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A B S T R A C T

Hundreds of thousands of car drivers and passengers die each year in motor vehicle incidents globally. In
addition to determining cause of death, forensic practitioners may be asked to infer the circumstances of the
incident from associated injury patterns. At present however, evidence of the skeletal fracture patterns of
deceased car occupants and associated mechanisms is sparse. Therefore, this research aimed to examine whole-
body fracture patterns in occupants of four-wheeled passenger vehicles (i.e., cars) who died after motor vehicle
incidents in the context of the intrinsic and extrinsic variables that influence fracturing. The sample comprised
200 adults admitted to the Victorian Institute of Forensic Medicine, Australia, and the East Midlands Forensic
Pathology Unit, United Kingdom, between 2012 and 2020. Contextual data was collected from medico-legal
reports, and the skeletal trauma was examined from full-body post-mortem computed tomography scans.
Fracture patterning, and the influence of intrinsic and extrinsic variables on fracturing, was analysed using
descriptive statistics and modified Poisson regression. Almost all occupants (99 %) sustained fractures, with 96 %
exhibiting multi-regional trauma. The thorax (92 %) and skull (72 %) were the most frequently fractured regions
and exhibited the highest fragmentation. Older occupants and males were associated with a decreased fracture
risk to the skull and thorax, respectively. Furthermore, seating position, impact type and impact object influ-
enced fracture risk across the skull, cervical and lumbar vertebrae, limbs and pelvic girdle. This study augments
current understandings of the complexity and patterning of skeletal fractures in fatal motor vehicle incidents, and
the circumstances that produce them.
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1. Introduction

According to the latest World Health Organization report [1],
four-wheeled vehicle occupants comprised a quarter of the estimated
1.19 million global road traffic deaths in 2021, with road injuries
serving as the 12th most common cause of death. In countries like
Australia and Great Britain, occupants of cars (including sport utility
vehicles (SUVs), minivans and pick-up trucks) account for close to 50 %
of road transport fatalities and tens of thousands of hospitalisations per
year [2,3]. Correspondingly, motor vehicle incidents (MVIs) involving
car drivers and passengers place a substantial burden on public health
and medico-legal systems [1,4].

When a car impacts, or is impacted by, a moving or stationary object,
a transfer of kinetic energy takes place between the environment and the
car’s occupants [5]. Initially, an occupant will continue moving because
of inertia [5–7]. As the car sustains subsequent impacts and decelerates,
the occupant may be thrown around, or even ejected, from the vehicle;
potentially leading to impacts with interior and/or exterior objects [5,
7]. Additional internal impacts may take place between the occupant’s
viscera and the bony walls of the body cavities [5]. If the blunt load the
occupant is subjected to exceeds the threshold of mechanical force that
the body’s tissues can withstand, traumatic soft and hard tissue injuries
result [2,4,5,8,9].

From the 1950s onwards, cars have been the subject of much tech-
nological advancement and legislative changes aimed at improving
vehicle safety to reduce morbidity and mortality [7,10–12]. Early in-
novations focused on reducing injury risk in frontal collisions by
including the three-point seatbelt [11,13], collapsible steering wheels
[7,14] and frontal crumple zones [7]. In the past few decades, the
introduction of front, side and curtain airbags [7,10,12], seatbelt
pre-tensioners [7,15], additional structural enhancements [7], elec-
tronic stability control (ESC) [7,10,14], and anti-lock braking systems
(ABS) [7,14] have further improved occupant safety. However, given
the substantial and complex forces produced in MVIs, car occupants
nevertheless remain vulnerable to serious soft and hard tissue injury
and, in some cases, death. This is particularly notable when vehicles
travel at higher speeds [5,16,17] or the vehicle is an older model [16,
18]. Sometimes even, in a juxtaposition, impacts with safety devices like
seatbelts [19,20] and airbags [21,22] have resulted in injury.

In the aftermath of some fatal MVIs, questions of medico-legal
concern, such as who was driving the car or whether the occupants
were wearing seatbelts, may be raised [23–27]. Confusion over the exact
circumstances of the incident occasionally exist due to conflicting
statements from surviving occupants, or the ejection or movement of
occupants from their original seating positions during or after the MVI
[23–26]. A lack of witnesses or insufficient notetaking by first re-
sponders may further hamper investigations [25,26]. In these cases,
forensic pathologists are asked to make inferences about the circum-
stances of the incident based on the post-mortem findings, including
skeletal and non-skeletal injury patterns [25,27,28]. Forensic anthro-
pology expertise may also be required to interpret the skeletal trauma;
particularly in cases where the occupant was burnt [29] or remained
undiscovered for some time after the MVI, resulting in their decompo-
sition [29–31]. Reliable and objective interpretations about the cir-
cumstances of the MVI require not only a detailed record of associated
injuries, but also a comprehensive understanding of the relationship
between injury patterns and trauma mechanisms [28,31].

At present, published traffic injury studies whilst abundant provide
only limited insights and interpretation of the different patterns of
skeletal blunt force trauma (BFT), and associated mechanisms, sustained
by car occupants in MVIs [25,27,32–35]. Previous research has indi-
cated that fracturing is most likely to occur in the skull, rib cage and
vertebrae in deceased car occupants [36]. Further, increasing age has
been linked to an increased odds of sustaining rib cage fractures [37,38],
while drivers have exhibited significantly more fractures of the basal
skull, face, pelvic girdle, and limbs than passengers [27,35]. Fracture

patterning within the ribs [35,37] and vertebrae [33,39,40] have also
been observed to differ with varying impact type and seating position.

