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1 | INTRODUCTION

The application of radiological methods to bioarchaeology is contem-
porary with the birth of palaeopathology, as a new scientific term.
Only 3 years after Shufeldt's note coining this term (Shufeldt, 1893)
and a few months after the description of this new electromagnetic
radiation by the German physicist Wilhem Rontgen (Thomson, 1896),
the first radiographs of Egyptian mummies were performed at the
Vienna Museum of Natural History (Dedekind, 1896) and at the Sen-
ckenberg Museum in Frankfurt (Kénig, 1896), concomitantly with the

bones.

Three-dimensional (3D) imaging is now extensively used for studying ancient human

This method has been consensually adopted by

palaeoanthropologists, but its interest in palaeopathology has been challenged. The
aim of this paper is to illustrate the contribution of 3D reconstructions to retrospec-
tive diagnosis in palaeopathology. We selected six palaeopathological cases among
our research corpus representing three nosographic categories (trauma, infection and
neoplasia) from various periods ranging from the Middle Palaeolithic to the beginning
of the Modern Era. For each case, we compared the diagnostic value of plain X-ray,
computed tomography (CT) slices, and 3D reconstructions. The latter were per-
formed using TIVMI program, a free software for research use developed by one of
us. Reconstructions are obtained by surface extraction that follows a segmentation
process. We showed that this 3D method allowed reconstructing/quantifying patho-
logical processes on ancient bones, usefully supplementing conventional radiological

analyses and clearly bringing an added value to retrospective diagnosis in

3D reconstruction, CT scan, palaeoimaging, palaeoradiology, surface extraction

development of its medical (Béclére, 1898;

Rowland, 1896).
If Ruffer, who firstly defined palaeopathology as an autonomous

applications

science (Ruffer, 1913), did not mention the interest of X-ray explora-
tion while he developed many other analytical methods on Egyptian
mummies (Ruffer, 1921), the use of radiology in bone palaeopathology
would have been promoted shortly afterwards by palaeopathologists
and physicians (Baudouin, 1923; Moodie, 1923; Pales, 1929). A short
time later, Moodie published his monograph entirely devoted to the
Peruvian  mummies

radiographic study of Egyptian and
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(Moodie, 1931). He illustrated by abundant iconography the decisive
use of radiology in anthropological determination, palaeopathological
diagnosis and recognition of animal species in mummy studies, all-
owing the archaeologists to study the contents without altering the
container. As a flip side, Moodie already pointed out the image super-
imposition (projection on the same plane), as a limit in visualizing dif-
ferent structures crossed by X-rays. Despite this disadvantage,
conventional radiology continues to provide, after more than a cen-
tury, many services to palaeopathology (Mays, 2008).

Computed tomography (CT), which was introduced in medical
field in 1971, solved this challenging issue of superimposition, in both
clinical sciences and bioarchaeology. This technique was applied to
mummy studies 6 years later (Lewin & Harwood-Nash, 1977) and
4 vyears after to palaeopathology (Wong, 1981). Since these
pioneering works, many publications exploited the advantages of CT
scanning to explore bioarchaeological issues. However, for some spe-
cialists in medical imaging, most of these publications suffered from
weaknesses on research design, CT protocols and interpretative skills
(O'Brien, Battista,
Chhem, 2009). Guidelines for appropriate settings of scanning and

of nonradiologist authors Romagnoli, &
image reconstruction parameters were recently provided for CT scan-
ning bioarchaeological material such as mummies (Panzer, Ketterl,
Bicker, Schoske, & Nerlich, 2019).

