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ABSTRACT

Radiological imaging is often used to aid in forensic anthropological examinations. While forensic anthropolo-
gists may need to detect skeletal trauma virtually, they generally have very little to no radiological training. The
aim of this study was to assess the ability of forensic anthropologists to accurately detect fractures using radi-
ology. Five piglets were struck with a mallet, post-mortem, and then scanned using CT, X-ray and Lodox®. The
number of fractures detected on each modality was recorded by a senior radiology resident (SRR), a novice
forensic anthropologist (NFA) with brief radiological training, and more experienced forensic anthropologists
(EFA) with limited to no radiological training. The piglets were macerated and the number of fractures present
on the dry bone were counted. The percentage of fractures detected by each observer using each method in
comparison to the dry bone was calculated. Cohen’s kappa revealed that agreement between the NFA and SRR
was considered substantial to almost perfect (k=0.77-1.00), while agreement between the EFA and SRR was fair
to almost perfect (k=0.21-1.00). However, while the SRR and NFA had comparable sensitivities (0.0-83.7% and
0.0-89.3% respectively), the EFA detected on average 22.0% less fractures than the NFA (0.0-62.4%). This in-
dicates that even brief radiological training increases the sensitivity of fracture detection, and that the ability of
forensic anthropologists to detect fractures virtually without training is not sufficient when evaluating cases with
suspected trauma. It is therefore suggested that all forensic anthropologists, both novice and more experienced,
should receive radiological training in order to accurately detect fractures.

Introduction

disciplines have started to shift toward a more virtual approach, with
examinations being conducted less invasively, using various radio-

Both forensic pathologists and forensic anthropologists are involved
in the examination and identification of deceased individuals. Forensic
pathologists conduct autopsies in order to determine cause and manner
of death and are also commonly relied upon to determine the identifi-
cation of unknown decedents [1]. Forensic anthropology is concerned
with the analysis and identification of decomposed or skeletal remains,
which includes the construction of a biological profile and the evalua-
tion of bone pathologies and trauma [2, 3]. In recent times, these

graphic tools [3].

Forensic odontologists, pathologists and anthropologists also rely on
radiological methods to assist in the identification of unknown de-
cedents by comparing ante- and post-mortem records of dentition [4-6],
paranasal sinuses [1, 7-9] and unique skeletal variations, pathology or
trauma [1, 3, 10, 11]. These methods of identification are particularly
useful when dealing with decomposed [12], skeletonized [3] or burnt
remains [13, 14], as well as during disaster victim identification [3, 5,
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8], when DNA or fingerprint analysis is not possible or feasible.

Forensic imaging is being used more frequently in the construction of
biological profiles during forensic anthropological analyses. Methods for
the estimation of sex, age-at-death and living stature have been con-
ducted using magnetic resonance imaging (MRI) scans [15-17],
computed tomography (CT) scans [18-20], conventional X-rays [21-23]
and low-dose full-body X-ray (Lodox®) scans [24, 25]. Skull radiographs
have also been used to aid in the construction of craniofacial approxi-
mations [26].

Forensic pathologists increasingly rely on the use of imaging mo-
dalities as a complementary tool during traditional autopsy procedures
and in some institutions, these modalities are even used to conduct
virtual autopsies, or “VIRTOPSIES®” [27, 28]. Conventional autopsies
are extremely time-consuming, labour-intensive, invasive, and have
many cultural, religious and emotional implications, and the use of
radiological imaging to conduct virtual autopsies have therefore
garnered much interest [3, 27, 28]. The assessment of both soft tissue
and the skeleton can be conducted using radiological methods such as
CT and MRI scans, and is particularly important for the detection of
skeletal trauma which is regularly assessed during autopsies and
forensic anthropological examinations in order to establish the cir-
cumstances surrounding death, and to identify victims of abuse [3].
Fractures, which are common in victims of physical abuse and violent
crime [29], and the detection of which is critical in these cases, are
regularly missed during traditional autopsies, with between 9% and
69% of fractures going unnoticed [30, 31]. Fractures sustained
peri-mortem and which have not yet begun to heal and form calluses are
frequently undetected during autopsy procedures [30]. In addition,
fractures in regions particularly difficult to assess during autopsy are
also regularly undetected [31, 32]. While remains may be macerated so
that forensic anthropologists can conduct skeletal analyses to detect
trauma, this process is time-consuming, expensive and not always
feasible [33]. Furthermore, in living individuals, skeletal trauma can
only be visualized radiologically. The use of imaging tools aids in the
rapid and accurate detection of bone fractures [3], which could assist in
identifying both victims and perpetrators of abuse and violent crime.