In general, however, skeletal BFT has remained relatively unex-
plored in deceased car occupants, particularly for left-hand-side drive
countries [36]. Frequently, clinical and forensic pathology studies have
focused on trauma to the soft tissues [41–45] or particular body regions
[17,37,38,46,47]. They also have commonly excluded less severe or
incomplete fractures [27,35], grouped soft with hard tissue injuries [48,
49], and not distinguished between deceased car occupants and survi-
vors [42,50,51], or other road user types [27,32,48], when describing
skeletal trauma. This variable, and often cursory, level of information
provided on whole-body fracture patterns in car occupants may be
attributed to the greater focus of clinical and autopsy data on injuries
considered to be life-threatening or key to cause of death [37,42,44].

Given that fracture patterns in car fatalities, and the variables that
influence those patterns, have been under-researched, the evidence base
available to medico-legal practitioners remains limited. This study
aimed to first, document the skeletal fracture patterns and extent of bone
fragmentation of car occupants who died from fatal MVIs; and second,
evaluate the effect of intrinsic (i.e., age, sex, height, body mass) and
extrinsic (i.e., seating position, safety mechanisms, car type, impact
type, impact objects, impact velocity) variables on fracture
distributions.

2. Materials and methods

2.1. Materials

In both Australia and England, MVI deaths are legally required to be
reported to the coroner for independent investigation due to their un-
natural and unexpected nature [52–54]. In Victoria, Australia, the
Victorian Institute of Forensic Medicine (VIFM) performs the forensic
medical investigation on behalf of the Coroners Court of Victoria
(CCoV). In Leicestershire and Northamptonshire, England, the East
Midlands Forensic Pathology Unit (EMFPU) will undertake such exam-
inations when requested. The post-mortem examination of these cases
involves a full-body post-mortem computed tomography (PMCT) scan,
an external and/or internal (i.e., autopsy) examination, and a range of
ancillary tests [4,54,55], with reports from these investigations being
archived in the National Coronial Information System (NCIS) (Austra-
lian cases), and at the EMFPU. The case files of car occupants who died
between 2012 and 2020 in Victoria, and Leicestershire and North-
amptonshire, were retrospectively reviewed in the NCIS database [53],
and at the EMFPU, respectively. For the purposes of this study, ‘car’
occupants were defined as drivers and passengers of four-wheeled
motorised passenger vehicles including sedans, station wagons, hatch-
backs, convertibles, SUVs, minivans, and pick-up/utility vehicles.

Cases of adult (≥18 years) car occupants who died within 31 days of
a MVI on a road, did not sustain thermal damage and had an associated
full-body PMCT scan, were included in the study. Cases for which the
MVI event was not the main mechanism of injury were not included. A
total of 200 cases were sampled to ensure sufficient statistical power.
The NCIS/VIFM cases were randomly sampled proportionate to the
number of cases per year to account for annual changes in case numbers,
whilst the EMFPU cases were collected from the year 2020 backwards
for logistical reasons. The sample comprised 130 VIFM and 70 EMFPU
cases. The intrinsic and extrinsic variable data for each case was
extracted from the police narrative of circumstances, pathology report,
coronial finding and scene photographs (Table 1). It was not necessary
to have a variable indicating the side of the road driven on since cars in
both Australia and the UK drive on the left.

The PMCT scans for each case were also reviewed at the VIFM
(Australian cases) and the EMFPU (English cases). The VIFM cases had
been scanned by a Canon Aquillion scanner (1 × I, helical 16 rows, 120
kVp) for most of 2012, and a SOMATOM® Definition Flash Siemens
Healthcare scanner (Helical 128 rows, 120 kVp) from late 2012–2020.

A.R. Wulff et al.
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Two of the Digital Imaging and Communications in Medicine (DICOM)
datasets were examined; a head and neck scan (H70h) at 1 mm slice
thickness, and a whole-body scan of the post-cranial skeleton at 2 mm
(2012) or 1.5 mm (2012–2020) slice thickness. The EMFPU cases had
been scanned on multiple Toshiba Aquilion scanners (64, 128 and 160
slice, 120 kVp, 300 mA, 0.5 mm slice thickness, matrix 512 ×512).
These DICOM datasets comprised several bone scans of the head and
neck (1 mm slice thickness), chest, abdomen, upper limbs and pelvis (1
or 2 mm slice thickness), and lower limbs (2 mm slice thickness).

2.2. Methods

All trauma analyses were undertaken by one examiner, who
reviewed every bone in the axial, sagittal and coronal planes. Fracture
presence was recorded for each bone and the overall level of fragmen-
tation for a fractured bone was assessed by counting the total number of
fragments resulting from any fractures. These were grouped as 2–4
fragments, 5–9 fragments or 10 + fragments. Skeletal BFT presence was
documented for each occupant at both the bone and regional level
(skull, cervical vertebrae, pectoral girdle, upper limbs, thorax, lumbar
vertebrae, pelvic girdle, lower limbs). Fracturing was also examined by
broad anatomical region (axial, appendicular or both); bone type (short,
long, irregular, flat); and laterality for the ribs and appendicular
skeleton.

