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Biological and forensic anthropologists face limitations while studying skeletal remains altered by tapho-
nomic alterations and perimortem trauma, such as in remains from the Spanish Civil War. However, virtual
anthropology techniques can optimize the information inferred from fragmented and deformed remains by
generating and restoring three-dimensional bone models. We applied a low-cost 3D modelling metho-
dology based on photogrammetry to develop novel forensic applications of virtual 3D skull reconstruction,
assembly, restoration and ancestry estimation. Crania and mandible fragments from five Spanish Civil War
victims were reconstructed with high accuracy, and only one cranium could not be assembled due to ex-
tensive bone loss. Virtual mirroring successfully restored reconstructed crania, producing 3D models with
reduced deformation and perimortem trauma. High correlation between traditional and virtual craniofacial
measurements confirmed that 3D models are suitable for forensic applications. Craniometric databases of
world-wide and Spanish populations were used to assess the potential of discriminant analysis to estimate
population ancestry. Our protocol correctly estimated the continental origin of 86.7 % of 15 crania of known
origin, and despite low morphological differentiation within European populations, correctly identified 54.5
% as Spanish and 27.3 % of them with high posterior probabilities. Two restored crania from the Civil War
were estimated as Spanish, and one as a non-Spanish European. Results were not conclusive for one cra-
nium and did not confirm previous archeological hypotheses. Overall, our research shows the potential to
assess the presence of foreign volunteers in the Spanish Civil War and highlights the added value of 3D-
virtual techniques in forensic anthropology.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Skeletal remains are the most commonly used remnants to infer
the life history of past people. Since the origins of human osteology
and biological anthropology research, experts have analyzed human
skeletal remains to infer biological data such as sex [1], age [2,3], and
height [4]. Bones can also inform about health and lifestyle factors
like diet, physical activity, and well-being, so that researchers can
identify pathologies and injuries that people suffered during their
life and caused their death [5]. This information is of invaluable
importance in scenarios of catastrophes and war crimes.

The Spanish Civil War (1936-1939) and posterior dictatorship
(1939-1975) caused thousands of civilian deaths, including the
Spanish population involved in this conflict, but also volunteers from
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other European countries that served in the “International Brigade”
[6]. The Spanish Government approved by law the opening and body
exhumation of mass graves from the Spanish Civil War in 2007 [7],
and by 2015 almost 2000 individuals had been exhumed. However,
only 18% of the victims have been identified anthropologically or
genetically [8]. One of the main obstacles for individual identifica-
tion is the disappearance over time of antemortem data and the
increasing lack of living direct descendants from the Spanish Civil
War victims, which limits the accuracy of the genetic identifica-
tions [9,10].

Skeletal remains can also be used for individual identification
[11]. However, the method is less reliable than the genetic identifi-
cation and can be more challenging, especially when bone mor-
phology is altered by perimortem trauma and taphonomic
postmortem modifications that compromise the recognition of
characteristic traits of individuals when they were alive [5]. Peri-
mortem trauma, such as gunshots, are commonly found in war
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victims and typically damage the bone creating comminuted, ra-
diating fractures, as well as bone fragmentation and plastic de-
formation [5,12-15]|. Taphonomic modifications produced after
burial and embedding by biological and geological factors such as
dehydration, scavengers, ground, or ice pressure can also cause bone
breakage and deformation [5,16-18].

The loss of bone original state and morphology hinders the
process of anthropometric and biological profiling of the skeletal
remains, compromising future identifications of the individual's
body. The conventional and widely accepted routine for forensic and
biological anthropologists specialized in analyzing highly frag-
mented and deformed skeletal remains consists in gluing bone
fragments in anatomical concordance [19,20]. This is a laborious
practice that requires extensive practice and expertise. Some bone
fragments can be very small or too fragile to handle, whereas others
may not be preserved, making this task even more challenging. Al-
though deformations can alter the original dimensions, standard
measurements are usually taken on the reconstructed crania and
mandibles using spreading and sliding calipers and a mandibul-
ometer to characterize the craniofacial morphology of the in-
dividuals [5].

Virtual anthropology can be used to complement and optimize
the manual processes of skull reconstruction and measurement
[21-23]. Several imaging techniques, such as computed tomography
(CT) [24], laser scanning [25] and structured light scanning (SLS)
[26], have been used since the early 1990 s by forensic scientists and
paleoanthropologists to produce high-quality 3D models of bones
[24]. These techniques entail a whole new level of possibilities in the
anthropological field. Bone digitalization allows permanent avail-
ability and easy access to virtual 3D models of skeletal remains,
higher reproducibility of results, fast data exchange, and can be used
to develop forensic applications [26,27].

The reconstruction and restoration of skeletal fragments is one of
the main forensic applications of virtual anthropology. This process
can be achieved using techniques that include computer-assisted
manual assembly of fragments, virtual replacement of specific bone
structures from complete specimens, and virtual reconstruction by
mirroring structures [26,28]. From the reconstructed 3D models,
advanced quantitative shape analysis encompassing geometric
morphometric methods [28] can be used to assess the anatomy of
bones, and to compare the morphology with other individuals, po-
pulations and species [24,29,30]. Virtual anthropology has already
been successfully applied to assess bone injuries and trauma [22,23],
as well as to estimate parameters for the biological profile such as
sex [31,32] and age-at-death [32,33].