Ali et al. [1] suggest that forensic pathologists with limited radio-
logical experience can accurately compare ante- and post-mortem re-
cords of skull features in order to identify unknown decedents. However,
the detection of trauma in the rest of the skeleton may be more chal-
lenging and may require the expertise of a radiologist, which is not al-
ways practical during forensic analyses where forensic anthropologists
who typically have no to limited radiological training and experience,
may be required to interpret radiological scans themselves [3]. Although
many authors agree that the use of virtual methods to detect skeletal
trauma is a critical part of modern forensic anthropology [3, 10, 11, 34],
the ability of forensic anthropologists to accurately identify this trauma
radiologically is not currently known. The aim of this study was there-
fore to determine the ability of both novice and experienced forensic
anthropologists, in comparison to a radiologist, to accurately detect the
number of skeletal fractures on CT, X-ray and Lodox® scans. For this
purpose, a pig model was used.

Materials and methods

The Animal Research Ethics Committee at the University of the
Witwatersrand (Clearance Certificate No 2019/04/27/0) and the South
African Department of Agriculture, Forestry and Fisheries granted
ethical permission for the completion of this study.

This paper forms part of a larger study by Spies et al. [35, 36] which
investigated the sensitivities of various imaging modalities in detecting
skeletal trauma. In order to assess whether forensic anthropologists can
accurately detect skeletal trauma, the trunk (including the ribs and
vertebrae), the anterior limbs and the posterior limbs of five piglets
(5-15 kg each) were each hit between 1 and 10 times with a mallet
post-mortem. Piglets were then radiographed. Helical computed
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tomography (CT) scans were taken at the Wits Donald Gordon Medical
Centre in Johannesburg using a 64 Slice Philips Brilliance CT scanner,
with parameters of 120 kV, 150 mA, 3.0 mm slice thickness with a 1.5
mm slice increment, 0.391 pitch, and a reconstruction kernel C: 500 W:
1500 on a D filter (bone kernel). Conventional X-rays (58kV, 2.2-2.5mA)
were taken at the Central Animal Services at the University of the Wit-
watersrand, and included ventrodorsal and left and right lateral views of
each body region, as well as oblique views of both the left and right ribs.
Lodox® scans (80 kV, 160 mA) were taken at the Johannesburg Forensic
Pathology Services and included ventrodorsal and right and left lateral
views. Lodox® scanners are frequently used both in South Africa and
worldwide, producing full-body X-ray images with very low doses of
radiation and at very high speeds, and are therefore invaluable for
performing initial trauma screening procedures [37]. For a more
detailed description of the Lodox® scanner, the reader is referred to
work by du Plessis et al. [37].

Four observers, including a fairly novice forensic anthropologist,
more experienced forensic anthropologists, and a senior radiology
resident read each scan. For the more experienced forensic anthropol-
ogists, one read the X-rays and another the CT and Lodox® scans. Two
experienced forensic anthropologist observers, both with very limited
radiological experience, were used due to the availability of each
observer. While all forensic anthropologist observers had limited
radiological experience, the novice received brief training in the basics
of interpreting radiological images prior to the start of this study. This
training amounted to approximately 10 hours, and included two work-
shops on detecting skeletal fractures and anomalies, as well as training
by a radiologist on how to differentiate between anatomical and non-
anatomical disruptions in bone cortex, and how to interpret CT scans
using multiplanar reconstruction (MPR), maximum intensity projection
(MIP) and volume rendering (3-dimensional reconstructions). The
novice also had prior experience with sub-adult pig anatomy and oste-
ology, which both the radiologist and experienced forensic anthropol-
ogists lacked.