The software used to view the scans was AGFA Healthcare Enterprise
Imaging Desktop (version 8.2.0.150) for VIFM data and OsiriX (version
8.5.2, Pixmeo SARL, Switzerland) for EMFPU data. Information from the
pathology reports and police narrative of circumstances was employed
to distinguish MVI-related fractures from antemortem skeletal trauma,
pathological, degenerative or developmental skeletal defects (e.g., age-
related vertebral compression, osteoarthritis), and/or post-MVI medi-
cal interventions (e.g., sternotomy, cardiopulmonary resuscitation
(CPR)). To differentiate MVI-related anterolateral rib and sternal frac-
tures from those caused by CPR in cases where resuscitation attempts
were reported, fractures that met criteria by Yang et al. [56] were
considered to have resulted from CPR and were thus excluded. These
included buckle rib fractures distributed symmetrically and consecu-
tively within the anterior one third of the second to ninth ribs, and/or an
incomplete depressed outer cortex sternal fracture [56].

For interobserver quality assurance (QA), 10 % of the PMCT scans
(n = 20) were randomly chosen for independent assessment by a second
examiner who documented every fractured bone and its number of
fragments. Given the similarity in PMCT scan parameters for the VIFM
and EMFPU cases, the QA was undertaken on the VIFM PMCT scans for
logistical reasons. Consistent with Marchevsky et al. [57], interobserver
agreement was considered acceptable if the mean percent agreement of
the 20 cases was greater than 80.0 %. Study data was collected using the
Research Electronic Data Capture (REDCap) tool, hosted and managed

by Helix (Monash University) [58,59]. REDCap is a secure, web-based
software platform designed to support data capture for research studies.

2.3. Statistical analysis

Central measures of tendency, case counts and frequencies were
calculated to investigate the intrinsic and extrinsic variables and frac-
ture patterning at the regional and bone level across the sample. To
estimate the mean number of fragments within each of the eight regions,
the total number of fragments the bones had fractured into per region for
each case were summed using the midpoints of 3 for 2–4 fragments and 7
for 5–9 fragments, and the value of 10 to represent 10 + fragments, as
consistent with previous research [60]. Then, the mean fragment num-
ber across the whole sample was calculated for every region. As required
by the project’s ethics approvals, intrinsic/extrinsic variable categories
containing ≤ 5 cases were masked.

Modified Poisson regression with robust standard errors [61,62] was
used to estimate the relative risk (i.e. risk ratio) of fracturing for each of
the eight skeletal regions by the intrinsic and extrinsic variables. The
‘unknown’ category of the extrinsic variables was treated as missing for
the purpose of the regression models. The models for each of the eight
skeletal regions were developed in four stages:

• Stage 1: Unadjusted models for the extrinsic and intrinsic variables.
• Stage 2: Multivariable models adjusted for the four intrinsic
variables.

• Stage 3: Multivariable models adjusted for the four intrinsic variables
for each of the 16 extrinsic variables separately to explore simple
extrinsic relationships.

• Stage 4: Full multivariable models investigating the four intrinsic
variables, plus four extrinsic variables (seating position, impact type,
rollover occurrence and impact object). These models also controlled
for country of origin (i.e. Australia, UK) to account for potential
country differences (e.g. in speed limits, road designs and rules).
Only these nine independent variables, all with over 85 % of their
data present, were included in the models to avoid overfitting.

Statistical significance was considered at p = <0.05. All analyses
were performed using Stata version 17.0 in the Monash Secure eRe-
search Platform (Monash SeRP), supported by the Monash eResearch
Centre and Helix at Monash University.

3. Results

3.1. Intrinsic and extrinsic variable data

Tables 2 and 3 display the sample distribution by the intrinsic and
extrinsic variables. The sample primarily comprised drivers (83.5 %)
and males (68.0 %). Most MVIs were either frontal or near-sided side-
impacts. An equal proportion of the vehicles involved impacted only
stationary objects (n = 89, 44.5 %) or only moving objects (n = 88,
44.0 %), whilst 9.5 % (n = 19) impacted both. Over 40.0 % of the oc-
cupants (n = 83) were reported to have directly impacted with objects
interior and/or exterior to the vehicle, with 9.5 % (n= 19) stated to have
been ejected from their vehicles; less than five of whom were subse-
quently runover.

3.2. Skeletal fracture pattern findings

Across the 20 cases for interobserver analysis, the mean percent
agreement was 95.8 % (SD = 5.4 %), with every case having an agree-
ment level above 80.0 %. Agreement ranged between 82.8 % and
100.0 % on fractured bones and 80.0–100.0 % on fragment number.

Of the 200 deceased occupants, 99.0 % exhibited skeletal fracturing,
with the number of bones fractured in each occupant ranging from 0 to
100 bones (mean: 27.6, SD: 16.6). Skeletal BFT was observed in all

Table 1
Intrinsic and extrinsic variables collected for deceased car occupants.

Intrinsic Extrinsic

Age (years) Seating position
Sex Seatbelt use
Stature (cm) Airbag deployment and airbag location
Body mass
(kg)

Impact type and impact side relative to the occupant (if side-impact
collision)

​ Rollover occurrence
​ Objects impacted by the car (both initial impact object and

subsequent impact objects)
​ Objects impacted by the occupant
​ Ejection/runover status
​ Car make, model and year
​ Car type (grouped by mass and seating position)
​ Velocity (km/h) at/around impact of main vehicles involved –

estimated from witness statements, collision reconstructions and
speed limits

A.R. Wulff et al.
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major skeletal regions (Fig. 1) and 165 different bones (>80.0 % of the
bones in the skeleton) (Fig. 2). The thorax, followed by the skull, were
the most fractured skeletal regions and had the greatest level of frag-
mentation (Fig. 3). There were 95 different combinations of regions
fractured, with the most frequent being all eight regions together
(n = 12). Over 95 % of occupants (n = 191) had at least two regions
fractured.

