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This study has analyzed sex-specific differences in pedestrian and cyclist accidents
involving passenger cars. The most frequently injured body regions, types of injuries,
which show sex-specific differences and the general accident parameters of females
and males were compared. Accident data from three different European countries
(Austria, Netherlands, Sweden) were analyzed. The current analysis shows that for both,
females and males, pedestrian and cyclist injuries are sustained mainly to the body
regions head, thorax, upper extremities and lower extremities. The results show that
the odds for sustaining skeletal injuries to the lower extremities (incl. pelvis) in females
are significantly higher. It was observed in all datasets, that the odds of females being
involved in a rural accident or an accident at night are lower than for males. Elderly
pedestrian and cyclist (>60YO) tend to sustain more severe injuries (AIS2+ and AIS3+)
than younger pedestrian and cyclists (<60YO) in some of the datasets. The findings of
this study highlight the differences in males and females in both, accident scenarios and
sustained injuries. Further investigations are needed to distinguish between gender- and
sex-specific differences causing the different injury patterns.

Keywords: pedestrian, cyclists, epidemiology, injuries, sex-specific differences

INTRODUCTION

Worldwide, more than 50% of the 1.35 M road users killed annually, are vulnerable road
users (VRUs) such as pedestrians, cyclists and motorcyclists (World Health Organization, 2018).
Together, pedestrians and cyclists accounted for 32% of the road fatalities in the European Union in
2016 (World Health Organization, 2018). To reduce this number, a detailed analysis of the injuries
is required to understand which injuries are the most common, related injury mechanisms, and
finally to determine protective measures.

Awareness of sex and age specific differences in injury risks for vehicle occupants has only
been identified in recent years (Kullgren and Krafft, 2010; Forman et al., 2019; Mitchell and
Cameron, 2020). This may be due to the fact that vehicle safety regulations for occupants
and VRUs are predominantly focused on mid-sized adult males (Simms and Wood, 2009;
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Linder and Svedberg, 2019; Linder and Svensson, 2019). Studies
have shown that this leads to unequal treatment in terms
of vehicle safety based on sex and, as a result to significant
differences in the injuries sustained by males and females (Bose
et al,, 2011; Starnes et al., 2011; Forman et al., 2019; Leo et al,,
2019b; Linder and Svedberg, 2019; Mitchell and Cameron, 2020).
Starnes et al. found for example in their study that younger
males (15-55 years) were significantly more likely to suffer tibia
fractures than females.

Besides sex, age has also been identified as an important factor
affecting the types and severity of injuries (Davis, 2001; Niebuhr
et al.,, 2016; Leo et al.,, 2019a; Saadé et al., 2020). Davis and
Niebuhr et al. conclude that elderly pedestrians (>60YO) tend
to suffer more severe injuries than younger pedestrians. Also
Saadé et al. conclude in their study that the pedestrian age as
well as the collision speed have a statistically significant influence
on injuries. Especially the age group 61+ shows statistically
significant differences in that study.

Anthropometric test devices (ATDs) and Human Body
Models (HBMs) used for safety evaluations have been
predominantly designed to match mid-sized adult males
(or in rare cases small adult females). This has led to an unequal
treatment of the sexes with regard to vehicle safety regulations
(Linder et al., 2020). Virtual testing (VT) will play an essential
role in overcoming the unequal treatment, based on sex, in
vehicle safety regulations in the near future. By means of VT it
is possible to assess a much larger number of test scenarios than
in physical testing. Furthermore, facilitated by state-of-the-art
Human Body Models (HBMs), it is also possible to implement
different anthropometries and gender specific characteristics
in the loop of virtual testing. As a first step, an average female
anthropometry could be considered for safety evaluations,
as originally proposed by Schneider (1983). Furthermore,
HBMs could be even used to generate a population of HBMs
representing different statures, body mass indexes and ages by
applying morphing algorithms (Zhang et al., 2017).

The development of a state-of-the-art mid-sized adult female
HBM and a midsized male counterpart, is one of the main
objectives of the European funded VIRTUAL project (Linder
et al., 2020). Knowledge of which injuries to predict, is of utmost
importance for the development of such a model.

Therefore, the current study was carried out to investigate the
frequency of injury types and different body regions involved for
females and males. In contrast to other studies focused on vehicle
occupants (Pipkorn et al., 2020), the current study focuses on
pedestrians and cyclists in collisions involving passenger cars.

In two previous studies (Leo et al., 2019a,b), some initial
investigations on differences in injury patterns have been
performed. In the current study, these initial findings are being
further discussed. An additional dataset has been included
and additional parameters were analyzed to gain a better
understanding of the observed differences.

This study aimed to analyze the most frequently injured body
regions, which type of injuries show sex-specific differences and
compare the general accident parameters, i.e., collision speed,
between females and males among pedestrians and cyclists in
collisions involving passenger cars.

MATERIALS AND METHODS
Accident Data

This study is based on accident data from three different
countries (Austria, Netherlands, Sweden), extracted from three
different databases, for which the full abbreviated injury scale
(AIS) codes of pedestrians and cyclists were available. All three
databases hold data of accidents with different injury severities
as well as fatalities. As the three databases differ significantly,
the data of each was handled separately, and the method applied
to each database as well as the results have been presented per
dataset. A summary of the used data is provided in Table 1.

Swedish Accident Data

The Swedish Traffic Accident Data Acquisition (STRADA)
database contains information related to police reported road
traffic accidents occurring on public roads in Sweden. Since its
inception in 1999, the data held on STRADA has continuously
increased. As of 2016, all emergency care hospitals in Sweden
are included, allowing the data to be considered as nationally
representative (Swedish Government Offices, 1965; Mattsson
and Ungerbick, 2013). The information provided by the police
includes information about the accident location and other
circumstances, i.e., date and time of accident, weather and
road conditions, and posted speed limit. Hospital reports
normally include a number of parameters regarding accident
circumstances, i.e., a brief description of the accident, accident
type and location of the accident, as well as personal information
about the patient, i.e., age, gender, use of protective equipment,
etc., and full diagnosis classified according to the 2005 AIS
(AAAM, 2005) and the International Classification of Disease
(ICD-10-SE) (AAAM, 2005; National Board of Health and
Welfare, 2010). A unique aspect of the STRADA database is
that police and hospital reports can be matched. Matching police
and hospital reports for the same accident is of particular value
in accident analysis as it allows connecting important accident
circumstances (provided by the police) with details of injuries
sustained in the accident (provided by the hospital). Around
30% of all accidents in STRADA include both a police and
hospital report (Yamazaki, 2018). For a detailed description of
the STRADA database, please see Howard and Linder (2014) and
Yamazaki (2018).