Digital revolution initiated in the 1980s allowed a considerable
development of X-ray acquisition and image processing, including
three-dimensional (3D) reconstructions. As early as 1985, Conroy and
Vannier predicted that 3D imaging could greatly help future pal-
aeoanthropological research, allowing fossils to be visualized and
analysed in a totally innovative way (Conroy & Vannier, 1985). This
prediction has proven to be accurate, going further with the develop-
ment of a new approach, called virtual (palaeo)anthropology
(Weber, 2001). Specialists of human evolution almost unanimously
recognized that 3D imaging has revolutionized their research, contra-
sting with the debate on 3D CT in palaeopathology. Indeed, since the
first 3D reconstruction of a mummy face by (Marx & D'Auria, 1988)
hailed as a “tour de force,” the number of publications using 3D recon-
structions applied to mummy sciences and palaeopathology increased
rapidly (e.g. for mummy studies and palaeopathology; Allam, Thomp-
son, Wann, Miyamoto, & Thomas, 2009; Appelboom &
Struyven, 1999; Gostner, Pernter, Bonatti, Graefen, & Zink, 2011;
Jansen, Poulus, Taconis, & Stoker, 2002; Lynnerup, 2008; Panzer
et al., 2019; Pernter, Gostner, Vigl, & Rihli, 2007; Pickering, Conces,
Braunstein, & Yurco, 1990; Wade et al, 2019) and for bone
palaeopathology (e.g. Belcastro et al, 2014; Castro et al., 2019;
Chamel, Coqueugniot, Dutour, Mindaoui, & Le Mort, 2017; Coutinho
Nogueira et al., 2019; Flohr et al., 2015; Hernandez & Hudson, 2015;
Plischuk, De Feo, & Deséntolo, 2018; Richards, Ojeda, Jabbour,
Ibarra, & Horton, 2013; Woo, Lee, Hu, & Hwang, 2015; Zuckerman,
Garofalo, Frohlich, & Ortner, 2014). Faced with this craze, some
authors (Chhem, 2006; Chhem & Brothwell, 2008) strongly advised
against the use of 3D for palaeopathological research.

The aim of our paper is to bring additional arguments in this

debate, showing that, when using appropriate methodology for 3D

reconstructions, systematic comparisons between 2D and 3D imaging
showed that 3D reconstructions can clearly provide an added value to

the palaeopathological diagnosis.

2 | MATERIAL AND METHODS

21 | Material

The material consists in six palaeopathological cases, of infectious,
traumatic or neoplastic origins and from periods ranging from prehis-
toric to historic times (Table 1), that we have previously analysed and
diagnosed according to classical criteria used in palaeopathology
(Buikstra, 2019).

We have selected these cases among our corpus of data, to
exemplify the main situations in which the 3D approach can enrich
the palaeopathological diagnosis, in addition to the two-dimensional
(2D) imaging approach.

22 | Methods

To objectify the added value of 3D imaging to palaeopathological
diagnosis, we reappraised each case by interpreting images from con-
ventional 2D methods (plain X-rays and CT scan slices). When plain X-
rays were not available, we digitally reconstructed them from CT
acquisition, using an algorithm for flattening the voxel grid (see
Supporting Information).

We performed 3D reconstructions from CT acquisitions for
each of the selected cases. CT scan slices were open from DICOM
format on a software dedicated to visualization and 3D reconstruc-
tions, which have been developed in our laboratory (Dutailly,
Coqueugniot, Desbarats, Gueorguieva, & Synave, 2009). TIVMI®
software (Treatment and Increased Vision for Medical Imaging) pre-
sents at least three advantages compared with other software pro-
grams based on marching cubes algorithms, which can alternatively
be used in this approach: firstly, it is based upon the half-maximum
height (HMH) algorithm developed by Spoor, Zonneveld, and
Macho (1993) extended to 3D (Dutailly et al., 2009), which pro-
vides a higher level of precision in volumetric reconstructions than
marching cubes method and minimizes the interobserver error
(Guyomarc'h et al., 2012); secondly, it can be easily augmented
with specific plug-ins; finally, it is freely downloadable (http://
projets.pacea.u-bordeaux.fr/TIVMI/). The protocol we used for 3D
reconstruction is based upon a surface extraction performed after
manual segmentation process by greyscale thresholding, a method
previously applied on mummies for palaeopathological purposes
(Lynnerup, 2008; Pickering et al, 1990). We used two main
approaches for segmenting anatomical or pathological bone organi-
zation: filling of emptied spaces and separating structures of differ-
ent density. If a move of segmented elements is required, for
instance, to replace fractured pieces in their anatomical position,

other software such as Geomagic® or 3ds Max® have to be used.
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TABLE 1  Studied cases presented in function of their chronology, bone topography, nosography, with original references
Case
number Site, specimen, chronological frame Bone Nosography  Original reference
1 Qafzeh, Israel adolescent individual 11, Middle Skull Traumatic Vandermeersch, (1981), Dastugue, (1981),
Palaeolithic, Tillier (1999)
2 Saint-Martial of Angouleme, France, adult female, Thoracic Infectious Anonymous (1975)
Middle Age
3 Iboussiéres, France, adult male, Upper Coxal/sacrum Infectious Dutour, Palfi, Panuel, and Gély (1995), Aymard et
Palaeolithic al. (2007)
4 Saint-Come Priory, Middle Age (12th cent.), Skull Neoplastic Dufay and Gaultier (2011)
elderly male, France
5 Saint-Laurent de Grenoble, Modern period (18th Femur Infectious Colardelle, (1996), Hervieu, Herrscher, and
cent.), adult, France Colardelle (2008)
6 Kaliningrad, Contemporary period (1812), young Femur War trauma Buzhilova, Rigeade, Shvedchikova, Ardagna, and

male, Russian Federation

The details of our protocol are given in Supporting Information
(Methods S1).