Fracturing was observed in both the axial and appendicular regions
in most occupants (n = 168, 84.0 %), however, 15.0 % (n = 30)
exhibited axial skeletal BFT only. Flat bones (n = 195, 97.5 %) were the
most frequently fractured bone type, followed by irregular (n = 186,
93.0 %), long (n = 147, 73.5 %), and short (n = 71, 35.5 %) bones. Most
fracturing occurred bilaterally in the appendicular skeleton (n = 132,
66.0 %) as well as the ribs (n = 154, 77.0 %). However, where frac-
turing was unilateral, a slightly higher proportion of occupants exhibi-
ted right-sided skeletal BFT in the appendicular skeleton (right = 7.5 %
vs left = 5.5 %) and ribs (right = 11.5 % vs left = 6.5 %).

3.3. Influence of intrinsic and extrinsic variables on fracture patterns

Fig. 4 considers the proportion of car occupants with fractures of
each skeletal region according to several extrinsic variables. The full
results of the Stage 1 unadjusted and the Stages 2 and 3 multivariable
models are available in Supplementary Tables A.1 and A.2, and B.1 and
B.2.

After controlling for multiple intrinsic and extrinsic variables, oc-
cupants aged 60 years and over (compared to 18–39 years), and males
(compared to females), had a decreased risk of skull, and thorax frac-
turing, respectively (see Table 4). In comparison to drivers, passengers
had an increased risk of fracturing the cervical and lumbar vertebrae.
Compared to frontal-impacts, side-impacts demonstrated an increased
risk of skull fracturing and a decreased risk of upper and lower limb
fracturing (Table 4). Finally, occupants in vehicles that impacted only
moving objects, compared to only stationary objects, were at greater risk
of fracturing their pelvic girdle and lower limbs. In contrast, impacts
with both moving and stationary objects increased the risk of lumbar
vertebrae fracturing, compared to impacting stationary objects alone.

4. Discussion

Consistent with previous research revealing high proportions of bone
fractures [2,44,51,63], and multi-region trauma [27,38,64] in car oc-
cupants, this study found 99 % of fatalities had fractures and over 95 %

Table 2
Descriptive intrinsic variable data.

Variable Categories Number (n) Frequency (%)

Sex Female 64 32.0
Male 136 68.0

Age (years) 18–29 57 28.5
30–39 32 16.0
40–49 16 8.0
50–59 18 9.0
60–69 23 11.5
70–79 21 10.5
≥ 80 33 16.5
Mean: 49.7 SD: 23.7

Stature (cm) < 160 30 15.1
160–169 64 32.2
170–179 75 37.7
≥ 180 30 15.1
Unknown ≤ 5 -
Mean: 169.5 SD: 9.3

Body mass (kg) < 60 23 11.5
60–79 90 45.0
80–99 56 28.0
≥ 100 31 15.5
Mean: 80.5 SD: 19.4

Table 3
Descriptive extrinsic variable data.

Variable Categories Number
(n)

Frequency
(%)

Seating position Driver 167 83.5
Front seat passenger 18 9.0
Rear seat passenger 10 5.0
Unknown ≤ 5 -
Other ≤ 5 -

Seatbelt use Yes 77 38.5
No 22 11.0
Unknown 101 50.5

Airbag deployment Yes 49 24.5
No 34 17.0
Unknown 117 58.5

Airbag location
(n = 49)

Front airbag (steering wheel/
dashboard)

34 69.9

Side airbag (including curtain
airbags)

22 44.9

Other ≤ 5 -
Unknown 8 16.3

Impact type Frontal-impact 89 44.5
Side-impact/sideswipe 69 34.5
Isolated incident 10 5.0
Rear-impact 6 3.0
Other ≤ 5 -
Unknown 24 12.0

Impact side (if side-
impact)
(n = 69)

Near-sided 48 69.6
Far-sided 17 24.6
Unknown ≤ 5 -

Rollover occurrence Yes 29 14.5
No 162 81.0
Unknown 9 4.5

Summarised impact
type

Isolated impact 149 74.5
Impact and rollover 15 7.5
Isolated rollover 10 5.0
Unknown 26 13.0

Initial impact object Light moving vehicle 61 30.5
Tree/hedgerow 40 20.0
Heavy moving vehicle 38 19.0
Kerb/concrete apron 10 5.0
Vehicle (unspecified) 10 5.0
Embankment/mound 8 4.0
Drain/ditch/culvert 7 3.5
Stationary vehicle 7 3.5
Fence/guardrail 6 3.0
Wall ≤ 5 -
Pole ≤ 5 -
Other ≤ 5 -

Multiple object
impact

Yes 81 40.5
No 118 59.0
Unknown ≤ 5 -

Subsequent objects/
surfaces impacted
(n = 81)

Tree/hedgerow 37 45.7
Road/ground surface 26 32.1
Embankment/ditch/culvert/
drain

14 17.3

Fence/guardrail/wall 12 14.8
Light moving vehicle 7 8.6
Pole 6 7.4
Heavy moving vehicle ≤ 5 -
Stationary vehicle ≤ 5 -
Vehicle (unspecified) ≤ 5 -
Kerb/concrete apron ≤ 5 -
Other ≤ 5 -