The present study comprises accidents in which a cyclist or
pedestrian have been injured in an accident involving a passenger
car in 2016-2018. Only accidents including both a police report
and a hospital report were selected. This selection resulted in
1,311 pedestrians with a total of 3,182 injuries and 1,932 cyclists
with a total of 3,829 injuries.

Dutch Accident Data

All road traffic accidents in the Netherlands recorded
by the police are included in the national road accident
registration (BRON) database. BRON contains a large number
of characteristics of each accident and driver as well as any
involved casualties. However, police assessment of accident
severity is not always accurate. Therefore, the Dutch Institute
for Road Safety Research (SWOV) supplements BRON data
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TABLE 1 | Summary of accident data used for injury analyses.

Austria Netherland Sweden
Accidents Injuries Accidents Injuries Accidents Injuries
Pedestrian 308 1,083 5,272 10,436 1,311 3,182
Cyclist 144 289 15,650 29,515 1,932 3,829
Years of Recoding 2003-2019 2000-2014 2016-2018

Filtering Criteria — vehicle is a passenger car or van

(mass up to 3.5t);

— pedestrian or cyclist was struck by
only one vehicle;
— only one pedestrian or cyclist was
involved;
— AIS 2005 information is available for
pedestrian or cyclist;
— Only the first impact was taken into
consideration.

AIS version AIS2005

— vehicle is a passenger car or van
(mass up to 3.5t).

AIS1990 (converted to AIS2005 using
the AIS Crosswalk)

— vehicle is a passenger car or van
(mass up to 3.5t);
— accidents including both a police
report and a hospital report.

AIS2005

with data from the National Basic Register Hospital Care (LBZ).
This results in more reliable information of the actual severity
of injuries sustained in traffic accidents. In LBZ, injuries are
registered according to the ICDICDY or ICD10, the latter since
2012. SWOV recodes these injuries into AIS90-codes using
the software program ICDmap90 (SWOV, 2016). The data
provided to this study contain the number of injuries in the
Netherlands in 2000-2014 per AIS code according to AIS90
(using recode from ICD9/ICD10). The injuries coded according
to AIS90 were converted to AIS2005-Update2008 using the AIS
Crosswalk which can be used to convert injuries coded in one
AIS version to another version. For 2000-2011, only injuries of
patients reported in both police registration and hospital data
were included, and only when road user type (pedestrian or
cyclist) and opponent (car) were identical in both databases.
In more recent years (2012-2014), hospitals have been using
ICD10-coding which provides more extensive information on
road user type and opponent. Therefore, for this particular
period, injuries registered by hospitals only, have also been
included. Since passenger cars and light goods vehicles are in
the same category in ICD10, it cannot be guaranteed that all
opponents were passenger cars.

The data from the Netherlands included cases from 2000 to
2014. These data were available for 5,272 pedestrians with a
total of 10,436 injuries and for 15,650 cyclists with a total of
29,515 injuries.

Austrian Accident Data

The Central Database for In-Depth Accident Study (CEDATU)
is an in-depth database provided by the Vehicle Safety Institute
at Graz University of Technology in Austria, currently covering
approximately 3,300 cases. The database includes a detailed
description of accidents in Austria. Accidents with at least
one injured road user are included, for which access to the
court file is granted. The dataset contains accidents with fatal,
serious and slight injuries. Detailed accident parameters, such

as collision velocities and pre-crash trajectories are derived from
accident reconstructions. Each accident case contains a set of
approximately 350 core parameters. Accident parameters such
as accident type, accident site, road users, etc., can be used to
extrapolate findings to the national level (Tomasch and Steffan,
2006; Tomasch et al., 2008).

The following filter criteria were used to obtain the accident
data set for the current study:

e vehicle is a passenger car or van (mass up to 3.5t);
e pedestrian or cyclist was struck by only one vehicle;

e only one pedestrian or cyclist was involved;

e AIS 2005 information is available for pedestrians or cyclists;
e only the first impact was taken into consideration.

These filter criteria data were available and applied for 308
pedestrians with a total of 1,083 injuries and for 144 cyclists with
a total of 289 injuries. The obtained dataset includes cases from
2003 to 2019 in Austria.

Accident Data Analysis

For analyzing differences in injuries sustained by males and
females, the datasets were categorized by sex. To avoid mixing up
age and sex-specific differences, injuries sustained by pedestrians
or cyclists younger than 60 years old (YO) and those equal or
older than 60 YO, were analyzed separately. Previous studies have
shown that for pedestrian-to-passenger car collisions, elderly
pedestrians (>60YO) tend to suffer more severe injuries than
younger pedestrians (<60YO) (Davis, 2001; Niebuhr et al., 2016;
Saadé et al., 2020). This is another reason for splitting pedestrian
as well as cyclist data for these two age groups. For all analyses, the
odds-ratio (OR) and its 95% confidence interval (95%-Cl), as well
as the p-value of the chi-square test, were calculated (McHugh,
2009; Szumilas, 2010; Andrade, 2015). As significance level for
the p-value, 5% was chosen. The OR is thereby defined as the
ratio of the frequency of its occurrence to the frequency of its
non-occurrence (Andrade, 2015). For the current study the OR is
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defined as given in Equation 1, where Nspecific injury 1S the number
of observations for a specific injury (e.g., head injuries, femur
injuries, . . .) for females or males and 71;jries is the total number
of observed injuries for females or males.

Equation 1 Calculation of OR for the current study:

Nspecific injury female
Minjuries fem“’e_nspeciﬁc injury female

Nspecific injury male

OR =

Ninjuries male_nspmﬁc injury male

Minor injuries (AIS1) have not been included in the current
analyses, as more severe injuries are the focus of the current study.
For the analysis of the most frequent AIS24- and AIS3+- injuries,
the AIS code was grouped according to the anatomical structure,
e.g., skeletal, internal organ, vessels, and if possible, according to a
special organ or bone, e.g., femur, tibia, lung, heart. The different
anatomical structures, coded organs and bones can be found in
the AIS 2005 code book (AAAM, 2005).

The results are presented in the form of tables. In order to
obtain a quick and clear overview, a forest plot was integrated into
the tables. An example of this visualization is shown in Table 2.
The vertical gray dashed line identifies an OR of 1. The red point
displays the specific OR value and the whiskers show the 95%
confidence interval. In Example 1, the red point lies on the dashed
gray line, which means that the observed OR value is 1 and none
of the analyzed groups has higher or lower odds. For Example 2,
the OR as well as the full 95%-CI has been shifted to the right
of the dashed gray line. For the current study, this would mean
that females have significantly higher odds of sustaining such an
injury. In Example 3, on the other hand, an example showing
the opposite trend can be seen, where males have significantly
higher odds. In Example 4, only the OR value is shifted to the left,
however, the 95%-CI overlays the gray dashed line. This means
that the odds for men are higher, although not significantly so.

