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Abstract

Background Vehicle accidents are still a heavy social burden despite improvements due the latest technologies and
policies. To pursue the trend of decrease, having a more detailed view and understanding of the injury patterns would
contribute to inform both the rescue team to optimize victim's management and policymakers in order for them to
tackle at best this issue.

Methods Two complementary analyses of injury associations were performed, one using a biomechanical classifica-
tion and the other an anatomic one, computed on data stratified by car accident type (lateral or frontal). Our objective
is to understand whether these two categories of crash lead to similar or heterogeneous injury association patterns,
and analyze these findings from an impact mechanics point of view. Indeed, having an improved understanding of
the injury mechanisms would facilitate their diagnosis and prevention.

Results While each type of accident possesses its own injury profile, most injury associations are found for both
types. Injuries such as clavicle and rib fractures were identified as involved in a high number of associations. Several
associations between fractures and blood vessel injuries were found.

Conclusions The results suggests three main conclusions: (i) Injury associations are rather independent from crash
characteristics, (i) Clavicle and rib fractures are typical of poly-traumatized victims, (iii) Certain fractures can be used
to early detect victims at higher risk of hemorrhage. Overall, this study provide paramedics and doctors with data to
orientate them toward a faster and more appropriate decision. Moreover, this exploratory work revealed the potential
that injury association analyses have to inform policy-making and issue recommendations to decrease road accident
mortality and morbidity.

Keywords |njury associations, Car crash, Injury mechanisms

Background
Despite the latest advances in the field of road safety,
the mortality and morbidity related to road accidents is
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to optimize the victims’ management. Indeed, time and
triage accuracy are two key features that influence sig-
nificantly the patient outcomes [2—5]. For both of these
directions , an advanced understanding of the injuries
suffered by the vehicle occupants and how they occur
(i.e. the injury mechanisms) is fundamental. In fact, it can
provide the rescue team with data to inform their deci-
sion-making process and/or contribute to orientate the
development of passive safety devices. Automobile is the
mode of transport the most frequently involved in seri-
ous and deathly accidents. Indeed, in the UE in 2016, car
crashes were responsible for more than half of the road
accident fatalities. Previous studies have investigated
the relationship between the accident type, injuries and
injury mechanisms [6—11]. They observed that lateral and
frontal impacts are the most frequent crashes that lead to
serious injuries. Theses studies also agreed on the fact
that the two accident types lead to different lesion pat-
terns, but they are rather simple in terms of methodology
and only rely on counts and proportions. To the best of
our knowledge, no studies have studied how the occur-
rence of one injury influences the presence of another
with respect to the impact principal direction of force
(PDOF). Recent studies have proposed a new method to
analyze the injury profile from a stratified road-accident
victim database, through the computation of multiple sta-
tistical injury associations [12]. Such a method allows to
obtain the conditional probability (odd-ratio) of observ-
ing a given injury knowing that a specific one is present
and to graphically represent these conditional depend-
encies between them. This method can be applied to
stratified data, i.e. data separated according to predefined
categories, such as type of road users, as illustrated in the
cited article. This model can be used to retrieve injury
profile and injury associations patterns with respect to
the different strata. The present study proposes an inves-
tigation of the influence, in terms of injury mechanisms,
of all the injury associations related to car-accident front
passengers and drivers, according to the type of accident.
A first section will introduce the database and the meth-
ods that were used within the scope of the study. It is
followed by the results and a discussion of their implica-
tions in terms of road safety. A conclusion will then recall
the main findings and the future works they suggest.

Methods

Epidemiological databases

This study relies on two data collections of road traffic
casualties with complementary information:

+ The Rhone Registry of Road Traffic Casualties Since
1995, all victims of road traffic crashes that occurred
within the Rhone county administrative area and
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who benefited from medical care in public or pri-
vate facilities are included in this registry. A more
detailed description of the cohort protocol is availa-
ble elsewhere [13]. The Rhone registry data collected
in medical care units include a precise description of
injuries as well as general information about crash
circumstances and victims’ characteristics. This reg-
istry has been approved by the French National Reg-
istry Committee.

+ The French national police database of road traffic
accidents For each road crash involving at least one
vehicle and with at least one injured casualty, French
police forces are required to complete a police report.
These reports are then compiled yearly to create a
national crash database used for French road traffic
crashes monitoring. This database includes for each
victim rather precise information about the crash,
vehicles and people involved. Contrary to the Rhone
Registry, there is little information about injuries.
More specifically for car crashes, it includes the acci-
dent type (frontal, lateral, rear, multiple crash events)
and the location of the victim inside the car (driver,
front or back passengers), information not available
in the Rhéne registry.