Each observer recorded the exact number and location of fractures
present in each body region as detectable on CT, X-ray and Lodox®
scans. Fractures were detected based on non-anatomical linear radio-
lucencies and disruptions of the bone cortex. The skulls were not
assessed as some were highly fragmented, and exact fracture numbers
could not be determined as with the other body regions. All observers
read the scans of each imaging modality using RadiAnt DICOM Viewer,
and for CT scans, both 2-dimensional and 3-dimensional images were
assessed.

The inter-observer repeatability between each of the observers for
detecting the number and location of fractures was assessed using
Cohen’s kappa, where the level of agreement was considered slight with
a kappa score of 0.00 - 0.20, fair with a score of 0.21 - 0.40, moderate
with a score of 0.41 - 0.60, substantial with a score of 0.61 - 0.80, and
almost perfect with a score >0.81 [38]. Intra-observer repeatability for
the primary investigator, who was the novice forensic anthropologist,
was also assessed using Cohen’s kappa. As the aim of this study was
specifically to assess inter-observer repeatability, the intra-observer
repeatability for each other observer was not assessed.

The cleaned skeletons, which were considered as the standard of
comparison in this study, were also assessed following maceration and
skeletal reconstruction of each piglet, and the number of fractures pre-
sent in the trunk, anterior and posterior limbs was determined. The
sensitivity and specificity of each observer for detecting these fractures
using each type of scanning method was calculated. Sensitivity is the
correct radiological detection of a fracture which is also present on the
dry bone, while specificity refers to detecting no fracture radiologically
which is also not present osteologically [39]. Sensitivity is represented
by the number of true-positive fractures divided by the total number of
true-positives and false-negatives, whereas specificity is represented by
dividing the number of true-negatives by the combined total of the
number of true-negative and false-positive fractures [39]. IBM® SPSS®
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version 25.0 was used to perform all statistical analyses.
Results

A total of 279 post-cranial fractures were present on the dry bones,
which included 178 rib fractures, 29 vertebral fractures, 31 anterior
limb fractures and 41 posterior limb fractures. The overall sensitivities
for the senior radiology resident (SRR) were 73.1% for CTs, 51.3% for X-
rays, and 45.9% for Lodox® scans. The novice forensic anthropologist
(NFA) had sensitivities of 77.4%, 54.5% and 47.7% for CTs, X-rays and
Lodox® scans respectively, while the sensitivities for the more experi-
enced forensic anthropologists (EFA) were 53.4%, 28.3% and 31.5%
respectively. Overall specificities ranged between 95.1% and 99.2% for
all observers. Examples of frequently undetected fractures are presented
in Figures 1-3.

The overall detection of fractures was highly repeatable between the
SRR and NFA, with kappa values indicating almost perfect agreement
between the two observers (CT 0.91; X-ray 0.86; Lodox® 0.89). Agree-
ment between the SRR and the EFA (CT 0.64; X-ray 0.45; Lodox® 0.62)
was similar to that between the NFA and EFA (CT 0.62; X-ray 0.48;
Lodox® 0.62), and both were considered moderate to substantial
agreement. Intra-observer repeatability for the NFA was considered
substantial to almost perfect (CT 0.92; X-ray 0.78; Lodox® 0.86).

The kappa values indicating agreement levels between observers for
each body region using each imaging modality are presented in Table 1.
Repeatability between the SRR and NFA was consistently the highest,
with substantial to almost perfect agreement for all regions and all
radiological methods (kappa values between 0.77 and 1.00). Agreement
between the SRR and EFA, and between the NFA and EFA, were com-
parable across all body regions and imaging modalities, with kappa
values ranging between 0.21 for rib fractures detected using X-rays and
1.00 for vertebral fractures detected using both X-ray and Lodox® scans.
In general, CT scans had the highest agreement between observers for all
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body regions, except the vertebrae, where X-rays and Lodox® had
higher repeatabilities, and the anterior limbs for which repeatability was
highest using X-rays. Repeatability using Lodox® scans was higher than
X-rays for the ribs and posterior limbs, but repeatability using X-rays was
higher than Lodox® scans for the anterior limbs. In general, regardless of
imaging modality used, the highest agreement between all observers
was for fractures of the vertebrae (k=0.70-1.00), while the lowest
agreement between all observers was for the ribs (k=0.21-0.87).