The Austrian data also provide access to other accident
parameters, such as collision speeds, accident locations and
road conditions, facilitating detailed investigation and gaining an
insight into the type of injuries males and females are exposed
to in accidents involving passenger cars. The collision speed
(speed at first contact for each participant) in the database are
determined using the accident reconstruction software PC-Crash
(Tomasch and Steffan, 2006). Due to the nature of accident
databases, this information was unfortunately not available
for the Dutch and Swedish databases. The in-depth dataset
of Austrian accident data was only split by sex due to the
low number of accidents for some parameters following age

TABLE 2 | Exemplary visualization of the statistical analyses.

ID Visualization

1

WD

categorization of the datasets. The results of this analysis are
displayed in the form of boxplots. The number of analyzed
accidents may differ for this in-depth analysis, due to certain
parameters lacking for some accidents. Only accidents for which
all parameters to be evaluated have been completed have been
used for this analysis.

RESULTS

Analysis of Injured Body Regions

According AIS Classification

In Table 3, the share of injuries according the different AIS
body regions for all three databases is shown. This table gives an
overview of the most frequently injured body regions in all three
databases for pedestrians and cyclists together.

Austrian Accident Data
In Supplementary Figure 1, the injured body regions as a
function of sex and injury severity in Austria are displayed. The
p-values and OR of all body regions are summarized in Table 4.
Analyzing AIS2+ injuries revealed that the three most
commonly injured body regions for female pedestrians < 60YO
are the lower extremities (31.9%) and head (31.9%), respectively,
and the thorax (13.3%). For male pedestrians < 60YO, the
three most commonly injured AIS24+ body regions are the
head (39.4%) followed by the lower extremities (18.5%) and the
thorax (13.5%). These statistics change when observing more
severe AIS3+ injuries. Here female pedestrians < 60YO most
often sustain head injuries (50%) followed by lower extremity
injuries (18.5%) and injuries to the thorax (16.7%). For AIS3+
injuries, male pedestrians < 60YO most often sustain head
injuries (58%) followed by thorax injuries (16%) and injuries
to the spine (9.3%). Analyzing significant differences for AIS2+
and AIS3+ injuries revealed significant differences between
females and males with regard to injured body regions for
pedestrians < 60YO. Hence, the odds for females sustaining
AIS2+ (OR = 2.05, p-value = 0.004) and AIS3+ (OR = 2.6,
p-value = 0.033) lower extremity injuries are significantly higher.
For other body regions, no significant differences were observed.
For female pedestrians > 60YO, the three most commonly
injured AIS2+4 body regions are the lower extremities (29.2%)
followed by the head (22.3%) and the thorax (16.3%). For male
pedestrians > 60YO, the three most commonly injured AIS2+
body regions are the lower extremities (30%) and head (30%),
respectively, followed by the thorax (14%) and the spine (10.5%).
For AIS3+ injuries we have observed the following order for
females: head (41.5%) followed by thorax (24.4%) and lower
extremities (20.7%). For AIS3+ injuries we have observed the
following order for males: head (41.1%) followed by thorax
(21.1%) and lower extremities (17.9%). Analyzing significant
differences for AIS2+ and AIS 3+ did not reveal any significant
differences between females and males in the Austrian data with
regard to injured body regions for pedestrians > 60YO.
Analyzing AIS2+ injuries, the three most commonly injured
body regions for female cyclists < 60YO are the lower extremities
(26.3%) followed by the upper extremities (26.3%) and the head
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TABLE 3 | Share of injured body regions for AlS2+ and AIS3+ in the three different databases for pedestrians and cyclists together.

AIS 2+ AIS 3+
Body Region Austria Netherlands Sweden Austria Netherlands Sweden
Male Female Male Female Male Female Male Female Male Female Male Female

Head 42% 31% 28% 25% 15% 11% 63% 47% 63% 59% 31% 29%
Face 3% 1% 1% 1% 6% 5% 0% 1% 0% 0% 1% 2%
Neck 1% 0% 0% 0% 1% 0% 3% 0% 3% 0% 1% 0%
Thorax 11% 14% 13% 9% 15% 10% 15% 21% 15% 8% 31% 26%
Abdomen 5% 6% 2% 2% 2% 3% 6% 7% 6% 2% 3% 5%
Spine 11% 10% 7% 7% 12% 10% 7% 4% 7% 2% 6% 6%
Upper Extremities 12% 14% 11% 10% 21% 24% 0% 3% 0% 0% 1% 2%
Lower Extremities 15% 25% 39% 48% 30% 39% 7% 19% 7% 30% 27% 30%

Bold values indicate that most frequently injured body region of each database.

(26.3%). For male cyclists < 60YO, the three most commonly
injured AIS2+ body regions are the head (36%) followed by the
upper extremities (26%) and the spine (14%). These statistics
change when observing more severe AIS3+ injuries. Here female
cyclists < 60YO most often sustain head injuries (37.5%)
followed by lower extremity injuries (25%) and injuries to the
thorax (25%). For AIS3+ injuries, male cyclists < 60YO most
often sustain head injuries (65.2%) followed by thorax injuries
(8.7%), injuries to the spine (8.7%) and neck injuries (8.7%).
Analyzing significant differences for AIS2+ injuries of the lower
extremities revealed significant differences between females and
males with regard to injured body regions for cyclists < 60YO.
Females have higher odds of suffering AIS24+ (OR = 5.33,
p-value = 0.019) injuries of the lower extremities. For other body
regions, no significant differences can be observed.

For female cyclists > 60YO, the three most commonly injured
AIS2+ body regions were the head (37.8%) followed by the
lower extremities (15.6%) and thorax (15.6%), respectively,
and the upper extremities (11.1%). For male cyclists > 60YO,
the three most commonly injured AIS2+ body regions are
the head (58.5%) followed by the thorax (12.2%) and the
upper extremities (9.8%). For AIS3+ injuries we observed
the following order for females: head (46.2%) followed by
thorax (23.1%) and lower extremities (15.4%). For AIS3+
injuries we observed the following order for males: head
(81%) followed by thorax (19%). Analyzing significant
differences revealed certain differences between females
and males for AIS3+ with regard to injured body regions
for cyclists > 60YO. Males have significantly higher odds
(OR = 0.21, p-value = 0.015) of sustaining AIS3+ head injuries.
For other body regions or AIS2+ injuries, no significant
differences were observed.