For the present study, data from these two databases
were merged to obtain a complete database with a full
description of injuries and car crash types. All methods
were carried out in accordance with relevant guidelines
and regulations in the “Ethics approval and consent to
participate” section.

Injury classification
Two injury classifications were used:

+ The Abbreviated Injury Scale (AIS) For a full
description of injuries, the Abbreviated Injury Scale
(AIS) 1990 was used [14], which is an internation-
ally recognized traumatic injury scoring system. The
AIS includes codes consisting of 6 digits that refer
to body regions (R, first digit), types of anatomic
structure (T, second digit), additional specifica-
tions of anatomic structure or location (S, third and
fourth digits), and the specific type of lesion (N, fifth
and sixth digits). For example, the code 440604 cor-
respond to R: Thorax (4), S: Internal organs (4), T:
Diaphragm (06) and N: Wound (rupture) (04), and
therefore represents a wound or rupture injury in the
diaphragm which is an internal organ in the thorax
region. The Rhone registry merged with the French
national police dataset contains 1348 distinct codes
corresponding to 1348 distinct injuries. We will refer
to these codes as the “RTSN” classification. The AIS
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includes also a severity metric, the “AIS score’, which
is an ordinal scale, ranging from 1 (minor severity) to
6 (maximum severity, currently incurable). An addi-
tional score of 9 was introduced for injuries whose
severity was not specified. The whole classification
that includes the severity score is referred as the
“RTSN+AIS” classification.

. Custom-made “Biomechanical Classification” (BC)
The coding used in the BC is presented in Table 1. It
consists in two numbers that respectively represent
the body region (similarly to the RTSN classifica-
tion), the type of tissue. It was conceived to regroup
injuries sharing similar tissue characteristics, such as
fractures or internal organ wounds within the same
body region. We refer to this classification as “BC”.
The AIS severity score was then also added, giv-
ing a classification that we refer to as “BC+AIS”. For
instance, the code 5.3.4 represents a vein or artery
injury in the abdominal region with an AIS4 severity.

The “Major internal organs” category includes:

+ Head: Brain, cerebellum

« Thorax: Heart, diaphragm, lungs

+ Abdomen: Liver, pancreas, kidney, small and large
bowel, spleen, mesentery, stomach

The “Other internal organs” category includes:

« Face: internal ear, eye

Neck: thyroid gland, vocal cords, pharynx, larynx,

salivary gland

« Thorax: bronchi, esophagus, pericardium, trachea

+ Abdomen: Suprarenal gland, anus, ovary, scrotum,
penis, perineum, testicle, vagina, vulva

.

Loss of consciousness and massive destruction can-
not be directly linked to a particular body structure

Table 1 Biomechanical classification coding for injuries

Code Body region Tissue / body structure Severity

1 Head Skin Minor

2 Face Nerves & Spinal cord Moderate

3 Neck Arteries and veins Serious

4 Thorax Muscles, tendons & ligaments Severe

5 Abdomen Bones & inter-vertebral discs (in Critical
spine)

6 Spine Major internal organs Maximal

7 Upper extremity  Loss of consciousness

8 Lower extremity Other internal organ

9 Unspecified Massive destruction
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or tissue. However, these injuries were kept in the BC
since it was derived from the AIS coding, under the
codes 7.X.X and 9.X.X, respectively.

Statistical methods

Data stratification

Previous studies have shown that different impact
principal directions of force (PDOF) lead to differ-
ent injury mechanisms, patterns and severity [6]. As a
consequence, the assumption was made that the injury
associations consecutive to each type of accident will as
well be different. Stratification of data is made in order
to divide the data into clusters that are hypothesized
to display a certain homogeneity within the strata and
heterogeneity with respect to the others. Consequently,
we stratified the data according to four types of acci-
dent present in the Police Road Crash database: fron-
tal, lateral, rear, and multiple crash events. Multiple
crash events were removed because of a too small sam-
ple size available, leading to a weak statistical power
to evidence injury associations. Rear impacts were not
studied because they are most of the time less serious
than the other type of crash [15], and are thus of least
interest from a road safety point of view. As a result,
only two PDOF observed in car crashes were exploited,
namely frontal and lateral.