We compared the results of interpretation of 2D imaging with
those we obtained by 3D imaging, in order to assess the respective
methods to the

palaeopathological diagnosis. Our team has the main knowledge and

contributions of these three imaging

skills required for interpreting radiological images, according to leading
guidelines (van der Gijp et al., 2014).

FIGURE 1 Skull of Qafzeh 11 (Middle
Palaeolithic, Israel). (a) Morphological aspect with
a focus on cranial lesion (right part of frontal
bone). (b) Plain X-ray, frontal and right lateral
views. Owing to the fragmentation and
superimposition, the fracture line is not visible.
(c) Computed tomography (CT) scan axial slice at
the lesion level (arrow). A displacement of a
fragment of frontal bone is visible, but the
fragmentation of the skull and the restoration
after its discovery do not formally rule out a
taphonomic cause to this aspect [Colour figure
can be viewed at wileyonlinelibrary.com]

Dutour (2009); Dutour and Buzhilova (2013)

3 | RESULTS

e Case 1: Endocranial reconstruction evidenced traumatic brain
injury during Middle Palaeolithic.

Individual Qafzeh 11 (Middle Palaeolithic, Israel), an adolescent
around 13 years old (Tillier, 1999; Vandermeersch, 1981), presents a

lesion on the right side of the frontal bone, characterized by a
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depressed line that ends to up to an oval-shaped hole (Figure 1a) that
was recognized since the discovery. Plain X-ray picture of the skull of
this young individual was available (Tillier, 1999): besides the tapho-
nomic fragmentation, the defect can be detected on the profile pic-
ture but does not provide any additional information (Figure 1b). On
some of the CT sections, a displacement of a frontal fragment is
observed, but it is impossible to determine whether if its origin is
pathological or taphonomic (Figure 1c, arrow). The macroscopic, radio-
logical and CT scan studies lead to the conclusion that this young indi-
vidual experienced a fracture of the cranial vault, qualified as benign,
and healed with no functional consequences (Dastugue, 1981).

More recently, a 3D reconstruction was performed (Coqueugniot
et al,, 2014). It used the firstly quoted approach (filling the emptied
space, Figure 2a) in order to reconstruct the endocranial cast, which
has been presented using transparency setting (Figure 2b). This proce-
dure revealed additional information about the frontal trauma that is
little (or not) visible using conventional morphoscopic and radiological
methods. The frontal fracture was actually compound: the broken part
of the frontal squama is depressed in its anterior part, penetrating
inside the skull and responsible for intracranial depression and irregu-
larities on the surface of the endocranial cast. In the posterior part of

the frontal scale, the coronal suture is disengaged and lifted outward,

revealing a diastasis of the suture (Figure 2c). The 3D reconstruction

therefore reveals a depressed fracture of the frontal bone associated
with brain damage. The diagnosis performed in 3D is therefore not a

benign fracture but a severe traumatic brain injury (TBI).

e Case 2: Spinal canal reconstruction showed diameter preservation

in Medieval Pott case.

Among the 40 burials discovered in Saint-Martial medieval ceme-
tery of Angouléme (Anonymous, 1975), the skeleton of an adult
female has drawn the attention of archaeologists. It presented a typi-
cal form of tuberculous spondylodiscitis (Pott's disease): eight thoracic
vertebrae fused in a thoracic block, with a very acute angle apex at
the level of T7, of about 100°. Owing to the associated ankyloses of
the costovertebral joints, most of the ribs are attached to the spinal
block (Figure 3a). In such a typical case, imaging is not useful for
palaeopathological diagnosis, which is evident here, but the question
is whether the medullar canal has been significantly narrowed by the
cuneiform collapse. Indeed, this narrowing of the osseous spinal canal
is one of the causes of Pott's paraplegia or paraparesis, besides other
mechanisms of distension and compression of spinal cord (cold
abscess, inflammatory tissue, sequestrum, etc.). These are not visible
on dry bones, but paralysis of lower limbs due to vertebral collapse