Dutch Accident Data
In Supplementary Figure 2, the injured body regions as a
function of sex and injury severity in the Netherlands are
displayed. The p-values and OR of all body regions are
summarized in Table 5.

Analysis of the AIS2+ injuries revealed that the most
commonly injured body regions for female pedestrians < 60YO
are the lower extremities (57.3%) followed by the head (21.4%),

the upper extremities (6.8%) and thorax (6.7%), respectively.
For male pedestrians < 60YO the three most commonly
injured AIS2+ body regions are the lower extremities (53%)
followed by the head (23.6%) and the thorax (8.3%). These
statistics change when considering more severe AIS3+ injuries.
Here female pedestrians < 60YO most often suffer head
injuries (61.4%) followed by lower extremity injuries (25.5%)
and injuries to the thorax (9.7%). For AIS3+ injuries, male
pedestrians < 60YO most often suffer head injuries (60.3%)
followed by lower extremity injuries (21.8%) and injuries to
the thorax (12.5%). Analyzing significant differences between
females and males revealed significant differences for AIS2+
and AIS3+ injuries with regard to injured body regions for
pedestrians < 60YO. Females have significantly higher odds
(OR =1.19, p-value = 0.011) of sustaining AIS2+ lower extremity
injuries while the odds of males sustaining AIS3+ spinal injuries
(OR = 0.25, p-value = 0.035) is significantly higher.

For female pedestrians > 60YO, the three most commonly
injured AIS2+ body regions are the lower extremities (56.5%)
followed by the head (17.3%) and the upper extremities (10%).
For male pedestrians > 60YO, the three most commonly
injured AIS2+ body regions are the lower extremities (47.5%)
followed by the head (22%) and the thorax (13%). For AIS3+
injuries we have observed the following order for females:
lower extremities (48%) followed by head (43.2%) and thorax
(7.3%). For AIS3+ injuries we have observed the following
order for males: head (50.4%) followed by lower extremities
(36.6%) and thorax (10.1%). Analyzing significant differences
revealed certain differences between females and males for
AIS2+ and AIS 3+ with regard to injured body regions for
pedestrians > 60YO. Females have higher odds of suffering
AIS2+ (OR = 143, p-value < 0.001) or AIS3+ (OR = 1.6,
p-value = 0.006) injuries of the lower extremities while the odds
are significantly higher for males sustaining AIS2+ head injuries
(OR =0.74, p-value = 0.013) and AIS2+ thorax injuries (OR=0.7,
p-value = 0.018).

Analyzing the AIS2+ injuries revealed that the three most
commonly injured body regions for female cyclists < 60YO are
the lower extremities (39%) followed by the head (31.6%) and
the spine (9.6%) and upper extremities (9.4%), respectively. For
male cyclists < 60YO the three most commonly injured AIS2+
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TABLE 4 | Share of injured body regions for AIS2+ and AIS3+ injuries, OR and p-value in Austria for pedestrians and cyclists < 60YO and > 60YO (*p-value < 5%).

Injured Body Regions in Austria

AlIS2+ AIS3+
Body Region Male Female OR 95%-ClI p-value Visualization Male Female OR 95%-ClI p-value Visualization
Pedestrian < 60YO Pedestrian < 60YO
n=297 n=113 n=150 n=>54
Head 39.4% 31.9% 0.72 [0.45; 1.14] 0.159 i 58.0% 50.0% 0.73 [0.39; 1.36] 0.310 teit
Face 20%  27% 135 [0.27;540] 0695 U  00%  19% - - - :
Neck 0.3% 0.0% - - - | 0.7% 0.0% - - - |
Thorax 13.5% 13.3% 0.99 [0.51; 1.84] 0.959 "T_‘ 16.0% 16.7% 1.06 [0.43; 2.40] 0.909 "T_‘
Abdomen 8.4% 6.2% 0.73  [0.28; 1.66] 0.453 - 8.0% 7.4% 0.94 [0.25; 2.89] 0.890 I
Spine 12.1% 71% 056 [0.23;1.19]  0.141 e 9.3% 56% 059  [0.13;1.94] 0.389 S
Upper Extremies ~ 57%  7.1% 127 [0.50;2.96] 0608 Tt 00%  00%  — - - '
Lower Extremities ~ 18.5% 31.9% 2.05 [1.25;3.36] 0.004* — 8.0% 18.5% 2.6 [1.02; 6.52] 0.033* —
012345 012345
Pedestrian > 60YO Pedestrian > 60YO
n=200 n=202 n=295 n=282
Head 30.0% 22.3% 0.67 [0.43;1.08] 0.078 b} 41.1% 41.5%  1.02 [0.56; 1.86] 0.956 +
Face 15%  1.5% 089 [0.17;582 0990 Tt  00% = 00% - - - '
Neck 0.0% 0.0% - - - ! 0.0% 0.0% - - - !
Thorax 140% 16.3% 12 [0.69;2.08] 0514 *‘—' 211%  24.4% 121 [0.59; 2.47] 0.597 "°—'
Abdomen 6.5% 4.0% 06 [0.23;1.47] 0.253 e 11.6% 73% 061 [0.20;1.71] 0.337 e
Spine 105%  16.3% 1.66 [0.93;3.03]  0.086 - 8.4% 61% 072  [0.20;2.28] 0.555 .
Upper Extremities ~ 7.5%  10.4%  1.43 [0.71;2.92]  0.309 *r°—' 0.0% 0.0% - - - :
Lower Extremities  30.0% 29.2% 0.96 [0.68; 1.48] 0.862 o 17.9% 20.7% 1.2 [0.56; 2.56] 0.633 i
012345 0123435
Cyclist < 60YO Cyclist < 60YO
n=>50 n=19 n=23 n=8
Head 36.0% 26.3% 0.65 [0.18; 2.04] 0.446 e 65.2% 37.5% 0.34 [0.05; 1.81] 0.171 o
Face 4.0% 0.0% — - - i 0.0% 0.0% — - - E
Neck 4.0% 0.0% — — — | 8.7% 0.0% — — — |
Thorax 4.0% 10.5% 2.77 [0.27;28.41] 0.300 ’i_'_ 8.7% 25.0% 3.33 [0.30; 37.92] 0.236 'E_’_
Abdomen 6.0% 0.0% - - - | 4.4% 0.0% — - - |
Spine 14.0% 10.5% 0.76  [0.10; 3.65] 0.702 S — 8.7% 0.0% — — — :
Upper Extremities  26.0%  26.3%  1.03  [0.28;3.36]  0.979 '-f—' 0.0% 12.5% - - - '
Lower Extremities 6.0% 26.3% 5.33 [1.12; 30.63] 0.019* — 4.4% 25.0% 6.41  [0.45; 224.44] 0.089 —
012345 0123435
Cyclist > 60YO Cyclist > 60YO
n=41 n=45 n=21 n=26
Head 58.5% 37.8% 0.44 [0.18; 1.03] 0.054 - 81.0% 46.2% 0.21 [0.05; 0.77] 0.015* -
Face 4.9% 0.0% — - - i 0.0% 0.0% — - - E
Neck 0.0% 0.0% — — — | 0.0% 0.0% — — — |
Thorax 12.2% 15.6% 1.31 [0.37; 4.94] 0.653 — 19.1% 23.1% 1.26 [0.30; 5.87] 0.737 —_—
Abdomen 0.0% 13.3% — - - i 0.0% 11.5% — - - i
Spine 7.3% 6.7% 091 [0.155.56]  0.906 i — 0.0% 3.9% - - - |
Upper Extremities  9.8% 11.1% 115 [0.27;5.17]  0.838 '-r— 0.0% 0.0% - - - '
Lower Extremities 7.3% 15.6% 2.25 [0.56; 11.73] 0.234 e 0.0% 15.4% — - - :
012345 012345

