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Abstract

Background: In the absence of cadaveric tissues, forensic simulation, trauma modelling, and cranial surgical
training necessitates a surrogate for the human calvaria. This study investigates the validity of Bos taurus scapulae as
a proxy for human frontal bones by comparing the laminar and cancellous bone thickness, as well as the bone
mineral density (BMD) of cadaveric frontal bones and adult Bos taurus scapulae.

Results: This study aimed to validate the bovine scapulae as a valid proxy for forensic experiments, which benefit
researchers and investigators who need to recreate forensic scenarios where synthetic proxies are found unsuitable
due to their non-viscoelastic nature and cadaveric human models are unavailable due to ethical restrictions. Our
results identified different total thicknesses of the relative bones, but non-different cortical measurements between
human frontal bone and bovine scapulae. The bone mineral density is similar between both groups.

Conclusion: This study has found Bos taurus scapulae to be a suitable proxy for human frontal bones as it has a
similar morphology with regard to thickness and structure as well as a comparable density. However, there is a
significant difference between the cancellous bone, and therefore, the overall thickness.
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Key Points Introduction
Bone mineral density (BMD) values are similar to In an attempt to enhance ballistic, forensic, and surgical
human crania. human calvarial research with increased restrictions on
cadaveric tissue, there has been a global increase in the
e Bos taurus scapulae have similar morphological use of polyurethane sheets as a proxy for human flat
structures to human frontal bones. bone (Taylor & Kranioti, 2018). However, due to the
e Ethical recreation for surgical practices, gunshot non-viscoelastic nature of polyurethane, other proxies
wounds, and forensic applications. for human bone have been required as seen with Sus
e With the scapulae being derived from the human scrofa (pig) ribs being utilized as flat bone proxies (Kie-
food chain no ethical approval was deemed ser et al.,, 2011). For cranial flat bone assessment Maho-
necessary. ney utilized Equus caballus (horse) scapulae (Mahoney,

2018) and Rickman and Smith used Bos taurus (cow)
scapulae in their comprehensive Scanning Electron
Microscope (SEM) study (Rickman & Smith, 2014) be-
cause of the many similarities to human crania with
* Correspondence: 22sethtaylor@gmail.com large quadruped mammals which are described to have
'Department of Orthopaedics and Musculoskeletal Medicine, University of comparable thicknesses to human crania (Smith et al,,

Otago, Christchurch, New Zealand _ 2007). These studies were reinforced by a recent study
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Fig. 1 Representative photograph of a cross-section of human frontal bone (a) and Bos taurus scapulae (b) displaying the area of interest (blue
box) and the distances measured: thickness in total (blue arrows), outer and inner cortical layers (red arrows) and cancellous bone (green arrows)

done by Taylor et al. who shot 100 rounds with 6 differ-
ent calibers into Bos taurus scapulae in order to estab-
lish cow scapulae as a valid ballistic proxy for human
cranial forensic recreations if the proper area of the
scapulae is utilized (Taylor et al., 2020).

Bos taurus scapulae are easy to obtain in large quan-
tities through the human food chain, negating the re-
quirement for ethical approval. However, a paucity of
literature exists on the morphometric and density com-
parison to human flat bones. To date, the only compari-
sons exist for long bones, with Fletcher et al. identifying
that juvenile Bos taurus long bones were a suitable proxy
to human long bones with similar densities identified
utilizing Computed Tomography (CT) (Fletcher et al.,
2018).This study used the areas identified by Taylor
et al. as those comparable to human frontal bone thick-
nesses to assess (Taylor et al, 2020) the validity of an
animal model for human bone, the morphological simi-
larity, as well as the bone mineral density (BMD) of Bos
taurus scapulae. Therefore, the purpose of this study

was to test if Bos taurus scapulae present a suitable mor-
phometric and BMD proxy to human frontal bones.

Materials

Bos taurus scapulae

Three male steer Bos taurus scapulae aged between 16
and 36 months as per New Zealand butchery standards
were acquired from a local butcher (Teara.govt.nz,
2019). Given these tissues were derived from the food
chain no ethical approval was deemed necessary. The
scapulae were freshly butchered within 48 h and had
been stored a 4 °C. The region of interest was the area
of the infraspinatus fossa immediately caudal to the
scapular spine (Fig. 2).