can be deduced from the thinning of their cortical bone (Marcsik,

FIGURE 2 Three-dimensional

(3D) reconstruction of Qafzeh 11 traumatic brain
injury. (a) TIVMI software interface showing the
virtual filling of the endocranial cavity in sagittal
view. (b) 3D reconstruction in upper view (the
skull vault appears in transparency and the virtual
endocranial cast in pink). (c) Close-up view of the
trauma area. 1, fracture line; 2, anterior part of
the frontal bone depressed fracture penetrating
the endocranial volume; 3, irregular shape of
virtual endocranial surface indicating brain
damage; 4, diastasis of the right coronal suture
with an outwards bone projection due to the
trauma [Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 3 Medieval Pott's disease (Saint-
Martial cemetery, Angouléme, France).

(a) Morphological aspect. (b) Plain X-ray.

1, frontal; 2, lateral views showing the typical
angular kyphosis, pathognomonic of Pott's
disease, with a very acute angle, raising the issue
of a possible Pott's paraplegia. (c) Computed
tomography (CT) scan slices. 1, axial; 2, frontal;
3, sagittal planes. Owing to the strong angulation
in both frontal and sagittal planes, the spinal canal
morphology cannot be evidenced, whatever the
slicing plane [Colour figure can be viewed at
wileyonlinelibrary.com]

Szentgyorgyi, Gyetvai, Finnegan, & Pilfi, 1999). If these bones are
missing, the narrowing of the spinal canal is a criterion to assess the
issue of possible Pott's paralysis in palaeopathology.

Radiographs (Figure 3b) are not informative on the lesion, owing
to the superimposition of ribs. The degree of kyphosis makes the
interpretation of the CT scan slices difficult, whatever the orientation
of the slice plane (Figure 3c): the diameter of the spinal canal along
the vertebral block and at the angulation level is not accessible.

On the contrary, thanks to the virtual filling method (Figure 4a),
the shape and size of the spinal canal become perfectly visible
(Coqueugniot, Dutailly, Desbarats, Buzhilova, & Dutour, 2015). In our
case, at the level of the angular kyphosis, the diameter of the spinal
canal presents almost no narrowing: the anteroposterior diameter is
indeed of 14.6 mm at the top of the angle in T7, whereas it measures
14.8 mm above (T3). These values are in the normal range of thoracic

spinal canal anteroposterior diameter (Figure 4b and c).

e Case 3: Reconstruction of sacroiliac cystic cavities illustrated infec-

tious pathways and mechanism at the end of Upper Palaeolithic.

Individual A from the Iboussiéres cave, Malataverne (Upper Pala-
eolithic, Drome, France), is a mature adult presenting a left sacroiliac
partial fusion (Aymard et al., 2007; Dutour et al., 1995) (Figure 5a).
Plain X-ray confirmed the partial fusion of the left sacroiliac joint and
revealed a rounded radiolucent image located on the joint area and
surrounded by a thin line of sclerosis (Figure 5b). CT scan slices
evidenced a central cystic-shaped cavity with well-defined and scle-
rotic borders, mainly developed on the ilium side; in addition, a poste-
rior smaller cavity is identified (Figure 5c) developed on both the
sacrum and ilium sides. However, the spatial relationships between
these lesions and the sacroiliac joint are not easy to interpret on CT
slices only. At this step, the hypothesis of infectious sacroiliitis, possi-

bly of tubercular origin, can be proposed, but the aspect resulting
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FIGURE 4 Three-dimensional

(3D) reconstruction of Pott's disease. (a) TIVMI
software interface showing the virtual filling of
the spinal canal. (b) 3D virtual sagittal

section showing the typical vertebral destruction
with severe angular kyphosis. (c) 3D
reconstruction of the spinal canal (orange)
showing that, despite the severity of the angular
kyphosis, the diameter of the spinal canal is not
significantly narrowed, a fact that can be
confirmed by measurements [Colour figure can be
viewed at wileyonlinelibrary.com]

from the infection (two cystic cavities) and its process of spread

remains unclear.