body regions are the head (31%) followed by the lower extremities
(29.1%) and the upper extremities (15.2%). These statistics
change when considering more severe AIS3+ injuries. Here
female cyclists < 60YO most often suffer head injuries (70.9%)
followed by lower extremity injuries (17.9%) and injuries to the
thorax (6.9%). For AIS3+ injuries, male cyclists < 60YO most

often suffer head injuries (65.3%) followed by lower extremity
injuries (17.9%) and injuries to the thorax (11.7%). Analyzing
significant differences revealed significant differences between
females and males for AIS2+ as well as for AIS3+ injuries with
regard to injured body regions for cyclists < 60YO. Males have
significantly higher odds of sustaining AIS2+ injuries to the
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TABLE 5 | Share of injured body regions for AIS2+ and AIS3+- injuries, OR and p-value in the Netherlands for pedestrians and cyclists < 60YO and > 60YO

(*p-value < 5%).

Injured Body Regions in the Netherlands

AlS2+ AIS3+
Body Region Male Female OR 95%-ClI p-value Visualization Male Female OR 95%-ClI p-value Visualization
Pedestrian < 60YO Pedestrian < 60YO
n=2504 n=1291 n=710 n =329
Head 23.6% 21.4% 0.88 [0.75; 1.03] 0.122 b 60.3% 61.4% 1.05 [0.80;1.37] 0.732 th
Face 0.4% 05%  1.25 [0.45;3.21] 0.662 '-r°—' 0.0% 0.0% - - -
Neck 0.0% 0.1% — — — | 0.0% 0.3% — - — |
Thorax 8.3% 6.7% 079 [0.61;1.03 0.079 = 12.5% 9.7% 075 [0.49;1.15 0.189 "'
Abdomen 3.4% 2.9% 0.84 [0.56; 1.24] 0.382 ":" 2.8% 2.7% 0.98 [0.42;2.13] 0.941 -
Spine 4.2% 4.3% 1.056 [0.75; 1.45] 0.789 - 2.5% 0.6% 0.25 [0.04; 0.88] 0.035* -
Upper Extremities  7.2% 6.8% 095 [0.72;1.23] 0672 * 0.0% 00% - - _
Lower Extremities 53.0% 57.3% 1.19  [1.04;1.37] 0.011* - 21.8% 25.2% 1.21  [0.89; 1.64] 0.225 e
0123435 012 3 435
Pedestrian > 60YO Pedestrian > 60YO
n=728 n=1142 n =238 n =354
Head 22.0% 21.0% 0.74 [0.59; 0.94] 0.013* - 50.4% 76.1% 0.75 [0.54; 1.04] 0.085 at
Face 0.3% 07% 212 [05;15.76] 0.303 '-v—°— 0.0% 0.0% - - - .
Neck 0.0% 0.0% - - - | 0.0% 0.0% - - - |
Thorax 13.0% 115% 07 [0.52;0.94] 0.018* '1 10.1% 12.9% 071 [0.39;1.27] 0.240 ":*
Abdomen 2.2% 1.7% 0.63 [0.31; 1.29] 0.195 e 1.7% 0.5% 0.18 [0.01; 1.33] 0.068 ’_I"
Spine 6.0% 5.6% 0.76 [0.50;1.15]  0.182 o 1.3% 2.0% 0.88 [0.18;4.84] 0.885 D E—
Upper Extremities  8.9%  12.4% 143 [0.82;1.56]  0.450 e 0.0% 00% - - - '
Lower Extremities 47.5% 68.3% 143 [1.19;1.73] <0.001* e 36.55% 84.58% 1.6 [1.15;2.25] 0.006* -
012345 0123 45
Cyclist < 60YO Cyclist < 60YO
n=5109 n=4077 n=1685 n=1247
Head 31.0% 31.6% 1.03 [0.94;1.12] 0.560 g 65.3% 70.9% 1.29 [1.10; 1.51] 0.001* b
Face 1.1% 07% 064 [0.40;1.00] 0.050 "1 0.0% 0.0% - - -
Neck 0.0% 0.0% - - - ! 0.0% 0.1% - - - !
Thorax 12.5% 71% 0.54 [0.46;0.62] <0.001* 'i 11.7% 6.9% 0.56 [0.43;0.73] <0.001* -
Abdomen 3.3% 2.5% 0.76  [0.59; 0.97] 0.028* - 1.8% 2.0% 1.13 [0.65; 1.93] 0.658 ":’_'
Spine 7.8% 96% 126 [1.09;1.46] 0.002* ." 3.3% 22% 068 [0.42;1.07] 0.100 -
Upper Extremities  15.2% 9.4% 058 [0.51;0.66] <0.001* 0.0% 0.0% - - - .
Lower Extremities 29.1% 39.0% 1.66 [1.43;1.70] <0.001* - 17.9% 17.9% 1 [0.82; 1.21] 0.978 v
0123435 0123 435
Cyclist > 60YO Cyclist > 60YO
n=38150 n=2746 n=921 n=1258
Head 33.3% 27.6% 0.77 [0.69;0.86] <0.001* . 62.3% 59.7% 0.9 [0.75; 1.07] 0.218 b
Face 0.9% 08%  0.89 [0.50;1.58 0.694 """ 0.0% 0.0% - - - :
Neck 0.0% 0.0% — - — } 0.1% 0.0% - - — |
Thorax 17.7% 105% 054 [0.47;0.63] <0.001* * 11.3% 76%  0.65 [0.48;0.87] 0.004* "i
Abdomen 1.4% 1.2% 0.87 [0.55; 1.35] 0.526 + 1.1% 1.2% 1.08 [0.47;2.40] 0.86 .
Spine 9.2% 7.4% 079 [0.66;0.95 0.014* - 3.8% 22% 056 [0.32;094 0029 "
Upper Extremities 12.0% 12.7% 1.07 [0.91;1.25] 0.411 5:‘ 0.0% 0.0% - - — i
Lower Extremities 25.5% 39.8% 1.93 [1.78;2.16] <0.001* L. 21.4% 29.3% 152 [1.25;1.85] <0.001* i