Human frontal bones

Human frontal bones of 8 male and 5 female European
cadavers were obtained from a cadaveric collection from
the University of Leipzig, Germany. Ethical approval was
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Table 1 Bos Taurus scapulae measurements
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Scapulae Age [months] Thickness Bos taurus scapula Outer cortical layer Inner cortical layer Cancellous bone
Average 27 7.3 mm 1.9 mm 1.6 mm 3.5 mm
Standard deviation 12.7 1.1 mm 04 mm 0.3 mm 0.6 mm
Minimum 18 52 mm 1.5 mm 1.3 mm 21 mm
Maximum 36 9.1 mm 24 mm 23 mm 46 mm

obtained by the University of Leipzig Ethics Committee
(protocol number 486/16-€k).

Methods

Previous studies

The BMD of the bovine scapulae were compared to pre-
vious studies of human cranial BMD published by
Paschall and Ross (Paschall & Ross, 2018). These authors
used the same method to determine BMD as used in the
present study. Paschall and Ross undertook DXA scan-
ning of cranial fragments of human frontal bones in an
area of 7.06 cm” which returned an average BMD value
of 0.467 g/cm® for the right sided frontal bones and
0.502 g/cm?® for the left side (Paschall & Ross, 2018).
The overall averaged BMD for both frontal bones was
reported as 0.485 g/cm?. Averaged these results returned
a BMD (g/cm?) average of 0.402, which is considered
normal bone density clinically. The Bos taurus scapulae
in this study returned a BMD (in g/cmz) of 0.5 which
falls into the normal density of human frontal bone. In
the clinical setting a DXA scan of > 1.0 g/cm® is consid-
ered normal (“physiologically”) (El Maghraoui & Roux,
2008).

Bos taurus scapula and human frontal bone
measurements

The overall thickness, inner and outer cortical thickness
and the cancellous thickness of each sample was mea-
sured with sliding calipers (Fig. 1).

Dual energy X-ray absorptiometry

DXA scans were performed on a GE® Lunar Prodigy
scanner (GE Healthcare, Madison, WI). Prior to scan-
ning, the machine was calibrated using a GE Lunar
DPX-L spine phantom (GE Healthcare, Madison, WI).
Due to the removal of soft tissues from the cow bones, a

Table 2 Frontal bone measurements

soft-tissue proxy was needed for correct BMD measure-
ments. For this study, white rice served as the soft-tissue
proxy. The scapulae were placed in a plastic container
on top of the rice (Fig. 2).

The scapulae were scanned using a full body scan and
30 regions of interest (ROI) were analyzed symmetrically
through a 10 x 2 cm (20 cm®) rectangular “area of inter-
est” just below the spine of the scapula (see Fig. 2). The
BMD from each ROI was summed and averaged to pro-
vide an average BMD for the area of interest.

IBM SPSS Statistics

Statistical analysis was carried out using IBM SPSS Sta-
tistics Version 25. Normality of the data was checked
using Q-Q plots and the Shapiro-Wilks test. One-way
ANOVA comparison tests were used to compare the
thickness difference between the scapulae and frontal
bones for the outer cortical layer, inner cortical layer,
and cancellous bone. The non-parametric Mann-
Whitney test was used to compare the overall thickness.
p values below 0.05 were deemed significant.

Results

Scapulae morphological measurements

The results of the measurements on cow scapulae are
displayed in Table 1.

Human frontal bone measurements
The results of the measurements on human frontal
bones are displayed in Table 2.

BMD results
The comparative densities are shown in Table 3.

Outer cortical layer [mm]

Inner cortical layer [mm] Cancellous bone [mm]

Age [years] Thickness human frontal bone [mm]
Average 364 55
Standard deviation 7.9 14
Minimum 23 43
Maximum 50 9.8
p value p = 0.001

19
0.5
13
30

p = 0468

16 20
03 10
1 08
23 45
p = 0566 p = 0.000
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Table 3 Bone mineral density (BMD) measurements of Bos
taurus scapulae and human frontal bones

Area (cm?) BMD (g/cm?)
Scapulae 50 04
Frontal bone 7.1 0.5
Standard deviation 1.5 0.1

Statistical results

All data was distributed normally except the frontal
bones overall thickness (p = 0.001). There was no signifi-
cant difference between the outer cortical layer (p =
0.468) and inner cortical layer (p = 0.566); however,
there was a significant difference between the cancellous
bone and the overall thickness (p < 0.001).