Then, the two cysts and the remaining space of the sacroiliac joint
were segmented slice by slice, virtually filled and virtually extracted
outside of the bone. This 3D reconstruction makes the relationships
between these three structures clearly visible (Figure 5d): the two
cysts appeared to be in mirror image and are not connected (8 mm
apart for the closest distance). They are both well defined and poly-
lobulated. The anterior cyst, more developed on the iliac side, is the
largest (4.5 cm®) and has no direct relationship to the remains of the
sacroiliac joint; the posterior cyst is more than half as small (1.9 cm®)
and mainly extended on the sacrum side; it is in direct connection
with sacroiliac joint in its rear part. This passage to the outside may
correspond to the externalization of a cold abscess in the gluteal
region (Figure 5e). Then the scenario could have been the following:
the infection occurred by the haematogenic route on either bone of
the sacroiliac joint and developed into a focal osteomyelitis, and then
it reached the sacroiliac joint and the other bone; the healing process
partially fused the joint, dividing the granulomatous osteomyelitis into
two cysts. The anterior one was isolated, and the posterior was open

on the sacroiliac joint that could have been responsible of a cold

abscess in the gluteal area (Coqueugniot, Dutailly, Desbarats,
Buzhilova, et al., 2015).

e Case 4: Reconstruction of lytic lesions on medieval skull allowed to

quantify tumour volume.

Among the burials excavated in the Medieval Priory of Saint-
Cosme (France), a skeleton of an elderly male came from a burial
(F791) dated from the end of the 13th century (Dufay &
Gaultier, 2011). It presents multiple lytic lesions on the whole skele-
ton, including the skull (Figure 6a). These lytic lesions are clearly visi-
ble on plain X-ray (Figure 6éb) and CT scan slices (Figure 6c), leading
the diagnostic discussion to two main aetiologies: multiple myeloma
and metastatic cancer (Dutour, Gaultier, Dufay, Dutailly, &
Coqueugniot, 2013). The distinction between these two pathologies
is a challenge for the palaeopathologist, because even if differentia-
tion criteria have been proposed (Rothschild, Hershkovitz, &
Dutour, 1998), it may be difficult in some cases to exclude one of the
two diagnoses to affirm the other, on the mere analysis of the cranial
lesions. Indeed, the criterion of size regularity in lytic lesions, which is

classically presented as being characteristic of multiple myeloma, is
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FIGURE 5 Sacroiliac fusion (Upper
Palaeolithic, south-eastern France).

(a) Morphological aspect. (b) Plain X-ray. Owing to
superimposition, a rounded radiolucency is hardly
visible (arrow). (c) CT scan, frontal slice. A central
cystic-shaped cavity surrounded by sclerotic
border is clearly visible (arrow). (d) Three-
dimensional (3D) reconstruction of the sacroiliac
fusion (upper view) showing in transparency two
cysts (red and green) overlapping the sacroiliac
joint (its remnants are identified in dark blue).

(e) Virtual demolding of remnants of sacroiliac
joint space (1) and the two cyst endocasts

(2, posterior; and 3, anterior cysts). Contrary to
the anterior cyst (red), the posterior one (green) is
in direct communication with the posterior part of
sacroiliac joint, allowing a possible constitution of
a cold abscess inside the soft tissues of the
lumbo-gluteal area [Colour figure can be viewed
at wileyonlinelibrary.com]

not reliable because some lytic lesions of multiple myeloma can fused
together, resulting in lytic lesions with different sizes, and reversely
some metastatic cancers can result as well in lytic lesions of uniform
size (Rothschild et al., 1998). However, it is not in the differential diag-
nosis that the interest of 3D lies in this case but in the possibility of
approaching the evolutionary stage of a cancer by estimating the
tumour mass, which is a unique situation in palaeopathology.

Indeed, the segmentation of pathological cavities (Figure 6d)
makes it possible to quantify their volume: the software calculates
the volume from the number of voxels contained in the segmented
cavity and the volume of a voxel, which is known from CT scan
acquisition data (Figure ée). The sum of the volumes of the tumour
cavities relative to the total bone volume will provide the percent-
age of the relative volume occupied by the tumour process,
reflecting its mass. In our case, the average tumour volume for the
entire skeleton is more than 16%. This is the first attempt in
palaeopathology to quantify tumour volume from CT scan, which is
a promising approach in clinical oncology, currently under develop-
ment (Gaonkar et al.,, 2015). This 3D approach shows its superior-
ity over 2D imaging in prognosis and follow-up in clinical oncology
(Cai & Hong, 2018). Owing to this recent development, clinical
tumour volume referential is not yet available for bone tumours,
including multiple myeloma or metastatic cancer. However, it
seems that in our case, the volume occupied by the tumour was

sufficiently evolved to generate anaemia by bone marrow invasion

and to be, among other tumorous mechanisms, at the origin of the

death of this elderly man.

e Case 5: Reconstruction of femoral periosteal reaction illustrated

gummatous osteoperiostitis during the early modern period.