thorax (OR = 0.54, p-value < 0.001), injuries to the abdomen
(OR =0.76, p-value = 0.028) and injuries to the upper extremities
(OR = 0.58, p-value < 0.001). The odds for females suffering
AIS2+ injuries to the spine (OR = 1.26, p-value = 0.002) and
injuries to the lower extremities (OR = 1.56, p-value < 0.001), on

p-value < 0.001).

the other hand, are significantly higher. For AIS3+ injuries, it was
observed that females have significantly higher odds of suffering
head injuries (OR = 1.29, p-value = 0.001) while males have
significantly higher odds of suffering thorax injuries (OR = 0.56,

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

May 2021 | Volume 9 | Article 677952


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Leo et al.

Sex-Specific Differences in VRU Accidents

For female cyclists > 60YO, the three most commonly
injured AIS2+ body regions are the lower extremities (39.8%)
followed by the head (27.6%) and the upper extremities (12.7%).
For male cyclists > 60YO, the three most commonly injured
AIS2+ body regions are the head (33.3%) followed by the lower
extremities (25.5%) and the thorax (17.7%). For AIS3+ injuries
we have observed the following order for females: head (59.7%)
followed by lower extremities (29.3%) and thorax (7.6%). For
AIS3+ injuries we have observed the following order for males:
head (62.3%) followed by lower extremities (21.4%) and thorax
(11.3%). Analyzing significant differences revealed significant
differences between females and males AIS2+ as well as AIS3+
injuries with regard to injured body regions for cyclists > 60YO.
Males have significantly higher odds of sustaining AIS2+ injuries
to the head (OR = 0.77, p-value < 0.001), injuries to the thorax
(OR =0.54, p- value < 0.001) and injuries to the spine (OR = 0.79,
p-value = 0.014). The odds of females sustaining AIS2+ injuries
to the lower extremities (OR = 1.93, p-value < 0.001), on the
other hand, are significantly higher. For AIS3+ injuries it was
observed that females have significantly higher odds of sustaining
lower extremity injuries (OR = 1.52, p- value < 0.001) while
males have significantly higher odds of sustaining thorax injuries
(OR =0.65, p-value = 0.004) and lower extremity injuries (OR =1,
p-value < 0.001).

Swedish Accident Data

In Supplementary Figure 3, the injured body regions as a
function of sex and injury severity in Sweden are displayed. The
p-values and OR of all body regions are summarized in Table 6.

By analyzing the AIS2+ injuries the most commonly
injured body regions for female pedestrians < 60YO are the
lower extremities (40.4%) followed by the upper extremities
(14%), the head (13.1%) and the spine (13.1%). For male
pedestrians < 60YO the three most commonly injured AIS2+
body regions are the lower extremities (40.7%) followed by the
thorax (15.3%) and the head (14.5%). These statistics change
when considering more severe AIS3+ injuries. Here female
pedestrians < 60YO most often suffer thorax injuries (28.4%)
followed by head injuries (27%) and injuries to the lower
extremities (23%). For AIS3+ injuries male pedestrians < 60YO
most often suffer thorax injuries (30.7%) followed by head
injuries (29.8%) and injuries to the lower extremities (28.8%). By
analyzing if there are significant differences between females and
males with regard to injured body regions, it can be seen that the
odds for females suffering AIS2+ spine injuries, are significantly
higher (OR = 1.88, p-value = 0.014).

For female pedestrians > 60YO the three most commonly
injured AIS2+ body regions are the lower extremities (46.6%)
followed by the upper extremities (21.7%) and the head (12.6%).
For male pedestrians > 60YO the three most commonly injured
AIS2+ body regions are the lower extremities (42.6%) followed
by the spine (14.1%) and the thorax (13.6%). For AIS3+ injuries
we have observed the following order for females > 60YO: lower
extremities (45.5%) followed by thorax (27.3%) and the head
(20%). For AIS3+ injuries we have observed the following order
for males > 60YO: lower extremities (36.4%) followed by thorax
(29.5%) and the head (25%). Analyzing significant differences

revealed certain differences between females and males for AIS2+
with regard to injured body regions for pedestrians > 60YO.
Males, for example, have significantly higher odds (OR = 0.3,
p-value < 0.001) of sustaining AIS24 spine injuries while the
odds for females sustaining upper extremity injuries are higher
(OR = 2.04, p-value = 0.008).

Analyzing the AIS2+ injuries the three most commonly
injured body regions for female cyclists < 60YO are the lower
extremities (35.5%) followed by the upper extremities (31%) and
the spine (10.5%). For male cyclists < 60YO the most commonly
injured AIS2+4 body regions are the upper extremities (35.9%)
followed by the lower extremities (15.9%), the spine (15.9%)
and the head (13.6%). These statistics change when considering
more severe AIS3+ injuries. Here female cyclists < 60YO most
often suffer lower extremity injuries (38.5%) followed by head
injuries (38.5%) and injuries to the thorax (11.5%). For AIS3+
injuries male cyclists < 60YO most often suffer head injuries
(38.5%) followed by thorax injuries (26.2%) and injuries to
the lower extremities (16.9%). Analyzing significant differences
revealed significant differences between males and females for
AIS2+ as well as AIS3+ injuries of the lower extremities, with
regard to injured body regions for cyclists < 60YO. Females
have significantly higher odds of suffering AIS2+ (OR = 2.91,
p-value < 0.001) or AIS3+ (OR = 3.02, p-value = 0.028) injuries
of the lower extremities. For other body regions, no significant
differences were observed.