The sensitivities for each observer in detecting fractures in each body
region using each radiological method is presented in Table 2. The NFA
had the highest sensitivities for all body regions using all diagnostic
tools, with a range of 0.0% to 89.3%, and were comparable to the sen-
sitivities of the SRR (0.0% to 83.7%). The EFA had the lowest sensitiv-
ities for detecting fractures across all regions and using all modalities,
ranging between 0.0% and 62.4%. Sensitivities were highest for CT
scans for all observers and all body regions (31.0-89.3%), and in general
Lodox® scans had the lowest sensitivities (0.0-56.2%). In general, the
ribs were the region with the highest sensitivity for all observers using
all modalities (25.8-89.3%), while the spine had the lowest sensitivities
(0.0-37.9%). For the SRR, NFA and EFA respectively, specificities ranged
between 92.2-100.0%, 94.5-100.0% and 92.7-97.9% for CT scans; 83.0-
100.0%, 93.8-100.0% and 89.8-98.3% for X-rays; and 97.9-100.0%,
94.0-100.0% and 91.5-100.0% for Lodox® scans.

Discussion

Radiological imaging is often used during forensic anthropological
analyses, which includes the assessment of skeletal trauma. Two papers
from the same larger study compared the sensitivities of CT, X-ray and
Lodox® scans in detecting fractures of the skull, trunk, forelimbs and
hindlimbs of piglets subjected to blunt force trauma [35, 36]. The results
of these papers showed that many fractures were missed using all im-
aging modalities, but that CTs consistently had the highest sensitivities

Fig. 1. Frequently unidentified fractures of the ribs and vertebrae as shown with CT (A), X-ray (B) and Lodox® (C) scans. Solid white arrows indicate fractures
identified by all observers; solid black arrows indicate fractures identified only by the SRR and NFA; dashed black arrows indicate fractures identified only by

the NFA.
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Fig. 2. Frequently unidentified fractures of the anterior limb as shown by CT (A) (top: scapula; middle: metacarpal; bottom: metacarpal), X-ray (B) (top: scapula;
middle: ulna; bottom: metacarpal) and Lodox® (C) (top: scapula; middle: ulna; bottom: metacarpal). Solid black arrows indicate fractures identified only by the SRR
and NFA; dashed black arrows indicate fractures identified only by the NFA. A lack of white arrows indicates that none of the fractures were identified by all

thee observers.

while plain radiographs were insufficient in detecting fractures in these
cases. The aim of the present study was therefore not to compare the
sensitivities of the imaging modalities themselves or to assess how
efficient they are, but to compare the ability of different observers,
including forensic anthropologists, to detect fractures using these
methods. While the use of a pig model is challenging in terms of the
anatomy and osteology, and may have reduced the overall detection of
fractures, the senior radiology resident used in the present study was as
unfamiliar with pig anatomy as most forensic anthropologists, and
therefore the results can still be considered accurate.

The number of fractures detected by the NFA was highly comparable
to those detected by the SRR for all body regions using all radiological
methods (k=0.77-1.00). The level of agreement between these two ob-
servers was substantial to almost perfect [38], indicating that the NFA
was able to identify fractures visible radiologically at the same level as
the SRR. The number of fractures detected by the more experienced
forensic anthropologists (EFA) was less comparable with those identi-
fied by both the SRR (k=0.21-1.00) and the NFA (k=0.28-1.00). How-
ever, agreement between the EFA and SRR was still considered fair to
almost perfect. The much higher repeatability of the NFA may be
because this observer received brief radiological training prior to the
start of this study, and therefore had slightly more experience with
reading scans in comparison to the EFA. The NFA also had the highest
sensitivities for detecting fractures in all body regions using all imaging
modalities (0.0-89.3%). Sensitivities of the NFA were on average 3.0%
higher than that of the SRR (0.0-83.7%) and 22.0% higher than that of
the EFA (0.0-62.4%). The higher sensitivities of the NFA are, when
compared with the EFA, likely due to the fact that the NFA had a slightly

higher level of radiological experience. In addition, the NFA had a much
more detailed knowledge of piglet osteology and anatomy, which ex-
plains why the NFA had higher sensitivities than both the SRR and EFA
who are less familiar with pig anatomy. It is therefore likely that the
sensitivities for detecting fractures by both the SRR and the EFA may
increase when reading scans of human infants and children, with which
all observers are much more familiar.