Data selection

In the merged database, a different version of the AIS
was used for 2015 and subsequent years. In order to keep
the largest sample size with homogeneous injury cod-
ing for frontal and lateral comparison, only casualties of
2014 and before were kept. We then selected all the vic-
tims of car crashes, positioned in the front row (passen-
gers and drivers) and whose type of accident is known.
This led us to work with 15,658 observations (13,097
and 2561 observations in the frontal and lateral stratum
respectively).

Association computations

Each injury [resp. group of injury] can be modeled by a
binary random variable which is set to 1 if the victim suf-
fers from this injury [resp. from at least one injury in this
group of injury] and O otherwise. Groups of injuries are
considered as injuries in the rest of paper. Therefore, the
injury table of a victim can be modeled as a realization
of the random variable U = (U, ..., Up)T € {0, 1}# where
U; is a binary variable that indicates the presence of the
injury j in the considered injury table and p is the cardi-
nality of the set of all possible injuries. Using the RTSN
classification, 634 injuries appear in at least one injury
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Table 2 Number of observations within the different strata

Initial Freq> 10
BC RTSN
All 20110 20089 20016
Lateral 2561 2558 2550
Frontal 13097 13087 13033
Back 3818 3813 3806
Multiple 634 631 627

Table 3 Number of injuries within the different classifications

Classification Initial Freq>10
RTSN 634 230

BC 43 35
BCHAIS 130 74

table, while 230 were identified in at least 10 victims.
In the remainder of the study, only the injuries having a
prevalence greater than 10/20110 were retained. Tables 2
and 3 summarize the number of injuries for each classi-
fication as well as the number of observations found in
each stratum.

In this study, we will use graphical models as a tool
to visually represent the associations that exist between
injuries. The estimation of the injuries associations can
be reduced to describing the joint distribution of the p
binary variables. For this purpose, we applied a quadratic
exponential binary model, or Ising model, which has been
widely used in this context [16—19]. Each Ising model can
be translated into a graph G = (V, E) where V'is the set of
p vertices corresponding to the p injuries and E is the set
of edges that describe the conditional independence rela-
tionships among injuries. The edge is absent when U/; and
U, are independent conditionally on the other variables.
More specifically, an edge is present between two injuries
(j, ©) if and only if OR;¢ # 1, where OR; ¢ corresponds to
the conditional odds-ratio of the association between the
two injuries.

In the present study, we study the associations
between injuries according to the type of accident.
We therefore have K models to estimate, where K is
the number of accident types. In our context, the esti-
mations of these models require a method capable to
make the selection of variables (for each model we
have a p(p 4+ 1)/2 parameters to be estimated) and at
the same time to take into account the homogeneity
that may exist between strata without masking the het-
erogeneities. In order to handle this, we used in this
study the DataShared-SepLogit method, that has been
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shown to be very appropriate to deal with stratified
data and with the best compromise between perfor-
mance and computational time [12]. This method is
based on the combination of the SepLogit [20] method
and the DataShared lasso penalty. The first consists
in estimating the parameters of the Ising model via
p logistic regressions, while the second developed by
[21] and [22], is used within the context of stratified
regression. See [12] for more details.

Results

General results

The number of injuries sustained by the victims for each
strata is displayed in Fig. 1. This graphic shows that there
is almost no statistical difference between front and lat-
eral impacts from a simple prevalence point of view.
After excluding the least severe injuries, there were more
single injuries in frontal impacts compared to lateral
impacts with more polytraumatized victims.

The prevalence of injuries with respect to each body
region is displayed in Fig. 2. In addition, the ten AIS2+
injuries coded using the BC with the highest prevalence
for the frontal and lateral impacts are detailed in Table 4,
in order to have an overview of the most frequent seri-
ous lesions suffered by car accident victims. In both lat-
eral and frontal impacts, loss of consciousness is the most
frequent AIS2+ injury, which is in accordance with vari-
ous prior epidemiological studies [23, 24] that identified
the head as the body region most frequently wounded in
car accidents. In addition, the Fig. 2 reveals several par-
ticularities between the two accident types, which can be
ascribed to probable corresponding injury mechanisms:

+ More face trauma in frontal impact (20.73% vs.
14.71%, p<0.001). This can be caused by the direct
contact between the victim face and the steering
wheel or the airbag [25].

+ More lower limb injuries in frontal impact (29.49%
vs. 26.27%, p=0.005). This is attributable to the intru-
sion of the motor inside the driver compartment [26].