Ancestry identification is another useful forensic application that
can be applied to virtually reconstructed crania [34,35]. In anthro-
pological sciences, human crania are the most widely analyzed
bones, as their complex morphology and extended variation can be
associated to sexual, age and population variation [36-39]. More-
over, craniofacial traits present moderate to high heritability [40,41]
and craniofacial morphological variation can be used as a proxy for
genetic variation [38,39,42]. Current forensic methods to estimate
population ancestry are mainly based on craniometric data [43-45]
and use Howells’ world-wide craniometric database [46] for their
ancestry estimations, although some methods combine craniofacial
and dental morphological data [47]. Increasingly over the years,
novel approaches based on geometric morphometrics are being
developed for ancestry estimation [31,48].

Although its increasing popularity, virtual anthropology is not yet
a widely spread practice among biological anthropologists working
with archaeological human remains. The main disadvantage of 3D
modelling is the elevated cost of the scanning and associated soft-
ware for image processing [25]. Additional disadvantages involve the
requirement of specialized personnel for scanning, and the difficulty
to transport the scanning equipment, such as computed tomography
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scanners, to the archaeological fields. Photogrammetry is a more
affordable and convenient option for 3D scanning skeletal remains
[49]. This technique consists of processing overlapping 2D digital
photographs of a single structure from multi-angle, convergent
perspectives to create a 3D model with accurate position, shape, and
size reconstructions [50,51]. The basic requirement for photogram-
metric scanning is a digital single-lens reflex camera (DLRS) and
specialized software, like Agisoft Metashape [52] or other freely
available software [53].

In this study, we applied virtual 3D methodologies based on
photogrammetric techniques to reconstruct, assemble and restore
fragmented skull remains from the Spanish Civil War. We assessed
whether this virtual method can improve existing limitations in
manual reconstruction of skulls affected by taphonomic postmortem
modifications and perimortem trauma fracturing the bone in few
fragments. Moreover, we used craniometric measurements taken on
restored crania to extend the biological profiling of the skeletal re-
mains and to test hypotheses about their population ancestry.

2. Materials and methods
2.1. Sample of skeletal remains from the Spanish Civil War

The sample consists of crania and mandibles from five Spanish
Civil War non-identified victims located in Catalonia, a Northeastern
region in Spain, during the Catalan Government mass grave project
2017-2018. Remains were exhumed from two different locations.
Individuals 1 and 2 (INDIV1 and INDIV2) were found in El Cogul
(Lleida), whereas the rest of individuals (INDIV3, INDIV4 and
INDIV5) were exhumed from two different graves in Barcelona. The
discovery of the remains was unintentional in all cases during forest
and construction works. All the remains were in provisional deposit
at the Universitat Autonoma de Barcelona for anthropological study,
including the biological profiling and pathological analysis.

INDIV1 involves the cranial remains from a young male in-
dividual, with estimated age between 25 and 30 years old, including
an entire and well-preserved cranium, and a fragmented mandible
(Fig. 1a) [54]. The cranium presents an entrance bullet hole of 9 mm
of diameter in the right mastoid region, where an irradiate peri-
mortem fracture originates and pierces the right temporal, sphenoid,
and frontal bones. The bullet was found inside the cranium with no
outlet hole. The left zygomatic bone is fractured and the zygomatic
arch is missing. The mandible is separated in a larger fragment in-
cluding the mandibular body and right ramus, and a smaller frag-
ment corresponding to the left ramus, with bone loss between
mandibular fragments.

INDIV2 consisted in the cranial remains from a male individual,
with estimated age between 40 and 50 years old, including cranio-
facial and mandible fragments (Fig. 1b) [54]. The cranium is broken
in three pieces with perimortem features along the edges. The lar-
gest and most complete piece covers the splanchnocranium and
neurocranium, in which the frontal bone is fractured by an irregular
horizontal fracture with perimortem alterations, the left temporo-
parietal region is fragmented, and the cranial base is lost. The other
two fragments include the occipital and the maxillary bones. No
evidence of bullet impact was found due to cranial bone loss. The
mandible is also fragmented in three parts, including the mandibular
body and two smaller fragments of the right and left mandibular
ramus. Both craniofacial and mandibular fragments present tapho-
nomic alterations, including greenish coloration due to metal oxi-
dation and orange incrustations caused by iron oxidation.

INDIV3 included the cranial remains from a male individual, with
estimated age between 30 and 39 years old, including an entire and
well-preserved and robust cranium and a fragmented mandible
(Fig. 1¢) [55]. Two perimortem orifices are found in the cranium: the
entrance bullet hole of 8.8 mm of diameter in the right temporo-
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Fig. 1. Cranial and mandible remains of Spanish Civil War victims. a) INDIV1; b) INDIV2; c) INDIV3; d) INDIV4; e) INDIV5. Arrows highlight the gold dental caps visible in the left

mandible and maxilla of INDIV5.

parietal region and the outlet hole of 16 mm of diameter in the left
temporo-parietal region. These injuries present associated irradiated
fractures, which cross the right parietal bone transversely, the left
temporal bone transversely and the orbits. Plastic deformation is
found, as well as diastasis of right and left temporal squama, right
sphenoidal wing, and temporo-parieto-occipital suture. The mand-
ible is fragmented in a larger fragment including almost the whole
mandibular body and the left ramus, and a smaller fragment of the
right ramus and body.