These results, which indicate that observer experience does indeed
affect the number of fractures detected using radiological scans, are
similar to those of Hong et al. [40] who reported an increase in sensi-
tivity of pediatric rib fracture detection from 29% to 46% for X-rays and
52% to 85% for CT scans when a more senior radiologist read the scans
in comparison to a less experienced observer. However, Shelmerdine
et al. [41] found that observer experience was not a significant predictor
of sensitivity when detecting rib fractures in children.

Both inter-observer repeatability as well as fracture detection
sensitivity was generally highest for CT scans, for all observers and all
body regions. This indicates that CTs are not only more sensitive than
both X-ray and Lodox® scans in detecting fractures, but that CT scans
are also much easier to read and interpret regardless of observer expe-
rience or level of training, as was seen by Spies et al. [35, 36]. While the
superimposition of bones in X-ray and Lodox® scans may cause the
detection of fractures to be much more challenging, the
three-dimensional renderings of each bone available with CT scans
contributes to fractures being detected much more easily by observers of
all levels of experience. Hong et al. [40] suggest that the use of CT scans
in addition to X-rays may only be of benefit for observers with less
radiological experience, as more senior observers may have a high
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Fig. 3. Frequently unidentified fractures of the posterior limb as shown by CT (A) (top: fibula; middle: tarsal; bottom: metatarsal), X-ray (B) (top: tibia, fibula and
talus; middle: tarsal; bottom: tibia, fibula and calcaneus) and Lodox® (C) (top: fibula; middle: talus; bottom: metatarsal). Solid white arrows indicate fractures
identified by all observers; solid black arrows indicate fractures identified only by the SRR and NFA; dashed black arrows indicate fractures identified only by

the NFA.

Table 1

Kappa values indicating level of agreement between the number of fractures detected by the senior radiology resident (SRR), novice forensic anthropologist (NFA) and
experienced forensic anthropologist (EFA) in each body region using each imaging modality.

Ribs Vertebrae Anterior limbs Posterior limbs
CT X-ray Lodox CT X-ray Lodox CT X-ray Lodox CT X-ray Lodox
SRR-NFA 0.87 0.77 0.83 0.97 1.00 1.00 0.86 1.00 0.95 0.97 0.90 0.88
SRR-EFA 0.54 0.21 0.53 0.70 1.00 1.00 0.59 0.69 0.53 0.67 0.56 0.66
NFA-EFA 0.52 0.28 0.54 0.72 1.00 1.00 0.60 0.69 0.49 0.64 0.57 0.63
Table 2

Sensitivities (%) of the senior radiology resident (SRR), novice forensic anthropologist (NFA) and experienced forensic anthropologist (EFA) in detecting fractures in

each body region using each imaging modality.

Ribs Vertebrae Anterior limbs Posterior limbs

CT X-ray Lodox CT X-ray Lodox CT X-ray Lodox CT X-ray Lodox
SRR 83.7 60.7 55.6 37.9 0.0 0.0 64.5 48.4 45.2 58.5 48.8 36.6
NFA 89.3 64.6 56.2 37.9 0.0 0.0 67.8 48.4 48.4 61.0 53.7 43.9
EFA 62.4 25.8 36.5 31.0 0.0 0.0 41.9 38.7 29.0 39.0 26.8 341

enough diagnostic accuracy using X-rays alone. However, the results of
this study, as well as the study by Shelmerdine et al. [41], show that all
observers have a higher diagnostic accuracy using CT scans than when
using plain radiographs. In addition to higher sensitivities with CTs,
scanning times are also much quicker than conventional X-rays, and
only one scan needs to be taken in comparison to three scans for Lodox®,
and between 10 and 15 images for X-rays, depending on the size of the
image cassettes. Furthermore, there is the added benefit of using

3-dimensional reconstructions, and even 3-dimensional printed models
of the CT scans, which may be used as evidence in court during criminal
trials [42]. Therefore, CTs are preferred over X-ray or Lodox® scans
regardless of observer experience.