In Grenoble (France), the excavation of the Priory of Saint-
Laurent, which started in 1978, provided more than 1,500 graves dat-
ing from the 4th to early 18th century (Colardelle, 1996). Besides indi-
vidual burials, some of the skeletons come from funeral vaults
(Hervieu et al., 2008). Vault S 929, which was in use from the 15th to
17th century, provided several pathological cases, identified on inter-
mingled bones; some of them showed alterations attributed to infec-
tious origin, suggesting a diagnosis of osteomyelitis.

Among the long bones concerned, belonging to different individ-
uals, a right femur is of interest because it presents a swelling at
midshaft (Figure 7a), which is an unusual topography for
osteomyelitis.

Plain X-ray revealed that the swelling is mainly due to a thicken-
ing of the subperiosteal cortical bone with few lacunae (Figure 7b); CT
slices confirmed the predominant role of the periosteal reaction in the
new bone formation as well as the moderate remodelling of the end-
osteal area (Figure 7c). This is more in favour of osteoperiostitis.

Diaphyseal bone and subperiosteal reaction were differentiated

by manual segmentation on each CT slice, based on grey levels
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corresponding to bone density. This step cannot be automated

because it requires anatomical expertise on slices where the demarca-
tion between normal bone and subperiosteal reaction is not very obvi-
ous. This process allowed us to obtain separate 3D reconstructions of
the femoral diaphysis and the subperiosteal reaction (Figure 7d and e).
It provided information about the aspect and volume of the pathologi-
cal bone tissue and the prepathological state of the femoral diaphysis.

The subperiosteal reaction, which is mainly developed on the
anterior and medial part of the femoral shaft, corresponds to a bone
volumetric gain of 7% of the total diaphysis volume. The aspect of the
lesion is clearly similar to the gummatous osteoperiostitis, which is
typical of a treponemal infection (Hackett, 1976). The 3D reconstruc-
tion is not decisive for the diagnosis here, but it is the only way to
approach the “prepathological state” and to quantify the development

of subperiosteal new bone formation.

e Case 6: Reconstruction of femoral complex fracture evidence gun-

shot trauma during Napoleonic Wars.

FIGURE 6 Lytic lesions on a medieval skull
(Priory of Saint-Cosme, France). (a) Morphological
aspect. (b) Plain X-ray lateral view showing
multiple lytic lesions in favour of neoplasia
(metastatic carcinoma or multiple myeloma).

(c) Computed tomography (CT) scan, axial slice,
showing the diploic origin of lytic lesions.

(d) TIVMI software interface showing the virtual
filling of each lytic lesions. (e) Three-dimensional
(3D) reconstruction: besides the clear
visualization of the neoplastic process, the
quantification of its volume can be calculated
[Colour figure can be viewed at
wileyonlinelibrary.com]

In downtown Kaliningrad (Russian Federation), emergency exca-
vations were conducted in Summer 2006 by a team of the Depart-
ment of preventive archaeology (Institute of Archaeology, Russian
Academy of Sciences). Twelve mass graves containing the remains of
at least 600 individuals were discovered; skeletons were associated
with military buttons, remains of textile, shakos, shoes, boots and
coins that led to identifying these remains as those of Napoleonic sol-
diers of the Grande Armée (Buzhilova et al., 2009). This archaeological
and anthropological material was studied in the framework of
French-Russian Laboratory (LIA K1812, CNRS-RAS/EPHE-Moscow
State University). The skeletal remains of soldiers revealed 103 evi-
dence of war trauma including fractures and weapon wounds and evi-
(Dutour &
Buzhilova, 2013). Among these cases, the individual 6 from Pit E1, a

dence of war surgery such as amputations
young male of about 18 years old, exhibits a complicated trauma of
the left femora. A callus had partly consolidated the fracture in bad
position, with an internal angulation of about 135° (Figure 8a). The

plain radiograph confirmed the fracturing of the femoral diaphysis into
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FIGURE 7 Femoral periosteal reaction
(Priory of Saint-Laurent, Grenoble, France,
15th-17th century). (a) Morphological aspect
showing a swelling at midshaft. (b) Plain X-ray
revealing a thickening of the subperiosteal
cortical bone with few lacunae. (c) Computed
tomography (CT) scan, axial slice, evidencing
the periosteal reaction at the origin of
swelling. (d) TIVMI software interface showing
the segmentation of newborn formation from
femoral diaphysis at the prepathological state.
(e) Three-dimensional (3D) reconstruction
showing the periosteal reaction in
transparency. The quantification of its volume
can be calculated [Colour figure can be
viewed at wileyonlinelibrary.com]

several fragments (comminuted nature), as well as the recent appear-
ance of the callus (Figure 8b).