+ More head injuries (25.09% vs. 28.9%, p<0.001),
especially AIS2+4 ones, in lateral impacts. This is
most probably due to the reduced distance between
the occupant and the door which leads to more
severe head trauma, as well as coup/counter-coup
injuries [9].

+ More abdominal injuries in lateral impacts (6.81% vs.
9.8%, p<0.001). This might be due to the direct con-
tact of the abdomen with the door armrest as well as
compression of solids organs between the intruding
objects and the spine [27]. This mechanism involves
mostly the liver and the spleen, which are respec-
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Table 4 Prevalence of the AIS2+ injuries labeled using the BC for frontal and lateral impacts

Frontal impact

Lateral impact

Label Prevalence Body region & tissue type Label Prevalence Body region & tissue type
1.7.2 0.09338 Head - Loss of consciousness 1.7.2 0.10164 Head - Loss of consciousness
452 0.05914 Thorax - Bones 752 0.04887 Upper limb - Bones

752 0.05761 Upper limb - Bones 852 0.04261 Lower limb - Bones

852 0.5662 Lower limb - Bones 452 0.03948 Thorax - Bones

853 0.03706 Lower limb - Bones 853 0.03245 Lower limb - Bones

6.5.2 0.02843 Spine - Bones 46.3 0.02697 Thorax - Major internal organs
753 0.02292 Upper limb - Bones 6.5.2 0.02697 Spine - Bones

46.3 0.0188 Thorax - Major internal organs 453 0.02111 Thorax - Bones

453 0.01719 Thorax - Bones 562 0.02072 Abdomen - Major internal organs
84.2 0.01498 Lower limb - Muscles 753 0.01603 Upper limb - Bones

tively wounded in 32 and 30 % of all abdominal trau-
mas within the data used in the present study.

The prevalence of each AIS severity for each type of
accident is displayed in Fig. 3. The p-values that are
reported in this figure were computed using a x? com-
parison test between the proportions of victims with
at least one injury within the AIS category vs. not. In
accordance with previous studies (see [8] for instance),
injuries are more severe for lateral impacts compared to
frontal ones. Two motives might explain most of the dif-
ference in severity distribution between the two types of
accident:

« Cars have a better ability to deform and thus
absorb energy in frontal crashes compared with
lateral ones [28];

+ The human body is capable to sustain more severe
solicitations in frontal rather than lateral direction [29].

Injury associations using the BC

To get an overview of how the injured body regions
and wounded structures are related to each other, the
injury gravity was not considered in the first place. In
a screening perspective to link epidemiological data to
potential injury mechanisms, the BC is particularly fit-
ted since it allows to group injuries that affect the same
anatomical structure within a body region. A graphical
representation of all the associations between two inju-
ries that were computed for polytraumatized victims
(N = 20089) is provided in Fig. 4. In that figure, each
node corresponds to an injury coded using the BC, and
each branch symbolizes an association between the
two nodes. The branch width is representative of the

association strength : the wider the branch, the higher
the odd ratio of the associations between two injuries.
The diagram on the left hand side shows the common
associations between lateral and frontal impacts. The
two diagrams on the right hand side display the associa-
tions that were statistically significant specifically for the
frontal (top) and lateral (bottom) impacts, apart from
the common associations shown on the left hand side of
the figure. In the frontal case, a total of 50 injury associa-
tions were found against 34 for the lateral one. This may
be due to fewer lateral cases versus frontal ones in our
dataset, and thus less statistical power to highlight injury
associations. Among these associations, 19 are specific to
frontal impacts and 3 to lateral impacts. 31 associations
are common to both strata,so most of the associations
are common to the two types of crash. A larger num-
ber of crash-specific association is found in the frontal
case compared to the lateral case, most probably due
to a higher number of cases available and consequently
a higher statistical power. Overall, Fig. 4 shows that
the injury association pattern is quite similar between
frontal and lateral impacts. In both frontal and lateral
crashes, the most represented body regions are head
and thorax, which are as well the body regions in which
the association density is the highest. Besides, neck,
spine and limbs are less represented with respect to the
other body regions in the two types of accident. The four
strongest common associations include 4.6-5.6 (thorax
internal organs/abdo internal organs) and 4.5-5.6 (tho-
rax bones/abdo internal organs). They can be explained
by the restrain system that compress both the rib cage
and the abdominal region [30]. The other two strongest
injury associations are 2.1-2.5 (face skin/bones) and 1.5-
1.6 (head bones/organs). They link structures pertaining
to the same body region, and are consequently rather
expected. Indeed, it is foreseeable to have skin wounds
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Fig. 4 Injury associations using the BC