INDIV4 involved the cranial remains from a male individual, with
estimated age between 30 and 39 years old, including a poorly
preserved cranial fragment and a well-preserved mandible (Fig. 1d)
[55]. The cranium presents comminuted fractures, whereas most of
the splanchnocranium and cranial base are lacking. Cranial de-
formation is visible due to an irradiated fracture crossing the cranial
vault, taphonomic fractures and transverse squashing in the neuro-
cranium. Presence of perimortem irradiated fractures suggest a
bullet wound, although no orifices are found due to bone loss. The
mandible presents evidence of a bullet entrance orifice of 9 mm of
diameter in the left sigmoid notch.

INDIVS5 is represented by the cranial remains from a robust male
individual, with estimated age between 30 and 35 years old, in-
cluding a fragmented cranium and a well-preserved mandible
(Fig. 1e) [55]. The cranial remains include three fragments: the base
of the cranium, the calotte, and the left maxilla. Three different
bullet orifices associated to irradiated fractures are found in the
cranium: an oval-shaped entrance of 11.5 mm of maximum diameter
in the right posterior parietal bone, a second entrance orifice of
9 mm of diameter in the left temporal bone, and its outlet orifice of
8.6 mm of diameter in the right parietal. A comminuted fracture is
also found in the splanchnocranium, causing bone loss and plastic
deformation, as well as diastasis of both temporal squama and
parieto-occipital suture. The mandible is not fragmented, however
there is a visible bullet orifice of 9.5mm of diameter in the left
mandibular angle and associated irradiated fractures.

Previous forensic analysis hypothesized on the basis of anthro-
pometric traits and associated objects that the remains of in-
dividuals INDIV3 and INDIV5 could belong to European non-Spanish
individuals that participated in the Spanish Civil War at the
"International Brigade” [55]. These individuals presented a skeletal
height and robustness that was above the average in the Spanish

population and wore gold dental caps and rings that were unusual in
Spain at that time. In this study, we tested this hypothesis by as-
sessing the population ancestry of the skeletal remains.

2.2. Photogrammetry: reconstruction of 3D models

To generate 3D models of skulls or bone fragments we used a
Nikon D3300 DLRS digital camera mounted on a tripod and con-
nected to a Foldio360 turntable from Orangemonkie®. Each fragment
was held on a circular support and placed on the turntable. While
turning 360¢ a total of 36 photos were taken every 10° After a
complete turn, the camera angle was changed twice (Fig. 2). After-
wards, the skull or bone fragment was changed into a perpendicular
position and another round of pictures was taken. A minimum of 4
sets of photographs were taken to completely capture the 3D shape
of the bone from all possible angles and positions. A scale bar was
placed on the turntable for a minimum of 2 sets of photographs. The
Agisoft Metashape v1.6.5 software [52] was used to align photo-
graphs, build dense clouds, and generate 3D models with texture.
The scaling was done in the Metashape Professional software scaling
mode, which transforms pixels into millimeters when selecting two
points of known distance, in this case two points of the re-
constructed scale bar.

2.3. Virtual assembly of 3D bone fragments

Virtual assembly of cranial or mandibular fragments was per-
formed using Amira 2019.2 software (Mercury Computer Systems,
Inc. Chelmsford, MA). To accurately join the fragments in a three-
dimensional space, the 3D models representing adjacent fragments
were thoroughly evaluated to locate a minimum of five pairs of
common anatomical points along the fissures of each fragment in at
least two different planes. Landmark 2-sets option in Amira was used
to register the 3D cartesian coordinates of the corresponding points.
The two sets of landmark coordinates were then matched by per-
forming a rigid transformation between the 3D models that virtually
joined the bone fragments. Using this procedure, the cranium and
mandible of each individual was also articulated by recording the 3D
coordinates of anatomical corresponding points located on the
mandibular condyle and temporal mandibular fossa, as well as on
tooth wear facets when possible.
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Fig. 2. Camera mounted on tripod and cranium positioning on turntable for generating 3D photogrammetry models.

2.4. Cranial restoration by mirroring

Virtual restoration was performed in Amira 2019.2 by mirroring
the less deformed or damaged half of each cranium. After morpho-
logical assessment, the more deformed half was manually removed
and the selected half was duplicated, inverted, and joined to the
other half using the Amira Landmark 2-sets function. A minimum of 9
landmarks of anatomical concordance between both halves were
registered for accurate 3D matching. For qualitative comparison of
the original and mirrored models, a superimposition of both meshes,
applying rigid transformation and scaling, was performed.

2.5. Traditional and virtual craniometry

Cranial and mandibular metric measurements were taken on
manually reconstructed dry bones following the traditional metho-
dology in biological anthropology, using spreading and sliding cali-
pers and a mandibulometer [37,56,57] (Supplementary table 1). In
those cases in which bone fragments could not be correctly glued
together, it was not possible to measure all dimensions on dry bones
with the traditional method.

For virtual craniometry, the 3D cartesian coordinates of a set of
63 anatomical landmarks [5,46,56,58,59]| were registered over the
reconstructed cranium and mandible using the open-source soft-
ware 3DSlicer [60] (Supplementary table 2). Linear measurements
were calculated as Euclidean distances between the 3D coordinates
of the two landmarks defining the origin and end of each skull
measurement. The mandibular angle was calculated as the inverse
cosine between the vector defined by the inferior border of the
mandibular body and the vector defined by the posterior border of
the mandibular ramus. Mandibular length was calculated as the
linear distance between Gnathion and a median point between the
right and left Gonions.