Ejection status Yes 19 9.5
No 174 87.0
Unknown 7 3.5

Impact velocity
(km/h)

< 100 75 37.5
≥ 100 48 24.0
Unknown 77 38.5

Impact velocity of
other vehicle
(km/h)

< 100 39 62.0
≥ 100 24 38.0

Car type Sedan/Station Wagon 77 38.5
Hatchback/Convertible 45 22.5
Pick-up/Utility vehicle 25 12.5
SUV/Minivan 16 8.0

(continued on next page)
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exhibited multi-region skeletal BFT. Further, this study confirms that the
thorax, followed by the skull, are the most common sites for direct
trauma [27,38,64–66]. The thorax and skull also sustained the greatest
levels of fragmentation, suggesting exposure to greater magnitudes of
energy [9,67]. One of the main functions of the skeleton is to protect
vital internal organs [29]. Though this study did not examine soft tissue
injuries, previous research has found skull and thorax fracturing to be
strongly associated with serious and potentially fatal injuries to the
brain [45,65], lungs [38,68,69], heart [43,44,47,68], spinal cord [40,
47], and blood vessels [38,43]. As such, a high frequency of skull and
thorax fracturing is expected in an exclusively deceased sample.

A potential explanation for the high prevalence of thorax and skull
fractures observed in this study may be their tendency to occur from a
wide variety of different injury mechanisms. For instance, blunt loading
and resultant trauma to the thorax has been reported regardless of
impact direction [37,40,41], seating position [28,35], impact object
[30,70], or safety mechanism use [19,43,71]. This is due to the
vulnerability of the chest to impacts with the car’s interior, such as the
B-pillar [40,70], door [66,70], seat back [70], vehicle roof [70], and
seatbelt [19,66,70], irrespective of the circumstances of the MVI. The
most frequently fractured thorax bones in this study were the sternum
and ribs two to seven. Whilst anterior fractures of these ribs are also seen
in CPR cases [56], potential CPR-related rib fractures were excluded
prior to analysis. Consequently, this pattern is more likely the result of
anterior chest impacts with the airbag [71–73] and/or steering wheel
[72]. Prior research has suggested that later model airbags, like those
found in a large proportion of vehicles examined by this study, may be
less protective of fatal thoracic injuries than earlier model airbags [74].
Further, ribs two to seven comprise the ‘true ribs’ [75]. Given these ribs
articulate directly with the sternum [75], their less flexible state may
reduce their ability to dissipate energy and avoid fracture.

Similarly, skull fracturing may be sustained from a range of different
loading configurations. Like previous studies [33,45,71,76–78], frac-
turing of the bones of the skull base (temporals, sphenoid, occipital) and
the anterior skull (frontal, maxillae) were most prevalent in the sample.
Such findings are indicative of direct frontal and lateral blunt impacts
[79,80], or head hyperextension after a frontal head impact [27,45].
Potential mechanisms include contact of the unrestrained head with
deployed airbags [71], the windscreen or dashboard [22,45,50], roof or
A-pillar intrusions [70] and/or the B-pillar or exterior impact objects
[81]. Such impacts can also result in cervical vertebrae fracturing,
including the sixth and seventh cervical vertebrae [21,33,39], which
were the most frequently fractured cervical bones in this study. Exper-
imental studies by Nightingale et al. [82,83] and Van Ee et al. [84] have
suggested that the lower cervical region is substantially weaker than the
upper cervical region when under extension-tension forces.

4.1. Influence of contextual variables on fracture patterns

4.1.1. Intrinsic variables
Older car occupants have been identified as being at a greater risk of

sustaining skeletal BFT, particularly in the thorax [17,37,38,47,49].
This may be attributed to the increased calcification and stiffness of the
costal cartilage with increasing age, resulting in a decreased ability to
absorb and dissipate the energy from anterior chest impacts [85]. In this
study, compared to occupants aged 18–39 years, older occupants (≥60
years) had a greater risk of thorax fracturing when unadjusted. The risks
of lumbar vertebrae, pelvic girdle and lower limb fractures were also
higher, but statistically insignificant, for occupants aged 60 years and
over. In contrast, older occupants had a significantly reduced risk of
skull fracturing when adjusted for potential confounders. This may be
related to the general thickening [86,87] and greater ossification [88] of
the skull found to occur with age. Increasing skull thickness has been
observed by Ruan and Prasad [89] to protect against skull fractures from
impacts. Similarly, Kent et al. [90] found that older drivers were more
likely to die from a chest injury than a head injury in MVIs.

Female car occupants in this study had an increased fracture risk for
several of the regions, though only thorax fracturing was significant
when adjusted for potential confounders, supporting previous research
by Ranmal et al. [17]. Due to sex-specific variations in bone mineral
density and cortical thickness [91–93], vertebral alignment [94,95],
body geometry [93,96,97], and the mass distribution of body segments
[98,99]; the female skeleton has a reduced capacity to withstand blunt
loads in a MVI and will undergo a different biomechanical response to
males. Despite this, crash safety test dummies have traditionally been
based upon the average human male [100], or occasionally a
scaled-down version [96], which has likely compounded injury risks to
female car occupants. As such, the increase in thorax fracturing in fe-
males may be attributed to seatbelts not being designed for them.
Ranmal et al. [17] found that females wearing seatbelts exhibited a
higher probability of rib and sternum fracturing in frontal MVIs. Addi-
tionally, studies have observed adult females to sit further forwards
when driving due to their smaller stature [30,46,101], which puts them
at greater risk of chest trauma from steering wheel and airbag impacts
[17,71].