related to bone wounds in the face, especially considering
that this body part is seldom covered by clothes. Similarly,
it is expected that cranial fractures (1.5) would lead to
brain injuries (1.6). The strongest frontal impact-specific
associations include 4.3-4.5 thorax arteries veins/bones,
4.6-4.8 thorax internal organs/other organs, 5.6-5.8 abdo-
men internal organs/other organs. The first is interesting
since it reveals that an easy-to-diagnose wound (fracture)
is characteristic of a life-threatening and more difficult to
detect injury (thoracic hemorrhage). The last two asso-
ciations show that frontal impact victims are at higher
risk of having multiple internal organ injuries in the same
body region. This is particularly interesting considering
that the strongest lateral impact-specific association is
between abdominal and thoracic internal organ injuries
(4.6-5.8). This may orientate doctors in their diagnosis
process toward paying more attention to organs located

in the same body region of a previously identified injury
in frontal impact victims, while in lateral impact a greater
focus should be made on organs pertaining to different
body regions.

Injury associations using the BC+AIS classification

To get a more detailed overview of the injury associa-
tions, severity was included in the computations. The
associations obtained using the BCHAIS classification
are displayed in Fig. 5. As seen for BC without severity
(Fig. 4), a majority of injury associations are located on
the left-hand-side scheme and are thus common to both
frontal and lateral crashes, resulting in mostly similar
injury association patterns between frontal and lateral
crashes. This result suggests that, for car-occupants, most
of the associations between injuries are independent
from the injury mechanism, approximated by the impact
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Fig. 5 Injury associations using the BC4AIS

type (frontal/lateral). This means that the PDOF of the
impact is unlikely to explain the simultaneous presence
of two given injuries in a polytraumatized victim, except
a few specific associations (shown on the right hand side
panels of Figs. 4 and 5).

The Fig. 6 displays the proportions of association in
which each BC code is involved. It represents the num-
ber of branch that starts from each node of Fig. 5 divided
by the total number of associations for each accident
type (162 in the frontal case and 124 in the lateral case).
For instance, the code 1.7.2 (head, loss of consciousness,
AIS 2), with approximately the same prevalence in lateral
and frontal crashes (Table 4), is involved in about 9.2%
of all injury associations in frontal impact and in nearly
11.5% in lateral impact. The BC codes that are the most
frequently involved in injury associations are gathered
in Table 5. These lesions, by being the most frequently

implicated in associations, are thus characteristics of
polytraumatized car-accident victims. This is further
confirmed by the fact that in this table several injuries
appear more than once with different AIS severity codes
(e.g. 4.6.3 and 4.6.4). Consequently, it can provide to the
paramedics and doctors a supplementary information to
choose the most appropriate procedure to take care of
them.

Injury associations using the RTSN classification

The listing of the RTSN codes of the injuries and their
description that are most frequently involved in asso-
ciations can be found in Tables 6 and 7. The graphs of
associations obtained using the RTSN classification are
provided in Fig. 8. Similarly to results using the BC+AIS
(Fig. 5), most RTSN injury associations are common to
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Table 5 BC codes most frequently involved in injury associations
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Frontal impact

Lateral impact

Label Frequency Body region & tissue type Label Frequency Body region & tissue type
453 17 (10.5%) Thorax - Bone 172 14 (11.3%) Head - Loss of consciousness
853 16 (9.9%) Lower limb - Bone 463 14 (11.3%) Thorax - Major internal organs
172 15 (9.3%) Head - Loss of consciousness 752 14 (11.3%) Upper limb - Bones

463 15 (9.3%) Thorax - Major internal organs 56.2 13 (10.5%) Major internal organs

464 15 (9.3%) Thorax - Major internal organs 453 12 (9.7%) Thorax - Bones

56.2 15 (9.3%) Abdomen - Major internal organs 753 12 (9.7%) Upper limb - Bones

752 15 (9.3%) Upper limb - Bones 852 12 (9.7%) Lower limb - Bone

852 15 (9.3%) Lower limb - Bone 164 11 (8.9%) Head - Major internal organs
753 14 (8.6%) Upper limb - Bones 455 11 (8.9%) Thorax - Bones

455 12 (7.4%) Thorax - Bones 464 10 (8.1%) Thorax - Major internal organs

Table 6 RTSN codes most frequently involved in

associations - Frontal impact

injury

Code Frequency Label

450232 17 (14.7%)  Rib fractures with hemo- or pneumothorax, severe
210600 16 (13.8%)  Skin/subcutaneous/muscle laceration NFS?, minor
752200 12(103%) Clavicle fracture, moderate