Each skull was measured three times using both the traditional
and virtual methods, and mean values were used for subsequent
analyses. Intra-observer error for each method was assessed using
the Technical Error Measurement (TEM), a measure of error pro-
duced when a single object is measured different times [61]. TEM is
expressed in the same measurement units and is calculated with the
following formula,

TEM = \/Z?:] (%11 = x2i)?
2n

where X is a pair of measurements taken at different times, and n is
the total number of measurements. Considering an acceptable
measurement range error for anthropologists of 2 mm [62], TEM

values below 2 mm were considered negligible. Precision in land-
mark acquisition was assessed as the variation in landmark place-
ment. The average Standard Deviation (SD) for each landmark
coordinate was calculated [63] and SD values below 0.5 mm were
considered as highly precise, values between 0.5 mm and 1 mm were
considered as precise, and values greater than 1 mm were con-
sidered as not precise.

The agreement between traditional and virtual methodologies
was evaluated by a correlation analysis between the measurements
obtained from both techniques on each skull. Normality was as-
sessed with a Shapiro-Wilk test and non-parametric variables were
tested using Spearman correlation. Bland-Altman plots were pro-
duced in R v4.1 [64] using the BlandAltmanLeh package [65] as a
graphical and statistical tool for method comparison [66].

2.6. Ancestry estimation

A reference craniometric database was assembled pooling data
from previously published databases. This included a cranial sample
of 54 Spanish males retrieved from the Olériz collection [67,68], as
well as 1309 world-wide male cranial sample retrieved from the
Howells collection [46] (Data publicly available at http://volwe-
b.utk.edu/~auerbach/HOWL.htm) (Fig. 3). These cranial collections
are widespread used databases in anthropological research [69-71].

We selected 18 craniometric measures that were common in the
Olériz and Howells databases (Supplementary table 3). Variables
with more than 50 % of missing values were excluded from the
analysis and missing values in the Olériz database were substituted
with the variable mean value. To measure these craniometric dis-
tances in the skulls from the Spanish Civil War, we measured the
restored models.

We performed a Principal Component Analysis (PCA) based on
craniometric measures to explore craniofacial variation among
world-wide populations, by grouping samples according to their
continental origin, and among European populations. We also per-
formed a Canonical Variates Analysis (CVA) to identify the cranio-
facial traits that maximized the separation between populations.
PCA and CVA were performed and plotted using PAST v4.03 [72].

To assess ancestry estimation, we implemented two sets of
Linear Discriminant Analysis (LDA) and discriminant functions in R
v4.1 [64] using the MASS package [73]. The first set of discriminant
functions included world-wide populations and was used to assess
European ancestry. The second set of discriminant functions, which
only included European populations (Spanish, Berg, Norse and Za-
lavar), was used to obtain a more precise assessment of the Eur-
opean origin of each cranium. Posterior probabilities were calculated
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Fig. 3. Populations extracted from Howells (red) and Olériz (blue) cranial collections. Craniometric data of male individuals was extracted from the following populations: 1 -
Mokapu (n=51); 2 - Santa Cruz (n=51); 3 - Arikara (n =42); 4 - Easter Island (n =49); 5 - Peru (n=55); 6 - Eskimo (n=53); 7 - Norse (n=55); 8 - Berg (n=56); 9 - Zalavar (n=53);
10 - Spanish (n=54); 11 - Dogon (n=47); 12 - Teita (n=33); 13 - Bushman (n=41); 14 - Zulu (n=55); 15 - Andaman (n = 35); 16 - Hainan (n=45); 17 - Atayal (n=29); 18 - Phillipi
(n=50); 19 - Anyang (n=42); 20 - Ainu (n=48); 21 - Northern Japan (n=55); 22 - Southern Japan (n=50); 23 - Guam (n=30); 24 - Tolai (n=56); 25 - Australi (n=52); 26 -
Tasmania (n=45); 27 - Northern Maori (n=10); 28 - Moriori (n=57); 29 - Southern Maori (n=10).

for unknown-ancestry crania using the Ida.predict command in the
MASS package.

The accuracy of ancestry prediction of this set of discriminant
functions were tested on a sample of 15 crania of known origin. Most
crania were retrieved from the collection of the Universitat of
Barcelona (find Table 1 in the results section), which comprised 10
crania of individuals excavated from medieval Spanish sites, and four
crania from non-Spanish populations, including one crania of an
individual from a Guanche population in Canary Islands, one crania
of an individual from a Saharawi population in Northwest Africa, one

The ancestry of each Spanish Civil War crania was tested in-
dividually using the reference craniometric database. Since re-
constructed crania were fragmented and all measurements could not
be taken even in the mirrored restored crania, we adjusted the
number of craniometric variables used for the ancestry estimation to
the measurements available in each cranium. New discriminant
functions were re-calculated in each case, and the accuracy of an-
cestry prediction was tested with known Spanish crania.

3. Results

individual from Equatorial Guinea, and one individual from Phi-
lippines. Finally, we also retrieved data from a Spanish Civil War
victim exhumed from the town of Gurb (Table 1) that was identified
as Spanish [74].