A CT scan of this femur was performed at the Department of
Radiology of Moscow State University. The first examination of CT
slices surprisingly revealed metallic artefacts embedded in the callus
tissue, in close contact to the fragmented bones (Figure 8c). They
are probably made of lead, as the material appears to be very
dense and it is not fully penetrated by the X-rays. Slice-by-slice
manual segmentation was performed, in order to separate rem-
odelled bone (callus) from the bone fragments, stuck inside, based
upon the difference of densities of the two tissues (Figure 8d). As
the callus was recent, its lower density strongly contrasted with
that of the bone fragments: this has facilitated the segmentation
process. In addition, metallic artefacts were also individualized by
segmentation. After the 3D reconstruction, the remodelled bone of
the callus has been removed (Figure 8e and f), allowing us to visu-
alize directly the bone fragments with sharp edges, which are
seven in number, in addition to the two proximal and distal parts
of the femur. It is therefore a comminuted fracture, a type of frac-
turing due to direct impact by a blunt or penetrating agent

(Lovell, 1997). The global aspect of the fracture is corresponding to

a direct trauma orientated from lateral to medial, with an upward

direction.

Using 3ds Max software, we have reassembled the fragments
together and corrected the angulation, in order to reconstruct the
pretraumatic state of this femur (Figure 8g). This procedure brought
two main additional information: (i) the 3D position of metallic frag-
ments, which are concentrated in the area of the fracture, mostly pre-
sent on its inner part, medially orientated, and (ii) the existence of an
oval-shaped aperture located postero-laterally. These elements rev-
ealed the cause of the fracture: a wound by a lead bullet. A 3D recon-
struction makes it possible to identify the location of the projectile's
entrance hole and the location of the fractured site (figure 8h). These
elements determine in forensic practice the ballistic characteristics of
the shot. In our case, the direction of the shooting is oblique from bot-
tom to top and from outside to inside. As femoral neck changes
suggested a riding practice (Berthon et al, 2019; Pifi &
Dutour, 1996), our hypothesis is that the victim was a cavalier shot by
an infantryman enemy. It is, to our knowledge, the first attempt of
palaeo-ballistic reconstruction using 3D imaging in palaeopathology
(Coqueugniot, Dutailly, Desbarats, Boulestin, et al., 2015) (supporting
animation, Movie S1).
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imaging to the palaeopathological diagnosis

Respective contribution of 2D and 3D

We summarize in Table 2 the respective contribution of the three
imaging methods (plain X-ray, CT slices, and 3D CT) to the diagnosis
of these six palaeopathological cases and the added value of 3D.

4 | DISCUSSION
Palaeopathology benefited from CT since the 1980s (Wong, 1981),
but the interest of 3D reconstruction from CT was mentioned 10 years
later for palaeopathology (Pickering et al., 1990).

Since this moment, hundreds of papers joining the two keywords
“palaeopathology” and “3D” were published, with a clear increasing in
the last 3 years. However, most of these papers did not clearly men-

tion the value of 3D as diagnostic method, and no one assessed its

FIGURE 8 Comminuted femoral shaft
fracture (Kaliningrad, Russian Federation, 1812).
(a) Morphological aspect showing a partial healing
in bad position. (b) Plain X-ray confirming the
fracturing of the femoral diaphysis into several
fragments. (c) Computed tomography (CT) scan,
axial slice, revealing metallic artefacts embedded
in the callus tissue. (d) TIVMI software interface
showing the segmentation of callus tissue from
cortical bone of femoral diaphysis. (e and f)
Three-dimensional (3D) reconstructions showing
the fracture area with and without callus tissue
(green). (g) 3D reconstruction of the pretraumatic
state. (h) QR code for video of the traumatic
event reconstruction (palaeo-ballistic) [Colour
figure can be viewed at wileyonlinelibrary.com]

strengths and weaknesses for the retrospective diagnosis compared
with that of conventional radiography and CT scans slices. Moreover,
the legitimacy of 3D for palaeopathological diagnosis has been firmly
challenged, and some authors argued against its use (Chhem, 2006;
Chhem & Brothwell, 2008).