450220 9 (7.8%) Rib fractures, moderate

852604 9 (7.8%) Open pelvic ring fracture NFS, severe

441410 8 (6.9%) Bilateral lung contusion, severe

450804 7 (6.0%) Sternum fracture, NFS, moderate

@ NFS: No Further Specification

Table 7 RTSN codes most frequently involved in

associations - Lateral impact

injury

Code Frequency Label

210600 14 (17.9%)  Skin/subcutaneous/muscle laceration NFS, minor

450232 12(14.1%) Rib fractures with hemo- or pneumothorax, severe

752200 10 (12.8%) Clavicle fracture, moderate

441410 9 (11.5%) Bilateral lung contusion, severe

450220 7 (9.0%) Rib fractures, moderate

210602 6 (7.7%) Skin/subcutaneous/muscle laceration, superficial,
minor

852604 6 (7.7%) Open pelvic ring fracture NFS, severe

the two impact orientations, and a larger number of
impact-specific associations is found in the frontal case.

Discussion

The major part of the injury associations that were
computed can be classified as “obvious’, i.e. intuitively
expected. For example, it is foreseeable that a cranial

fracture (1.5.X) is associated with a brain injury (1.6.X).
More generally, it is the case when different structures or
injury types of the same body region are associated.

The heatmap Fig. 7 shows how the injury associations
are distributed among body regions. For instance, in both
frontal and lateral impact, close to 9% of all associations
are between thorax and upper limbs. This figure suggests
that during the diagnosis process in case of polytrauma,
the investigations should not be restrained to the area
were fractures are identified on the full body CT-scan,
especially for the head and the thorax, for both accident
types. While the distributions of associations mostly look
alike between frontal and lateral impacts, several differ-
ences can be identified. Some of them can be explained
from an impact dynamics point of view. For example,
thorax and face (4,2) count more associations in frontal
than in lateral impact. This could be due to the contact
with the driving wheel (driver) or dashboard (front pas-
sengers). The same dynamics can explain the more fre-
quent associations between the face and the lower limb
(2,8) in frontal than lateral crash. Other discrepancies
could be explained by the differences in mechanical prop-
erties of the human body in frontal and lateral directions.
For instance, the higher number of associations between
head and spine in lateral impact can be explained by the
lower mobility and tolerance to impact of the spine in
lateral direction. A mild shock or movement of the head
sideways will thus lead to spine injury while similar ones
along an antero-posterior axis would not [31].

The associations are also in accordance with clinically-
observed phenomena. For instance, rib bone fractures
(4.5.X) were identified in the literature as a good indica-
tor of the seriousness of a victim [32]. The injury asso-
ciations that were observed are consistent with these
findings. In frontal impacts, and at a lower scale in lateral
impacts, rib bone fractures are very frequently associated
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Fig. 7 Distribution of the injury associations by body region

with other serious injuries. This result complements the
finding reported in [32], which was based on prevalence
only, with statistical associations. Moreover, our results
allow to identify the body region, anatomical structure
and severity of the injuries with which the rib bone frac-
tures are associated and how strong is the association.
This finding can as well be explained from a biomechan-
ics point of view. Indeed, the rib cage acts as a protec-
tion to all the major internal organs contained in both
the thorax and abdomen. Once this protective shield is
damaged, it is very likely that underlying organs would
be hurt as well. Moreover, the broken ribs might interfere
with these organs, principally lungs, and generate lesions
such as pneumo- or hemothorax.

By regrouping several AIS injury codes, the BC and
BC+AIS allowed for a better statistical power with
respect to the RTSN classification for certain kinds of
injury. For instance, lower leg fractures are divided in sev-
eral AIS injury codes and therefore RTSN injuries while
gathered under the same codes in the BC. It turned out it
is one of the most involved in injury association in frontal
impact. This result could be explainable from an impact
dynamic and biomechanical point of view. Indeed, lower
limb injuries are a sign of high energy crash, because
they are often due to the instrument panel intrusion in
the driver and passenger environment that only occurs

Lateral

% of associations

oNvbhO®

Head
Face-
Neck
Thorax
Abdomen
Upper limb -
Lower limb
Undetermined

in high kinetic energy conditions in recent cars [33]. At
lower speed, these intrusions are minor thanks to the
motor unit compression which can absorb most of the
kinetic energy of the crash. Lower limb injuries thus indi-
cate a high-energy impact and consequently an increased
risk of associated serious wounds, which agrees with our
results. Moreover, they are typical of a polytraumatized
patient and thus, can be used to identify a potentially
seriously wounded victim in a car crash. In fact, it is well
known that multiple injuries put patients at a higher risk
than isolated wounds, which led to the utilization of indi-
ces such as the Injury Severity Score (ISS) [34].