3.1. Photogrammetry

Three-dimensional models were successfully created following
the photogrammetry workflow. Overall, high mesh quality was

Table 1

Ancestry predictions in crania of known origin. Continental and European predictions associated to posterior probabilities are provided. UB: non-identified crania retrieved from
the collection of Universitat de Barcelona. Known origin based on the geographical origin of the site in which the remains were exhumed. GURB: cranium of an identified victim of
the Spanish Civil War. * Incorrect classifications.

Individual cranium Known origin Continent prediction Posterior probability European prediction Posterior probability

UB.1 Guanche Africa 0.61 -

UB.2 Saharawi Africa 0.85 -

UB.3 Eq. Guinea Africa 0.85 -

UB.4 Philippines Asia 0.60 -

UB.5 Spanish Europe 0.69 Spanish 0.45
UB.6 Spanish Europe 0.70 Spanish 0.55
UB.7 Spanish Europe 0.87 Spanish 0.56
UB.8 Spanish Europe 0.99 Spanish 0.99
UB.9 Spanish Europe 0.99 Zalavar* 0.45
UB.10 Spanish Europe 0.92 Norse* 0.39
UB.11 Spanish Europe 0.81 Norse* 0.51
UB.12 Spanish Europe 0.97 Norse* 0.72
UB.13 Spanish Asia* 0.41 Spanish 0.95
UB.14 Spanish Asia* 0.53 Zalavar* 0.56
GURB Spanish Europe 0.98 Spanish 0.99
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Fig. 4. Photogrammetry-based three-dimensional models of cranial and mandibular skeletal remains of five victims of the Spanish Civil War. 3D models not to scale.

achieved for all fragments (Fig. 4, Supplementary Figs. 1-5), even the
smallest ones, with only small reconstruction defects that did not
significantly affect bone anatomy and could be fixed with post-
processing. Perimortem trauma, like fractures and projectile
wounds, were reconstructed with highest accuracy. Texture accuracy
was also achieved, remarkably reflecting taphonomic coloration and
other materials like gold dental caps (Fig. 4, INDIV5 mandible).

3.2. Virtual reconstruction and assembly of 3D skull fragments

Virtual assembly of 3D fragments was successful for four out of
five individuals, either using the anatomic correspondence between
fragments along concordant fractures, or the assembly of the tem-
poro-mandibular articulation (Fig. 5, Supplementary Figs. 6-9). Only
the cranium and mandible of INDIV4 were not correctly assembled
due to the severe cranial taphonomic deformation and bone loss,
which included bilateral temporal’s mandibular fossa.

Despite the high fragility and incompleteness of the remains,
facial restoration by virtual assembly was achieved even in INDIV2

and INDIV5, in which manual assembly by gluing the bone frag-
ments was not feasible. Mandibular fragments of INDIV1 presented
fractures without anatomical concordance due to bone loss, however
their temporo-mandibular assembly allowed both 3D fragments to
be anatomically placed.

3.3. Virtual restoration by mirroring

Craniofacial restoration by mirroring one half of the cranium was
achieved in four out of five individuals. The right half of INDIV1
cranium was mirrored and as a result it was possible to restore the
left zygomatic arch that was originally lost (Fig. 6, Supplementary
Fig. 10).

In INDIV2, the right half was mirrored, resulting in an almost
complete recovery of the right temporal, parietal, and zygomatic
bones, as well as a decrease in deformation (Fig. 6, Supplementary
Fig. 11).

In INDIV3, the right half was mirrored, resulting in a more ac-
curate cranial reconstruction, in which facial and frontotemporal
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INDIV1 INDIV2 INDIV3 INDIV5

INDIV2 [\ID]\VE]

Fig. 5. Virtual assembly and articulation of cranial and mandible remains.

INDIV1 INDIV2

- o ——
Large difference Slight difference
between models between models

Fig. 6. Virtually restored model by mirroring technique and original mesh superimposition. Original and mirrored 3D meshes were compared by superimposition and differences
were shown as heatmaps and vector maps, with red areas indicating where the largest differences occur.
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deformations were almost completely restored (Fig. 6,
Supplementary Fig. 12). There was originally a bullet outlet hole in
the left temporal bone that was replaced by the entrance hole pre-
sent in the right temporal bone. Since the deformation associated to
this perimortem injury was less severe, the right half of the skull was
chosen to mirror the cranium of INDIV3. However, the irradiated
fracture associated to the entrance hole was duplicated, resulting in
a reduction of maximum cranial breadth. For this reason, this
measurement was discarded when we assessed the ancestry esti-
mation of this individual in the subsequent forensic applications.

In INDIV5, the left half was mirrored and as a result the right
maxilla, zygomatic and frontotemporal bones were almost com-
pletely reconstructed (Fig. 6, Supplementary Fig. 13). A downside of
this reconstruction was the reproduction of a horizontal fracture in
the right parietal bone, which introduced slight deformation in the
right cranial vault visible in the mediolateral axis. Therefore, max-
imum cranial breadth and biauricular breadth were excluded in
forensic applications assessing this individual.

3.4. Virtual and traditional craniometry

Comparison of virtual and traditional craniometric measure-
ments showed an acceptable intra-observer error for both techni-
ques, with Technical Error Measurement (TEM) values usually
inferior to 1.5 mm (traditional TEM range: 0.99-3.02 mm; virtual
TEM range: 0.64-0.8 mm). The only exception showing high error
(TEM=3.02) was detected in the traditional measurements of INDIV5.
When measured using the virtual technique, the skull of this in-
dividual presented a significantly lower intra-observer error
(TEM=0.8 mm), showing a better performance of virtual cranio-
metry. Overall, the three-dimensional landmarks were positioned
with high precision, with 81 % of landmarks presenting SD values
below 0.5 mm.