Discussion
To our best knowledge, this is the first study to validate
the use of Bos taurus scapulae as a proxy for human
frontal bone.

The morphometric comparison to the human samples
resulted in similar measurements reported by Torimitsu
et al. for overall frontal bone thickness (5—-8 mm) (Tori-
mitsu et al., 2015). Moreover, cancellous bone thickness
yielded similar results with the study by Lynnerup et al.
(Lynnerup et al.,, 2005). Their material consisted of cra-
nial vault bone biopsies from 43 males (age range 16—90,
mean + S.D. = 48 + 17 years) and 21 females (age range
23-84 years, mean + S.D. = 48 + 16 years) resulting
in 25 mm versus the 2.0mm from our collection
(Lynnerup et al, 2005). Furthermore, the averaged
outer cortical layer measurements (2.4 mm) and inner
cortical layer (1.8 mm) of Lillie et al. are comparable
to our forensic cohort which was 1.9 mm for the
outer cortical layer and 1.6 mm for the inner cortical
layer (Lillie et al., 2016).

With gun violence surging worldwide, an ethical bone
analog is needed for recreation of gunshot wounds to
flat bone (Taylor & Kranioti, 2018; Kieser et al., 2011;
Mahoney, 2018; Rickman & Smith, 2014; Smith et al,,
2007). Other proxies of the human skull are used to ap-
proach various research questions and could be used to
simulate impacts to the human head in court room, too,
helping to recreate crimes and thus are a promising tool
from a legal medicine perspective (Brickley & McKinley,
2004; Ondruschka et al., 2019). Bos taurus scapulae do
seem to be an appropriate proxy to human crania for
ballistic testing, which can be received from butcheries
without the need of sacrificing an animal for this pur-
pose and beyond ethical restrictions and restraints when
using human donors and material. The fracture patterns
during gunshot experiments obtained from these bio-
logical tissues might reflect a more lifelike pattern com-
pared to commercially available polyurethane proxies or
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own 3D-printed ones based on polylactic acid (Taylor
et al, 2020; Zwirner et al., 2017). However, this issue
must be proved in the future in detail. Synthetic mate-
rials might not reflect the viscoelastic behavior of bio-
logical samples in an appropriate manner as they do not
fracture with absolute similar patterns due to their non-
viscoelastic nature and due to their manufacturing, e.g.,
the existence of artificial sutures between the model’s
hemispheres (Taylor & Kranioti, 2018; Ondruschka
et al.,, 2019).

With measurements of cortical bone returning com-
parable measurements to human frontal bones and with
BMD values similar as well to human crania (Paschall &
Ross, 2018), Bos taurus scapulae seem to be an appropri-
ate proxy for ballistic recreations and also for blunt force
analyses or other forensic questions, e.g., preliminary
testing of a subsequently larger study cohort, given its
economical use in terms of money and disposability
(Taylor et al., 2020).

However, there are some limitations with Bos taurus
scapulae as a proxy to human crania. Scapulae are flat
bones and have no sutures (White et al.,, 2011) and do
not encapsulate an organ with a consistency of the brain
to also cover hydraulic burst effects during impact test-
ing (Taylor & Kranioti, 2018; Kneubuehl, 2011). The ef-
fectiveness of the scapulae are limited to entrance and
exit wound investigations and small radiating fractures
interpretation in ballistic recreations if the appropriate
areas of the scapulae are utilized with comparable thick-
nesses to human crania (5-8 mm) (Rickman & Smith,
2014; Smith et al, 2007; Taylor et al., 2020). Further-
more, our sample size for this study was small and our
results advocate for future testing. Finally, the measure-
ments taken for human bone samples depend on the
thickness of the transversal bone cut during autopsy and
are further limited to the flat part of the frontal bone.

Conclusions

In conclusion, this study has found Bos taurus scapulae
to be an appropriate proxy to use as it has a similar mor-
phological structure and densities as human frontal
bones which can aid in ballistic, forensic, and surgical
recreations. Moreover, the use of Bos faurus scapulae
are ethically much easier to obtain compared to human
cadaveric materials. They pose little to no ethical con-
straints on researchers looking to recreate surgical prac-
tices, gunshot wounds, or forensic recreations on a bone
proxy rather than a polyurethane sphere or flat plate,
which may fracture differently than bone due to their
brittle non-viscoelastic nature.

Abbreviations
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