For female cyclists > 60YO the three most commonly
injured AIS2+ body regions are the lower extremities (32.8%)
followed by the upper extremities (26.6%) and the thorax
(12.5%). For male cyclists > 60YO the most commonly injured
AIS2+ body regions are the upper extremities (20.5%) followed
by the lower extremities (20%), head (20%) and the thorax
(17.9%). For AIS3+ injuries we have observed the following
order for females: thorax (35.7%) followed by head (28.6%),
lower extremities (14.3%) and the spine (14.3%), respectively.
For AIS3+ injuries we have observed the following order for
males: thorax (35.7%) followed by head (31.2%) and lower
extremities (25%). Analyzing significant differences revealed
certain differences between females and males for AIS2+
with regard to injured body regions for cyclists > 60YO.
Males for example have significantly higher odds (OR = 0.34,
p-value = 0.003) of sustaining AIS2+4 head injuries while the odds
for females sustaining lower extremity injuries is significantly
higher (OR = 1.95, p-value = 0.01). For other body regions or
AIS3+ injuries, no significant differences were observed.

Detailed Injury Analyses for Significant
AlIS2+ and AIS3+ Injuries

Austrian Accident Data

Significant differences were only identified for pedestrian-
to-passenger car collisions involving males and females
in the Austrian accident data, shown in Table 7. Male
pedestrians < 60YO have significantly higher odds of sustaining
AIS2+ skull injuries (OR = 0.5, p-value = 0.008) while the odds
for female < 60YO of sustaining AIS2+ lumbar spine injuries
(OR =7.89, p-value < 0.001), AIS2+ femur injuries (OR = 3.63,
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TABLE 6 | Share of injured body regions for AIS2+ and AIS3+ injuries, OR and p-value in Sweden for pedestrians and cyclists < 60YO and > 60YO (*p-value < 5%).

Injured Body Regions in Sweden

AlS2+ AIS3+
Body Region Male Female OR 95%-ClI p-value Visualization Male Female OR 95%-ClI p-value Visualization
Pedestrian < 60YO Pedestrian < 60YO
n=3866 n=314 n=114 n=74
Head 14.5% 13.1% 0.89 [0.57;1.38] 0.592 an 29.8% 27.0% 0.87 [0.45;1.67] 0.679 b
Face 36%  29% 081 [032191] 0614 ! 09%  00% - - -
Neck 0.0% 0.6% — — — | 0.0% 1.4% — - — l
Thorax 15.3% 10.5% 0.65 [0.41;1.03] 0.065 *‘:" 30.7% 28.4% 0.90 [0.46;1.70] 0.734 *‘;"
Abdomen 5.2% 5.4% 1.05  [0.53; 2.06] 0.897 i 6.1% 12.2% 210 [0.74; 6.24] 0.148 i
Spine 7.4% 13.1% 1.88 [1.13; 3.17] 0.014* R e— 3.5% 5.4% 1.57 [0.34; 7.16] 0.529 R e—
Upper Extremities  13.4% 14.0% 1.05 [0.68; 1.64] 0.813 E 0.0% 2.7% — - — 3
Lower Extremities  40.7% 40.5% 0.99 [0.73; 1.34] 0.944 - 29.0% 23.0% 0.74 [0.37;1.44] 0.365 -
012345 012345
Pedestrian > 60YO Pedestrian > 60YO
n=177 n=277 n=44 n=>55
Head 11.9% 12.6%  1.07  [0.60; 1.94] 0.808 - 25.0% 20.0% 0.75 [0.28;1.98] 0.552 -
Face 40%  36% 090 [034267] 080 23%  00% - - _ ‘
Neck 0.6% 0.0% - - - l 0.0% 0.0% - - - l
Thorax 13.6% 9.0% 0.63 [0.35;1.16] 0.129 "'j‘ 29.6% 27.3% 0.89 [0.37;2.19] 0.803 "J:_‘
Abdomen 1.7% 1.8% 1.05 [0.24;5.48] 0.931 O 2.3% 1.8% 0.80 [0.02; 31.75] 0.873 —
Spine 14.1% 4.7% 0.30 [0.15;0.60] <0.001* -, 4.6% 5.5% 1.18 [0.17;10.57] 0.837 —_—
Upper Extremities  11.9% 21.7% 204 [1.21;3.57] 0.008* J:'*_' 0.0% 0.0% - — - i
Lower Extremities  42.4% 46.6% 1.18 [0.81;1.74] 0.381 e 36.4% 455% 1.45 [0.64;3.32] 0.362 S
012345 012345
Cyclist < 60YO Cyclist < 60YO
n=359 n=248 n =65 n=26
Head 13.7% 8.9% 0.62  [0.36; 1.04] 0.072 e 38.5% 38.5% 1.0 [0.38; 2.56] 1.000 ~+—
Face 6.7% 6.1% 0.90 [0.45;1.75] 0.753 "’l“ 0.0% 7.7% - - - 3
Neck 0.3% 0.0% — — — X 1.5% 0.0% — - — |
Thorax 10.6% 7.3% 0.66 [0.36;1.18] 0.164 "T:‘ 26.2% 11.5% 0.39 [0.08; 1.31] 0.128 "_3‘
Abdomen 1.1% 0.8% 0.75  [0.09; 4.10] 0.706 R 4.6% 0.0% - - - }
Spine 15.9% 10.5% 0.62 [0.37; 1.01] 0.057 el 9.2% 0.0% — - - |
Upper Extremities  35.9% 31.1% 0.80 [0.57;1.13] 0.212 ":‘ 3.1% 3.9% 1.33 [0.04;17.16] 0.853 '_:”—
Lower Extremities ~ 15.9% 35.5% 291 [1.98;4.29] <0.001* i 16.9% 38.5% 3.02 [1.07;8.62] 0.028* —_
012345 012345
Cyclist > 60YO Cyclist > 60YO
n=190 n=128 n=48 n=14
Head 20.0% 7.8% 0.34 [0.16; 0.70] 0.003* - 31.3% 28.6% 0.9 [0.21; 3.25] 0.848 A —
Face 10.0% 7.8% 0.77  [0.33;1.69] 0.506 “’i_‘ 0.0% 0.0% - - - 3
Neck 0.5% 0.0% - — — | 0.0% 0.0% — — — }
Thorax 17.9% 12.5% 0.66 [0.34; 1.24] 0.195 "T‘ 37.5% 35.7% 0.94 [0.25;3.23] 0.903 "f_‘
Abdomen 1.1% 1.6% 1.49 [0.15; 14.47] 0.689 '_r'_ 0.0% 71% - - - |
Spine 10.0% 10.9% 1.11  [0.52;2.30] 0.788 - 6.3% 14.3% 2,50 [0.27;18.31] 0.331 S e—
Upper Extremities  20.5% 26.6% 1.40 [0.82;2.38] 0.209 '1:"_' 0.0% 0.0% — - — 3
Lower Extremities  20.0% 32.8% 1.95 [1.17;3.27] 0.010* N 25.0% 14.3% 053 [0.07;2.39] 0.399 aou
012345 012345

p-value = 0.042) and AIS2+4 pelvic injuries (OR = 3.13, AIS2+ pelvicinjuries (OR = 2.01, p-value = 0.024) were observed
p-value < 0.001) are significantly higher. to be significantly higher.