Virtual and traditional measurements were highly correlated
(Spearman’s rho>0.99; p < 0.001), despite few exceptions. The
measurement with the highest percentage error in all individuals
was mandibular length, with differences ranging between 15 % and
25 %, indicating that the proposed estimation for mandibular length
was not accurate. Bland-Altman plots further assessing virtual and
traditional measurements in each individual (Fig. 7) showed that the
mean of differences between virtual and traditional measurements
ranged between 0 and 1 mm, except for INDIV4, in which the mean
difference between virtual and traditional measurements was close
to 2 mm, probably due to a less precise scaling of the virtual model.
Bland-Altman plots also showed a proportional bias in the mea-
surements. While short measurements (<100 mm) showed a ten-
dency to present values below the mean line and around O, long
measurements (>100 mm) presented values above the mean line
and greater dispersion. This indicated that shorter measures showed
higher agreement between virtual and traditional techniques, while
differences of 3 or 4 millimeters could be found in longer mea-
surements. Overall, the comparison between traditional and virtual
measurements confirmed that virtual models generated and scaled
by photogrammetry are adequate for forensic applications.

3.5. Ancestry estimation

Populations from the five world continents showed high varia-
bility in cranial morphology, and their 95 % confidence ellipses lar-
gely overlapped in the morphospace generated by a PCA (Fig. 8a).
Likewise, European populations showed a general overlap in the PCA
plot, except for the Spanish population, which showed an increased
range of variation along PC1 (Fig. 8b). In both PCAs, PC1 was asso-
ciated with size differences: individuals with larger dimensions
displayed positive PC1 scores, whereas individuals with smaller di-
mensions displayed negative scores.
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Canonical variate analysis maximized differences between
groups, allowing a relative discrimination between continental po-
pulations (Fig. 9a). CV1 separated individuals with longer more
projected facial morphologies on the right, from shorter and re-
tracted faces on the left (Fig. 9a). Within European populations, the
CVA revealed that despite relative overlap in the range of morpho-
logical variation between Berg, Spanish, Zalavar and Norse popula-
tions, there is potential in craniofacial morphology to predict
population ancestry from crania of unknown origin that display
morphologies that fall outside the common range of variation
(Fig. 9b). CV1 separated dolichocephalic crania with narrow noses on
the right from brachycephalic crania with wider nasal morphology
on the left (Fig. 9b). Zalavar and Norse completely overlapped on the
CVA (Fig. 9b), showing that it could not be possible to differentiate
between individuals from these populations.

Discriminant  functions were calculated wusing Linear
Discriminant Analysis on the continental and European reference
samples. The predictive power of both databases was tested using 15
crania of known origin (Table 1). Within the continental database, 13
out of 15 crania (86.7 %) were correctly classified, with an associated
posterior probability that ranged from 0.60 to 0.99. Incorrectly
classified crania (13.3 %) were associated to posterior probabilities of
0.41 and 0.53 (Table 1). Therefore, a minimum posterior probability
threshold value of 0.6 for continental prediction was assumed in
subsequent analyses.

The European database was tested with 11 crania of known
Spanish origin. Six crania (54.5 %) were estimated as Spanish, with a
posterior probability range of 0.45-0.99 (Table 1). Three crania (27.3
%) were incorrectly classified as Norse (posterior probability range of
0.39-0.72), and two (18.2 %) as Zalavar (posterior probabilities of
0.45 and 0.56). As the highest probability of an incorrect classifica-
tion was 0.72, the threshold for correct classifications was set to 0.73.
With this criterion, only 3 out of 11 crania (27.3 %) were correctly
classified with high posterior probability.

Ancestry predictions for crania of victims of the Spanish Civil War
are provided in Table 2. Results showed that INDIV1 was classified as
European with 0.96 posterior probability, and as Norse within Eur-
opean populations with 0.74 posterior probability (Table 2), dis-
carding the initial hypothesis of Spanish ancestry. INDIV2 was
classified as European with 0.56 posterior probability, and as Spanish
with 0.86 posterior probability. Considering that this posterior
probability was higher than the threshold, the initial hypothesis of
Spanish ancestry was accepted. INDIV3 was classified as Asian with
0.77 posterior probability, and Spanish ancestry with 0.95 posterior
probability, and thus the hypothesis of non-Spanish European an-
cestry was not accepted. Finally, INDIV5 was classified as African
with 0.53 posterior probability, and Spanish ancestry with 0.52
posterior probability. These results were not conclusive and there-
fore, the hypothesis of a non-Spanish European ancestry could not
be either accepted or rejected.

