

METHODS REFERENCES

OPERATOR-DIRECTED METHODS 3,4,22, 24,25, 32,
33, 37, 38, 39, 40,
42,43, 46, 47, 49,

52, 53, 56, 57
AUTOMATED GLOBAL SHAPE Fragment-to- 42,44
METHODS fragment
VECTORIAL REGISTRATION / FIRST 34,63

POINTS IN CONTACT




GEOMETRIC MORPHOMETRICS PUZZLE 36
SOLVING
ROUGHNESS / Template 45, 51, 67
CURVATURE
ANALYSIS Fragment-to- 31, 41, 50, 52
fragment
Table 5. Descriptive processes for the registration of matching fragments
METHODS REFERENCE
OPERATOR- PHYSICAL (printed model) 56
DIRECTED

VIRTUAL Des_ktop 3,4, 22,24, 53, 56,
environment
Virtual reality 25, 47
Haptics 33, 38, 43
SEMI-AUTOMATIC GLOBAL SHAPE 42,44
ROUGHNESS / 31, 41, 67

CURVATURE ANALYSIS

LANDMARKS

22, 36, 39, 40, 41,
48, 49, 50, 52, 54,
57, 56

AUTOMATIC

VECTORIAL REGISTRATION / FIRST
POINT IN CONTACT

48, 64

FINE REGISTRATION
(ICP/LSTE)

2,24,32, 37, 45, 46,
51, 67
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HIGHLIGHTS:

e MDCT and physical re-association of fragmented human remains by forensic
anthropologists are integrated in the DVI (Disaster Victims Identification)
guidelines

e A protocol for virtual re-association of fragmented human remains (FHRS)
would be highly beneficial in a DVI context

¢ Virtual methods for the re-association of fragmented bones or objects have
been developed in the field of forensic anthropology, paleoanthropology,
archaeology or medical planning of fractures reduction

e A critical review of existing methods for virtual re-association of fragmented
bones or objects is performed

e Guidelines concerning FHRs re-association, using MDCT-imaging are

provided for DVI protocol integration