4.1.2. Extrinsic variables
Few studies from the past decades have examined differences in

fracture patterns between drivers and passengers involved in fatal MVIs
[24,27,35,36], despite the medico-legal importance of identifying the
driver [25–27]. In this study, car passengers were at a 41 % and 39 %
increased risk of fracturing the cervical and lumbar vertebrae, respec-
tively, when compared with drivers. These findings, consistent with
studies from Scotland [102] and Germany [103], may be related to
variations between steering wheel and dashboard frontal airbags, or
seatbelt use and positioning. The absence of a steering wheel in pas-
senger seats potentially leads to increased forward momentum and

Table 3 (continued )

Variable Categories Number
(n)

Frequency
(%)

Unknown 37 18.5
Manufacture year 1980s-1990s 18 9.0

2000s 48 24.0
2010s 31 15.5
Unknown 110 55.0

Occupant impact
objects/surfaces
(n = 83)

Crushed cabin 36 43.4
Lateral vehicle interior (B-
pillar/door/side window)

18 21.7

Road/ground surface 15 18.1
Front vehicle interior (A-
pillar/dashboard/
windscreen/steering wheel)

14 16.9

Other (vehicle interior) ≤ 5 -
Light moving vehicle ≤ 5 -
Tree/pole ≤ 5 -
Other objects 8 9.6

Fig. 1. Frequency of occupants with fracturing of each skeletal region across
the sample (N = 200).
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Fig. 2. Frequency of occupants with fracturing of each bone across the sample (N = 200).
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hyperflexion of the spine [102]. Blunt impacts between the face and the
vehicle’s interior, including airbags, may result in hyperflexion, hyper-
extension and fracturing of the cervical vertebrae [21,34,47]. In
contrast, incorrect placement of the three-point seatbelt, such as posi-
tioning the shoulder strap under the arm, has been suggested to lead to
hyperflexion and fracturing of the lumbar vertebrae [104]. Additionally,
although not statistically significant, a higher proportion of drivers than
passengers sustained lower limb fracturing, potentially attributable to
contact with the foot pedals and toe panel [46,50]. These differences in
fracture patterns between car drivers and passengers may be of assis-
tance to forensic practitioners asked to interpret seating position [24,27,
35].

The direction of impact has also been found to affect injury
patterning [15,32,105,106]. Consistent with Bruna-Rosso et al. [105],
Dischinger et al. [32], and Weninger and Hertz [51], this study
demonstrated a greater risk of upper and lower limb fracturing in oc-
cupants of frontal-impacts compared to side-impacts. In the upper limbs,
skeletal BFT potentially resulted from impacts between the unrestrained
arms and the steering wheel [50,107], door [66] and/or a deployed
airbag [107]. In contrast, the lower limbs, which are also unrestrained,
may have fractured due to impacts between the ankle and foot with the
pedals in drivers [46,50], or dashboard impacts from frontal compart-
ment intrusions or the forward movement of an unrestrained occupant
[50,70,101,108]. The lower limbs also comprised the third most frag-
mented skeletal region, indicative of high energy transfer [9].

Studies have identified higher rates of head trauma in side-impacts
compared to frontal-impacts [27,105,109]. Occupants in this study
were at a 28 % greater risk of skull fracturing in a side-impact after
controlling for potential confounders. According to the literature, the
closer positioning of occupants to the vehicle’s side interior can result in
greater direct contact between the unsecured head and the door, pillars,
side window, and even the object impacting the deceased’s vehicle in
side-impacts [27,110–113]. Moreover, unlike in frontal-impacts where
the crumple zone absorbs much of the kinetic energy and reduces
compartment intrusion, the lateral sides of cars lack substantial defor-
mation zones, which means more energy is transferred to the occupant
[7,114]. Also consistent with previous research [32,69,109,113],
although not statistically significant, occupants in near-side impacts
were at three times greater risk of having a fractured pelvic girdle
compared to those in far-side impacts, when controlled for intrinsic
variables. This may be caused by lateral loading of the pelvic girdle
through contact between the greater trochanter and the door [69,115].

Previous analyses have further suggested that the object(s) a car
impacts may also influence occupant trauma outcomes [70]. This is to be
expected given the kinetic energy involved in a MVI is dependent upon
the mass and velocity of both the car being driven, as well as any other
vehicle and/or object impacted [5–7]. The multivariable analysis per-
formed in this study revealed that impacting moving objects, or both
moving and stationary objects, resulted in a higher fracture risk for the

pelvic girdle, lumbar vertebrae and lower limbs than impacting sta-
tionary objects alone. It is possible that the greater overall pre-impact
kinetic energy involved in collisions between two moving vehicles re-
sults in increased compartment intrusion and transmission of force to
the lower body regions [7].

4.2. Medico-legal and broader implications

Given the high prevalence and extent of skeletal BFT found in
deceased car occupants in this study, and the tendency for skeletal BFT
to be associated with significant soft tissue injuries [21,44,65,105],
skeletal trauma analysis should be an important component of the
post-mortem examination. This study offers forensic practitioners a
more comprehensive understanding of the nature and patterning of
whole-body skeletal BFT that can be produced in car occupants involved
in contemporary fatal MVIs in left-hand traffic. Its findings demonstrate
a statistically robust correlation between fracture patterning and the
variables of age, sex, seating position, impact type and impact object.