4. Discussion

Three-dimensional models generated using our photogrammetry
protocol were reconstructed with high quality standards, compar-
able to previous studies [51]. The resulting virtual models were va-
luable input data for further forensic applications, especially in the
case of fragile skeletal remains. We managed to reconstruct, as-
semble, and restore the craniofacial remains of four out of five vic-
tims from the Spanish Civil War (Fig. 4). Virtual reconstruction and
assembly enabled us to join bone fragments and to measure cra-
niometric dimensions that could not be performed on dry bones by
traditional reconstruction methods. Finally, we gathered continental
and European reference craniometric databases and used cranio-
metric traits measured on restored crania 3D models to test
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Fig. 7. Bland-Altman plots comparing traditional and virtual craniometric methods. The X axis represents the skull measurement in mm, whereas the Y axis indicates the
difference in mm of each pair of traditional and virtual measurements. The central dotted line indicates the mean value of the differences between both measurement techniques,
and the upper and lower lines indicate the limits of agreement (mean + 1.96-SD). Except for mandibular length, all measurements taken with both traditional and virtual

techniques were included in the Bland-Altman analyses.

hypotheses about the population ancestry of the Spanish Civil War
victims.

Our optimized photogrammetry protocol generated 3D models
with a fast acquisition process of approximately 15 min. However,
the generation of a mesh with highest quality was a computationally
demanding process that increased the processing time from an
average of 2-3h to more than 10h, depending on the computer
power. Similar processing times have been reported by other pho-
togrammetry studies [75-77]. Our scanning protocol generated 3D
models of either complete or fragmented crania and mandibles
(Fig. 4), with the smallest fragment being a mandibular condyle of
9 cm. Our virtual assembly protocol (Fig. 5) concluded in a full re-
construction of the two individuals with fragmented skulls (INDIV2
and INDIV5), and a correct mandible-cranium articulation in most
cases, even in an individual with incomplete mandible (INDIV1).

Since anatomic correspondence between fragments is required for
correct assembly, our method only failed to join fragments caused by
damages that involved major bone loss (INDIV4).

Overall, our results suggest that despite virtual reconstruction
and assembly require extensive expertise and long processing times
[78], virtual methods can be successfully applied in complete and
partially fragmented skulls. The main advantage of virtual anthro-
pology is that 3D models can be easily accessed, exchanged and
virtually manipulated without the risk of damaging the remains
[26,27]. Moreover, in cases where manual reconstruction is not
feasible because bones are too fragile to handle or cranial fragments
are deformed and cannot be physically fit together, virtual methods
can represent an added value. Current limitations of virtual methods
mainly involve the reconstruction and assembly of small bone
fragments. According to previous studies, accurate 3D models of
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Fig. 8. Principal Component Analysis of the reference databases. A) PCA plot of the complete database (Howells+Olériz) with samples grouped into five continents, with the first
two PCs explaining 55 % of total craniofacial variance. B) PCA plot of the European database including four European samples, with the first two PCs explaining 45 % of total
morphological variance. Confidence ellipses represent 95 % of variance within each continent or population.

small objects can be achieved using photogrammetry protocols
based on macro images, allowing the 3D reconstruction of objects
with dimensions in the order of few cm and measuring details
smaller than 1 mm [79]; and small fragments as fractured portions
of teeth can be assembled using digital techniques [80]. However,
although digitalization and assembly may be technically feasible, the
virtual reconstruction of skulls from many small fragments may not
be practical considering the time and computational resources re-
quired to scan each fragment. Moreover, our assembly protocol re-
quires the presence of several common anatomical points along the
fracture edges of the fragments, limiting the potential of the method
when bone portions are too small and fracture edges are not well-
preserved. More advanced and automated protocols, including geo-
metric morphometric approaches [28], are needed to overcome
these limitations and to allow the reconstruction of highly frag-
mented skulls resulting from severe blast and comminuted trauma.

Our results further demonstrated that virtual skull reconstruc-
tions can be reliably used for morphological profiling [81]. Virtual

10

and traditional measurements presented deviations below 1.5 mm,
indicating that 3D models generated by photogrammetry reliably
reflect the size and shape of the original bones [51]. An additional
benefit of virtual models is that they allow taking measurements in
fragmented remains that cannot be glued in the laboratory but can
be virtually assembled, as for example in INDIV5 (Fig. 4). Cranio-
metric measurements on virtual reconstructions also showed a re-
duced intra-technique variability as compared to traditional metrics.
This is likely due the fragmented state of some cranial remains,
which increases the difficulty of keeping the skull in the same po-
sition during different measurement sessions and explains the dis-
persion of measures in Bland-Altman plots (Fig. 7). Therefore,
traditional measures should not be taken as a “gold-standard” be-
cause measuring fragmented non-glued skulls using calipers is
technically challenging and can introduce substantial measurement
bias [76].

Besides reconstruction and measurement, the virtual restoration
of craniofacial remains by symmetrization of cranial fragments
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Fig. 9. Canonical Variate Analysis (CVA) of the reference databases. A) CVA plot of the complete database grouped into five continents. B) CVA plot of the European database
including four European populations. Confidence ellipses represent 95 % of variance within each European population.

achieved the reduction of perimortem trauma and taphonomic
postmortem modifications (Fig. 6). Although results were overall
satisfactory, the method could be further improved by partial mir-
roring of the affected structures [82] and by applying geometric
morphometrics to correct asymmetries and defects caused by
trauma and taphonomic processes [83].

Finally, we explored the potential of restored virtual cranial re-
constructions to test hypotheses of population ancestry and geo-
graphic origin [84]. Our results based on a sample of crania with
known origin indicated that ancestry estimation was reliable for
continental differentiation, achieving 86.7 % of correct classification,
whereas correct Spanish ancestry estimation with high likelihood

Table 2

was reduced to 27.3 % (Table 1). The overlap in cranial morphology
observed in the morphospace created by the PCA and CVA analyses
showed that variability across continents and countries is con-
tinuous and no clear-cut boundaries can be defined between popu-
lations based on cranial morphology (Figs. 8 and 9). Only craniofacial
morphologies falling outside the continental or population overlap
in the PCAs could be classified with high likelihood.