The BC+AIS also made possible the identification
of injuries that are related to a higher risk of hemor-
rhage, i.e. that are associated with veins/arteries wounds.
Indeed, in the same way than lower limb fractures, by
regrouping several AIS, the prevalence and statistical
power associated to the BC+AIS codes relative to such
wounds is high enough to retrieve associations. All blood
vessel injuries that are involved in significant associations
are localized in the thorax (code 4.3.X), and are related to
bone fractures:

« Frontal case : Upper limb bone fracture AIS 3 (7.5.3)
Head bone fracture AIS 3 and 4 (1.5.3-1.5.4) Thoracic
bone fracture AIS 3 (4.5.3)
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» Lateral case : Head bone fracture AIS 3 (1.5.3) Tho-
racic bone fracture AIS 3 (4.5.3)

Blood vessels injuries are key in terms of victims’ man-
agement. Indeed, they imply a high level of emergency
since excessive blood loss is a life-threatening condition.
For rescue and medical teams, it is capital to be able to
diagnose them as soon as possible in order to make the
appropriate decision concerning the procedure to han-
dle the victim. The BC+AIS injury associations between
vessels and bones can contribute to inform the decision-
making process. Indeed, being easier to diagnose, the
fractures previously listed can orientate the rescue team
and doctors concerning the dedicated investigations to
perform in order to detect the potential hemorrhage.

Together with associations that can be easily inter-
preted from well-known car crash injury mechanisms,
less intuitive ones can be identified. For instance, upper
limb fractures (7.5.X) are among the most frequently
involved in injury associations. In order to analyze this
finding, it is necessary to look closer into the details of
the injury, which can be done using the RTSN classifica-
tion. When studying the RTSN codes, in turns out that
the specific upper limb wound which is the most fre-
quently involved in injury associations is the clavicle frac-
ture (AIS code 752200, see Tables 6 and 7). Unlike the
rib fractures, where the broken ribs are known to inter-
act with surrounding organs [32], notably the lungs, the
associations between clavicle fractures and other injuries
are probably not related to a direct relationship between
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the two wounds, i.e. the first in not the cause of the sec-
ond. Indeed, in both frontal and lateral impacts, clavicle
fractures are associated with thoracic injuries (rib bone
fractures and lung contusions), brain injuries and pelvic
fractures. This result suggests that, in the same way that
lower limb fractures in frontal impact are characteristic
of a high-energy crash, the clavicle fractures most prob-
ably translate a violent impact. Indeed, in frontal impact,
they might be due to the the safety belt that, despite the
load-limiter present in most of recent vehicles, gives rise
to injuries. In lateral crash, they are due to direct impact
against either the B-pillar or the striking object [35]. This
injury thus appears as a good index to be used to inform
triage decisions since it is frequently present in cases of
polytrauma. This complies with previous clinical studies
that pointed out clavicle fracture as a marker of serious
polytrauma that can be used to indicate further investiga-
tions to diagnose other potential lesions [36, 37].

We also observed that the results obtained using the
RTSN classification are rather different from the ones
obtained using the BC., while they were computed from
the same data. Notably, a higher number of associations
was found for BC+AIS (Fig. 5) versus RTSN (Fig. 8).
As introduced earlier, this is mostly attributable to the
grouping of AIS codes which condense several injuries
under the same BC label. This increases the prevalence,
reduces the cardinality of the set of all studied inju-
ries, and thus the number of parameters in the models,
resulting in an improved statistical power to detect asso-
ciations. One main strength of the present study is the
complementarity of RTSN and BC analyses. The BC, by
grouping several TSN and severity codes, unveils some
associations that would not appear otherwise, such as
several associations involving the spine that were not
observed using the more precise RTSN classification.
However, it prevents to evaluate association between
unique injuries from the same type of tissue within the
same body region. Without the RTSN classification, the
identification of the clavicle fracture as possible index to
help paramedics and doctors in their diagnosis and deci-
sion-making process would not have been feasible. This
highlights the complexity of injury associations and pat-
terns, and the pertinence of having a two-scale approach
when studying injury associations: a global approach
with the BC to point out the relationships between body
structures, and a detailed approach (using the RTSN clas-
sification) allowing a precise identification of the wounds.