Forensic practitioners may utilise the study’s findings to inform and
support inferences made about the circumstances of a fatal MVI. The
data could potentially be applied to cases where the driver needs to be
differentiated from their passengers in unwitnessed MVIs [23,25,26], or
where MVI-related trauma must be distinguished from injuries caused
by assaults or accidents that preceded the MVI, such as in the case of a
staged MVI [116,117]. However, whilst this study did demonstrate the
existence of subtle differences in fracture patterns according to several
intrinsic and extrinsic variables, a high degree of overlap in patterning
under different conditions was evident. Given the highly variable and
multi-faceted nature of MVIs, it is apparent that there are no single
unique or distinct fracture patterns in car occupants. Consequently, as
previously suggested byMarinho and Cardoso [31] and Breen et al. [27],
the ability to deduce the specific circumstances of a MVI from fracture
patterning alone is limited. Any inferences made about a MVI should be
based not only upon thorough knowledge of the soft and hard tissue
injury patterns, but also detailed contextual information and trace evi-
dence with input from other experts and relevant published literature
[23,25,26].

An augmented knowledge base of fracture patterns, and their causal
mechanisms, in car occupants is not only beneficial to forensic medical
professionals and their counterparts in law enforcement, but also to
clinicians and first responders, biomechanists and engineers, and injury
prevention researchers. Given the high prevalence of skeletal BFT sus-
tained by individuals hospitalised after transport incidents [2,51], the
study’s findings may assist clinicians and paramedics with understand-
ing what fractures to expect in hospitalised car occupants [32,105].
Further, the injury pattern and variable data produced may be useful to
engineers aiming to design safer cars, in addition to injury prevention
specialists investigating measures to improve road safety.

4.3. Study limitations

The results of this study are most relevant to medico-legal in-
vestigators of fatal MVIs in left-hand side driving nations. To validate
their applicability to right-hand side driving nations, further analyses
and comparisons of whole-body fracture patterns, and associated
mechanisms, in car occupants involved in fatal right-hand traffic MVIs
are required.

Impact velocity [17,46], seatbelt use [46,66], airbag deployment
[15,72] and vehicle year [118] have previously been associated with
fracture patterning in MVIs involving cars. Despite this, none of these
extrinsic variables showed significance when adjusted for intrinsic
variables. This was likely due to the large frequency of cases with
missing data for these variables (between 38.5 % and 58.5 %). The lack
of detailed information for many cases on speed, safety mechanism use,
and car make and model in the coronial documentation prevented
comprehensive analysis of the influence of these variables on fracture

Fig. 3. Mean and 95 % confidence interval for the number of fragments in each
skeletal region across the sample (N = 200).
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Fig. 4. Proportion of occupants (with known variable data) exhibiting fracturing in each skeletal region by (a) seatbelt use; (b) airbag deployment; (c) seating
position; (d) car type; (e) impact type; (f) impact object; (g) rollover occurrence, and (h) impact speed. Note: S = Skull; CV = Cervical vertebrae; PG = Pectoral girdle;
UL = Upper limbs; T = Thorax; LV = Lumbar vertebrae; P = Pelvic girdle; LL = Lower limbs. *Other category includes rear-impact and isolated incident MVIs.
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Table 4
Stage 4 multivariable models examining the effect of intrinsic and extrinsic variables on fracturing across the skeletal regions.

Skull Cervical Vertebrae Pectoral Girdle Upper Limbs Thorax Lumbar Vertebrae Pelvic Girdle Lower Limbs

Variables Categories ARR (95 % CI) p
value

ARR (95 % CI) p
value

ARR (95 % CI) p
value

ARR (95 % CI) p
value

ARR (95 % CI) p
value

ARR (95 % CI) p
value

ARR (95 % CI) p
value

ARR (95 % CI) p value

Sex Female Reference
Male 1.23 (0.98-

1.55)
0.08 0.92

(0.66–1.29)
0.62 1.13

(0.74–1.72)
0.57 0.90

(0.60–1.33)
0.59 0.90

(0.82–0.98)
0.016 0.99

(0.71–1.37)
0.93 0.80

(0.58–1.11)
0.18 0.79

(0.56–1.11)
0.17

Age (years) 18–39 Reference
40–59 0.82

(0.63–1.06)
0.12 0.70

(0.44–1.11)
0.13 0.79

(0.47–1.32)
0.36 0.84

(0.53–1.34)
0.46 0.93

(0.79–1.10)
0.38 1.14

(0.80–1.63)
0.46 0.84

(0.52–1.36)
0.49 1.23

(0.86–1.75)
0.26

≥ 60 0.68
(0.54–0.86)

0.001 0.87
(0.63–1.20)

0.38 0.86
(0.58–1.27)

0.44 0.83
(0.58–1.19)

0.32 1.06
(0.95–1.17)

0.29 1.32
(0.97–1.81)

0.08 1.06
(0.76–1.47)

0.74 1.15
(0.86–1.54)

0.36

Height ​ 0.99
(0.98–1.01)

0.45 1.00
(0.98–1.02)

0.99 1.01
(0.98–1.03)

0.67 0.99
(0.97–1.02)

0.69 1.00
(0.99–1.00)

0.63 1.00
(0.98–1.02)