Results on the Spanish Civil War crania showed that, based on
continental estimation, two out of four crania were classified as
European and Asian with low posterior probabilities, suggesting that
a non-European ancestry could be accepted. However, the range of
craniofacial variation in Asia completely overlapped with the ranges

Ancestry predictions in restored Spanish Civil War crania. Continental and European predictions associated to posterior probabilities. ! = all measurements included. 2 = maximum
cranial breadth not included. * = maximum cranial breadth and biauricular breadth not included.

Individual cranium Continent prediction

Posterior probability

European prediction Posterior probability

INDIV1 restored' Europe 0.96
INDIV2 restored' Europe 0.56
INDIV3 restored? Asia 0.77
INDIV5 restored® Africa 0.53

Norse 0.74
Spanish 0.86
Spanish 0.95
Spanish 0.52

1
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of variation of the other continents (Figs. 8a and 9a), indicating a
possible misclassification. At the European level, only two crania
were estimated as Spanish with high associated posterior prob-
abilities. Results from one cranium were not conclusive, and one
cranium showed high similarity with the Norse sample, suggesting a
non-Spanish population ancestry. However, these results were not
endorsed by the archaeological evidence available. The robust in-
dividuals wearing gold dental caps and rings that were suspected as
volunteers of the “International Brigade” of the Spanish Civil War
(INDIV3 and INDIV5) were not estimated as non-Spanish European
by the ancestry tests and further analyses are needed to confirm the
hypothesis.

Our ancestry estimations based on cranial morphology are pre-
liminary and could vary depending on the posterior probability
threshold values considered (Table 2). High posterior probabilities
(>0.9) indicate that an individual is morphologically very similar to
the group classified, and therefore is likely more correctly classified
than an individual classified with a low posterior probability (< 0.7)
[85]. Nevertheless, no cutoffs in posterior probabilities are required
to correctly classify an unknown individual [86], and misclassifica-
tions can occur even with high posterior probabilities. Elliott &
Collard (2009) suggested that an ancestry determination without
ambiguity should have posterior probabilities higher than 0.991.
Considering this conservative threshold, none of the classifications
obtained in this study could be accepted without ambiguity.

To improve future analyses testing specific hypothesis about the
geographical origin of cranial remains from the Spanish Civil War,
the number of Spanish, European and world-wide samples used in
the discriminant analyses should be increased, including larger
samples of crania with known origin to further validate the method.
When no reference populations of unknown crania are included in
the analyses, misclassifications with other populations present in
the sample may occur [43,87]. Moreover, to avoid biases induced by
secular trends, which involve significant changes in the size and
shape of the crania over time [88], cranial samples from con-
temporary populations should be favored over samples from dif-
ferent temporal periods, as for example the medieval Norse and
Zalavar samples included in the Howells database [46]. Finally, 3D
craniofacial models and geometric morphometrics analyses [48]
could further enhance the potential of ancestry analysis.

In forensic research, the use of ancestry estimates is highly de-
bated [89,90], and research should avoid typological approaches
classifying individuals into social races based on craniometric traits
[89,90]. These approaches have long been rejected and are not
supported on scientific biological grounds [91,92]|. However, the
potential of craniofacial variation in biological anthropology studies
can be leveraged following an evolutionary and population-based
framework. Growing evidence supports that human craniofacial
variation is genetically determined [93,94| and associated with po-
pulation and sex differences [38,39,95], which leads to family re-
semblance and look-alike facial traits in unrelated individuals with
genetic similarities [40,41,96,97]. As a result of complex evolutionary
and population dynamics [98], genetic patterns surrogate population
ancestry and these are reflected in phenotypic craniofacial differ-
ences among human populations [99].

In this context, approaches using craniometric traits to infer the
geographical origin of unidentified individuals can help disentangle
archeological issues. Considering the intrinsic limitations of popu-
lation ancestry analyses [35,84|, our results support that valuable
information can be extracted from craniofacial remains for their
biological profiling. Forensic cases like war victims are scenarios that
need positive identification concerning their population of origin.
Current methods grounded in statistical and population-specific
analysis [90] can provide evidence to test archeological hypotheses,
such as the presence of volunteers that served in the “International
Brigade” in the Spanish Civil War.
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5. Conclusions

Overall, our work demonstrates that the protocol for virtual re-
construction of cranial and mandibular remains using photogram-
metric methods produced high quality results, as well as their virtual
assembly and restoration. Virtual craniometry offered advantages in
comparison to traditional methods, as additional measures could be
taken on the skull remains and restored 3D models were less af-
fected by fragmentation and deformation. Craniometric analysis
showed that virtual 3D models can be used indistinctly from the
actual remains for forensic applications. Current forensic use of an-
cestry estimation presents limitations, but our results indicate that
craniofacial morphology has potential for ancestry assessment and
can provide complementary information to other ancestry tests,
especially when genetic testing is not available. Therefore, we re-
commend introducing virtual techniques in the biological and for-
ensic anthropology disciplines when working with skeletal remains
with perimortem trauma and taphonomic alterations, as in
civil wars.
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