Repeatability between all observers was lowest for the ribs using all
imaging modalities. This is likely due to difficulties in counting the ribs,
which range between 14 and 16 in pigs, as well as superimposition of the
ribs in X-ray and Lodox® scans. In addition, abdominal gas often
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obscured the lower ribs, making fracture detection challenging. Sensi-
tivities, however, were lowest for the spine, likely due to superimposi-
tion of the vertebrae in X-ray and Lodox® scans which makes it
challenging to identify fractures of the transverse and spinous processes.
Sensitivities were also relatively low for the limbs, which may be due to
difficulty in detecting long bone metaphyseal fractures, as well as su-
perimposition of some bones. While long bones such as the humerus and
femur were easily visualised, smaller bones like the metacarpals and
metatarsals were highly superimposed, making fractures difficult to
detect. This is evident as 19.0-56.3% and 26.1-63.6% of all limb frac-
tures undetected by observers using X-rays and Lodox® respectively,
were those of the metacarpals/metatarsals. Again, increased radiolog-
ical experience and training, as well as an increase in knowledge of
piglet osteology may result in both improved inter-observer repeat-
ability and sensitivity for these body regions. Furthermore, in human
infants and children, where the bones of the hands and feet are not
superimposed, sensitivities for detecting fractures in these regions are
expected to be higher for all observers.

Specificities were extremely high for all observers (95.1-99.2%),
indicating very few false-positive fracture identifications. This is sig-
nificant since it suggests that all observers, irrespective of level of
training, are not likely to incorrectly identify victims of abuse. For all
observers, specificities were comparable between CT, X-ray and Lodox®
scans, indicating that the level of observer experience does not affect the
likelihood of making false-positive identifications using any imaging
method. Hong et al. [40], however, suggest that limited radiological
experience may result in lower specificities for CTs in comparison to
X-rays, and that with increased experience and training, the risk of
false-positive identifications can be reduced. The results of the present
study, however, contradict this.

The results of both inter-observer repeatability and fracture detec-
tion sensitivity in the present study show that an increase in observer
experience results in an increase in the number of fractures detected
using all imaging methods, as expected. The NFA received brief training
in the basics of radiological imaging interpretation prior to the start of
this study, while the EFA had little to no radiological experience. This
training resulted in the NFA having a sensitivity for fracture detection
comparable to that of the SRR, and which was on average 22.0% higher
than the EFA. This indicates that even very brief radiological training
and experience can result in a drastic increase in sensitivity, and that the
ability of forensic anthropologists without this training to detect frac-
tures is limited and not sufficient when evaluating cases with skeletal
trauma such as in cases of physical child abuse.

A potential limitation of this study is the fact that a CT slice thickness
of 3.0 mm with a slice increment of 1.5 mm is relatively thick and may
have made the detection of very fine fractures more difficult, thus
resulting in lower sensitivities. In addition, the fact that the NFA had a
much more detailed knowledge of piglet anatomy and osteology may
have resulted in higher fracture detection sensitivities and skewed the
results in favour of the NFA. Therefore, including more observers
familiar with piglet anatomy may improve results. Furthermore,
including more observers of all levels of experience, including specialist
pediatric radiologists, as well as increasing the sample size, may increase
the validity of the results.

Conclusion

The field of forensic anthropology is becoming much more virtual in
its approach and is making use of radiological tools to conduct forensic
anthropological analyses, including the interpretation of trauma [3].
However, it was previously unknown whether forensic anthropologists,
who generally have very limited to no radiological experience and
training, are able to accurately identify skeletal trauma using various
imaging modalities. Results of this study show that observer experience
does indeed affect the number of fractures detected using CT, X-ray and
Lodox® scans, with sensitivity increasing as level of experience
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increases. This indicates that even very brief radiological training, as
was received by the NFA in this study, can drastically improve the ability
of the observer to detect skeletal trauma. While forensic anthropologists
do have fair to almost perfect agreement with the number of fractures
detected by the SRR, fracture detection sensitivities of forensic anthro-
pologists without radiological training are low and not sufficient for
assessing cases of suspected trauma, such as physical child abuse or vi-
olent crime. The authors therefore suggest that all forensic anthropol-
ogists, both novice and experienced, should receive radiological
training, either included in undergraduate courses or offered as profes-
sional courses for more advanced anthropologists before they comment
on fractures observed on radiographic material.
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