0.76 1.01
(0.98–1.03)

0.66 1.00
(0.98–1.02)

0.67

Body mass ​ 1.00
(1.00–1.01)

0.38 1.00
(0.99–1.01)

0.67 1.00
(0.99–1.01)

0.40 1.00
(0.99–1.01)

0.71 1.00
(1.00–1.00)

0.27 1.01
(1.00–1.01)

0.14 1.00
(0.99–1.01)

0.48 0.99
(0.99–1.00)

0.14

Seating position Driver Reference
Passenger 1.06

(0.84–1.33)
0.64 1.41

(1.06–1.87)
0.020 0.93

(0.59–1.47)
0.76 1.09

(0.75–1.57)
0.67 1.04

(0.94–1.15)
0.50 1.39

(1.06–1.83)
0.018 1.27

(0.92–1.76)
0.15 0.91

(0.61–1.35)
0.63

Impact type Frontal Reference
Side 1.28

(1.05–1.55)
0.012 1.13

(0.84–1.53)
0.41 1.32

(0.92–1.90)
0.13 0.63

(0.43–0.92)
0.016 0.98

(0.90–1.07)
0.66 1.10

(0.84–1.43)
0.50 1.15

(0.85–1.54)
0.36 0.53

(0.38–0.72)
< 0.001

Other* 1.23
(0.86–1.77)

0.26 1.34
(0.82–2.19)

0.25 1.56
(0.88–2.76)

0.13 0.90
(0.52–1.59)

0.73 1.05
(0.92–1.21)

0.46 1.17
(0.81–1.71)

0.40 0.70
(0.34–1.47)

0.35 0.78
(0.45–1.35)

0.37

Rollover
occurrence

No Reference
Yes 0.80

(0.56–1.15)
0.24 0.93

(0.57–1.52)
0.79 0.98

(0.58–1.65)
0.94 0.79

(0.44–1.43)
0.44 0.98

(0.83–1.16)
0.81 1.14

(0.78–1.67)
0.51 1.03

(0.60–1.79)
0.90 1.18

(0.71–1.95)
0.53

Impact object(s) Stationary Reference
Moving 1.17

(0.95–1.45)
0.15 1.03

(0.75–1.42)
0.84 0.92

(0.63–1.33)
0.64 1.29

(0.90–1.86)
0.17 1.08

(0.97–1.19)
0.15 1.11

(0.81–1.52)
0.52 1.59

(1.11–2.29)
0.012 1.44

(1.06–1.95)
0.019

Both 1.09
(0.82–1.45)

0.57 0.63
(0.32–1.24)

0.18 0.81
(0.43–1.55)

0.53 0.91
(0.45–1.86)

0.80 1.08
(0.94–1.25)

0.28 1.43
(1.02–2.01)

0.039 1.48
(0.89–2.48)

0.13 1.04
(0.62–1.77)

0.87

Note: Bold p values are statistically significant. ARR = Adjusted Risk Ratio. *Other category includes rear-impact and isolated incident MVIs.
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patterns. Future research collaborations between forensic medical spe-
cialists and biomechanists, police investigators and MVI reconstruction
experts may enable greater data collection and sharing; and conse-
quently, better understanding of the complex mechanisms contributing
to skeletal BFT in fatal MVIs.

Lastly, in a proportion of the PMCT scans, aspects of the post-cranial
skeletons, usually the elbows and feet, were not captured within the
field-of-view parameters. Accordingly, these unscanned regions could
not be assessed for skeletal BFT.

5. Conclusion

The findings of this study suggest that complex and multi-regional
skeletal BFT is highly prevalent in car occupants who die in MVIs.
Forensic practitioners are most likely to observe skeletal BFT in the
thorax, followed by the skull, in deceased car occupants, though frac-
turing may occur to any skeletal region. When adjusted for intrinsic and
extrinsic variables; age, sex, seating position, impact type, and impact
object were found to influence the risk of fracturing to one or more re-
gions including the skull, vertebrae, thorax, pelvic girdle and limbs.
However, despite this, many similarities in fracture patterns between the
car occupants were evident, indicating that any interpretations made
about the circumstances of a MVI should not be based solely upon
skeletal trauma data. Regardless, this study has supplemented the
existing literature by focusing specifically on the skeletal fracture pat-
terns that may be observed in post-mortem examinations of car occu-
pants, and the context in which they were produced, to aid medico-legal
death investigations. Future research could also further build upon this
work by examining in greater depth the effect of contextual variables on
the extent of skeletal BFT (i.e., number of bones and regions fractured),
the co-occurrence of fracturing across the regions, and common loca-
tions of fracturing on each bone in car occupants.
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Glossary

Motor vehicle incident (MVI): A MVI is an event in which a motor vehicle, such as a car,
sustains one or more impacts with another object or surface, potentially causing blunt
force trauma or death to the vehicle’s driver and passengers.

Car occupant: A driver or passenger of a four-wheeled motorised passenger vehicle.
Bone fracture: A complete or incomplete break in the bone which occurs when the bone is

loaded beyond its yield point.
Skeletal blunt force trauma (BFT): Skeletal injuries that result from the application of a

slow loading force from a blunt object.
Post-mortem Computed Tomography (PMCT) scanning: A type of medical imaging that

involves taking non-invasive cross-sectional images, or slices, of the internal body of a
deceased individual to allow forensic practitioners to visualise, investigate and di-
agnose fatal injuries or other pathologies present.
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