Our study is thus the first attempt, to our knowledge, to compare
in a systematic way on a set of selected cases, the respective informa-
tive value of 2D and 3D radiological imaging methods for
palaeopathological diagnosis, advocating the interest of multimodal
approach. We showed that 3D imaging, in comparison with the input
of 2D imaging, can bring an added value to the retrospective diagno-
sis, in at least three directions. Firstly, it reconstructs the volume sur-
face of anatomical structures that are hardly visible on radiographs or
CT slices: it allows then to better evidence some pathological changes.
In our sample, this was of a great help for (i) showing lesions on brain
surface and change diagnosis from a benign skull fracture to a trau-

matic brain injury (Case 1); (ii) evaluating the integrity of the spinal


http://wileyonlinelibrary.com

COQUEUGNIOT ET AL

11

Respective contribution of plain radiography, 2D CT and 3D CT (surface extraction) to the palaeopathological diagnosis, with a

TABLE 2
highlight on added value of 3D imaging
Case
number  Plain X-ray CT slices
1 Taphonomic damages (crushing Angulation of a right
and missing parts). juxta-coronal fragment of the
Benign healed fracture of frontal bone. Possible
frontal bone. taphonomic origin.
2 Thoracic angular kyphosis No added value for diagnosis
evoking a Pott disease. due to the strong angulation.
3 Sacroiliac fusion. Rounded Large cystic cavity overlapping
radiolucency adjacent to the the sacroiliac joint.
fused zone.
4 Multiple rounded lytic lesions in Intradiploic multiple lesions
favour of multiple myeloma with possible opening to
or metastatic carcinoma. intracranial or extracranial
space.
5 Localized periosteal reaction at Antero-medial large new bone
middiaphysis with oval formation, moderate
radiolucencies. remodelling of the endosteal
space suggesting gummatous
osteoperiostitis evoking
treponemal infection.
6 Comminuted fracture in way of Comminuted bone fragments

healing, complicated.

embedded in a recent callus,
dense metallic artefacts.

3D (surface extraction)

Frontal bone depressed
fracture with brain injury
(TBI).

No significant narrowing of the
spinal canal diameter.

Presence of 2 mirror cysts on
either side of the sacroiliac
joint suggestive of tubercular
sacroiliitis.
Measurement of the neoplastic
volume.

Visualization of the gummas,
measurement of the new
bone formation (7%) and

reconstruction of
prepathological state.

Visualization of the traumatic
state before healing (8
fragments). Reconstructions
of the pretraumatic state, the
trauma process by bullet and
its (palaeo)ballistic.

Added value of 3D

Evidence of TBI (X-rays
diagnosed a benign fracture).

The strong angular kyphosis did
not narrow the spinal canal
diameter.

Evidence of 2 mirror cysts
instead of one. Additional
evidence for a diagnosis of
tuberculosis.

Unique opportunity of
quantifying the neoplastic
volume.

Reconstruction of the
prepathological state.

Reconstruction of the
pretraumatic and traumatic
state.

Ballistic reconstruction
explaining the trauma.

TBI, traumatic brain injury.

canal involved by severe angular kyphosis due to spinal TB and then
moderating the hypothesis of Pott's paraplegia (Case 2) and
(iii) determining the relationships in space between the sacroiliac joint
and the two cysts and then evidencing their mirror-like position and
pus evacuation pathways in favour of TB infection (Case 3). Secondly,
3D imaging has the possibility to quantify pathological volumes, which
was helpful for determining the evolutionary state of a neoplasia
(Case 4). Finally, 3D imaging can reconstruct the prepathological state
of a given part of the skeleton, allowing to follow virtually the past
pathological processes: this represents a unique opportunity in
palaeopathology (Coqueugniot, Dutailly, Desbarats, Buzhilova,
et al., 2015). In our study, this approach was efficient for infectious
process (Case 5) as well as for trauma (Case 6).

To sum up, we can affirm that 3D CT imaging, when using ade-
quate methods of reconstruction, brings a real added value to the con-
ventional 2D X-rays and underlines the interest of a multimodal
approach, combining 2D and 3D imaging for the diagnosis in

palaeopathology.
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