This study suffers from certain limitations. First, the
PDOF was only described through 4 categories of acci-
dent type in our database, which may oversimplify the
exact PDOF. It has been shown that oblique impacts
have their own mechanisms and injury patterns [38],
however this category does not exist in our database.
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As a consequence, oblique impacts might have been
indifferently put in either “frontal” or “lateral” ones.
A possible side-effect is that crashes with distinct
consequences on the car occupants may have been
put together in the same stratum, possibly reducing
the between strata heterogeneity and thus artificially
increasing the similarity of both frontal and lateral
injury patterns.

Second, the AIS coding is directly related to the vic-
tim’s management and based on information available in
medical records. Hence, because of the emergency of the
management of road accident victims, clinicians might
have overlooked minor lesions where more serious ones
were present. This may have undermined the number
of associations between severe and mild injuries, while
some of them are of high interest, as it was explained
earlier with the clavicle fracture. However, this possible
bias was mitigated by the fact the coding was performed
retrospectively by an ER physician based on the patient
medical images and physiological analyses.

The study did not consider the most recent cases within
the database (after 2014), and the classification used
(AIS1990) is not the most recent version of the AIS. This
might undermine the direct application of the results
of this study for policy-making. However, this choice is
due to two main reasons: the Rhone registry used the
AIS1990 classification up until 2014, so the wide majority
of the database entries are coded using this classification.
Moreover, a direct translation to AIS1990 to more recent
versions is not always possible and requires the patient
medical records which are not available in the database.
So, in order to keep the highest statistical power possible
by having the largest number of cases possible, the choice
was made to consider the cases before 2014.

Finally, the associations were computed only two-by-
two. As shown in Ballout et al. [12], it is possible to con-
sider interactions between injuries (second, third or
higher-order interactions) to take into account the poten-
tial associations between three or more different injuries
as well. However, the computational burden may rap-
idly become an issue due to the considerable increase of

Table 8 Examples of how injury associations can be utilized to
support on-field diagnosis

Crash
characteristics

Injury(ies) observed  Key associated injury(ies)

Frontal Clavicle fracture Increased risk of polytrau-
matism
Increased risk of hemorrhage
Lateral Costal fracture Increased risk of polytrau-

matism

Increased risk of hemorrhage
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parameters in the models. Although in the BC we defined
groups of injuries based on a priori knowledge (e.g., shared
anatomic and tissue characteristics) contrary to models
including interactions between injuries allowing to test
all possible groupings for an exploratory purpose), using
the BC is a way to reduce the number of groups of injuries
to be tested and study associations between knowledge-
defined groups of injuries at a lower computational price.

Conclusion

The article presented an innovative approach to exploit an
epidemiological database of road accident victim injuries.
First, injury associations were computed on data stratified
by accident type (lateral/frontal impacts). Then, an alter-
native injury classification was proposed aiming at better
highlighting the biomechanics underlying injury associa-
tions. Finally, a thorough analysis of these associations was
performed which led to the following main conclusions:

« The global association patterns are similar in frontal
and lateral impact suggesting that most of them are
injury-mechanism independent.

« Several impact-specific injury associations were
found and could be linked to either particular injury
mechanisms (e.g. contact with driving wheel) or dif-
ferences in the human body mechanical properties
between antero-posterior and fronto-lateral axes.

« Several impact-specific injuries were identified as
being involved in a high number of associations sug-
gesting that they are typical of polytraumatized vic-
tims.

« Several identified injuries are associated with blood
vessels injuries that are known to require a fast man-
agement to optimize the victim’s chances of survival.

These last two points are of particular interest in a reduc-

tion of motor-vehicle-crash-related morbidity and mor-
tality perspective. Indeed, they can orientate paramedics
and doctors toward a faster and more appropriate deci-
sion. Table 8 presents two examples of how associations
can be utilized to support on-field diagnosis.

Future works shall include a broader number of acci-
dents to be able to explore more injury mechanisms,
especially the least represented. Moreover, this approach
could be extended by including other categories of road
user (pedestrian, two-wheeled, bike) and modifying the
stratification accordingly. Overall, this exploratory work
revealed the potential that injury association analyses
have to inform policy-making and issue recommenda-
tions to decrease road accident mortality and morbidity.
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