Significant  differences were only seen for female It was also observed that female pedestrians < 60YO have
pedestrians > 60YO, whereby the odds for females sustaining  significantly higher odds of sustaining AIS24 femur (OR = 4.24,
AIS2+ lumbar spine injuries (OR = 4.33, p-value = 0.011) and  p-value = 0.022) and AIS2+ pelvic (OR = 2.52, p-value = 0.035)
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TABLE 7 | Share of AIS2+ and AIS3+ injuries with significant differences, OR and p-value in Austria for pedestrians and cyclists < 60YO and > 60YO.

AIS2+ Injuries Austria

Body Region Anatomical Structure Organ Male Female OR 95%-ClI p-value Visualization
Pedestrian < 60YO
n =497 n=315
Head Skeletal Skull 12.5% 6.7% 0.50 [0.29; 0.83] 0.008 -
Spine Lumbar Spine - 0.6% 4.8% 7.89 [2.55; 35.77] <0.001 : _
Lower Extremities Skeletal Femur 0.6% 2.2% 3.63 [0.97; 17.91] 0.042 —
Lower Extremities Skeletal Pelvis 5.0% 14.3% 3.13 [1.89; 5.3] <0.001 : ——
012345
Pedestrian > 60YO
n =200 n=202
Spine Lumbar Spine — 1.5% 6.4% 4.33 [1.35; 20.01] 0.011 : —_—
Lower Extremities Skeletal Pelvis 8.5% 15.8% 2.01 [1.09; 3.85] 0.024 ——
012345
AIS3+ Injuries Austria
Body Region Anatomical Structure Organ Male Female OR 95%-ClI p-value Visualization
Pedestrian < 60YO
n=245 n=136
Lower Extremities Skeletal Femur 1.2% 5.1% 4.24 [1.13; 21.06] 0.022 :'—‘—
Lower Extremities Skeletal Pelvis 3.7% 8.8% 2.52 [1.03; 6.41] 0.035 —_——

injuries. For all other groups no significant differences were
observed with regard to injuries sustained by males and females.
A summary of all these findings can be seen in Table 7.

Dutch Accident Data

Significant differences were observed for AIS2+ injuries, in terms
of frequencies between males and females, in the Dutch data,
all listed in Table 8. It can be observed that pedestrian < 60YO
females have significantly higher odds of sustaining skeletal
injuries of the thorax and the lower extremities. Skeletal
injuries are always related to a fracture of a specific bone.
Hence, the odds of females sustaining different fractures, i.e.,
the pelvis (OR = 1.90, p-value = 0.021) are significantly
higher. Male pedestrians < 60YO in the Netherlands have
significantly higher odds of sustaining AIS2+ concussive injuries
(OR = 0.75, p-value = 0.041), AIS2+ spleen injuries (OR = 0.52,
p-value = 0.045) and AIS2+ cervical spine injuries (OR = 0.66,
p-value = 0.042). For pedestrians > 60YO, it can be observed
that the odds for females and males sustaining skeletal injuries
to different body parts is significantly higher. Thus, the odds
of females sustaining AIS2+ hand (OR = 2.13, p-value = 0.04),
femur (OR = 1.35, p-value = 0.047) and tibia (OR = 1.3,
p-value = 0.024) injuries, are significantly higher. Males, on
the other hand, have significantly higher odds of sustaining rib
cage (OR = 0.68, p-value = 0.046) and scapula (OR = 0.43,
p-value = 0.017) injuries.

A significant difference was observed between males and
females for a large number of AIS2+ injuries sustained by cyclists
in cyclist-to-passenger car accidents. Female cyclists < 60YO
have significantly higher odds of sustaining different spine and

lower extremity injuries. The odds for male cyclists < 60YO,
on the other hand, of sustaining different AIS24 head, thorax,
abdomen and cervical spine injuries, as well as skeletal injuries
of the upper extremities, are higher. A similar picture can be
seen for injuries sustained by cyclists > 60YO. In this group,
females have significantly higher odds of sustaining different
skeletal injuries to the lower extremities, however, the odds
are also higher for AIS2+ hand (OR = 1.75, p-value = 0.004)
and AIS2+4 humerus (OR = 13.23, p-value = 0.001) injuries.
Again, males have significantly higher odds of sustaining different
AIS2+ head, thorax, and cervical spine injuries, as well as skeletal
injuries of the scapula.

The odds for female pedestrians and cyclists sustaining AIS3+4
skeletal femur injuries are significantly higher than for males in
the Dutch accident data, irrespective of age. Moreover, younger
female pedestrians (<60YO) have significantly higher odds of
sustaining AIS34 pelvic injuries (OR = 2.02, p-value = 0.013).
The odds for younger male pedestrians of sustaining AIS3+
skeletal tibia injuries (OR = 0.42, p-value = 0.001) are significantly
higher. For younger male cyclists we observed that they have
significantly higher odds of sustaining different types of thorax
and cortical spine injuries. Furthermore, the odds of elderly male
cyclists sustaining AIS3+ cortical spine injuries (OR = 0.48,
p-value = 0.013) are also higher.

A summary of all these findings can be seen in Table 8.

Swedish Accident Data

Some significant differences were observed for AIS2+ injuries
in the Swedish data for females and males, shown in Table 9.
The odds of the group of pedestrian < 60YO males of sustaining

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

May 2021 | Volume 9 | Article 677952


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Leo et al.

Sex-Specific Differences in VRU Accidents

TABLE 8 | Share of AIS2+ and AIS3+ injuries with significant differences, OR and p-value in the Netherlands for pedestrians and cyclists < 60YO and > 60YO.

AIS2+ Injuries the Netherlands

Body Region Anatomical Structure Organ Male Female OR 95%-ClI p-value Visualization
Pedestrian < 60YO
n=3233 n=2435
Head Concussive Injury — 4.3% 3.2% 0.75 [0.56; 0.99] 0.041 o
Thorax Skeletal Sternum 0.2% 0.5% 3.14 [1.15; 10.11] 0.021 :'—‘—
Abdomen Internal Organs Spleen 1.0% 0.5% 0.52 [0.25; 0.98] 0.045 "';
Spine Cervical Spine — 2.2% 1.5% 0.66 [0.44; 0.98] 0.042 "1|
Lower Extremities Skeletal Foot 1.4% 2.3% 1.67 [1.12; 2.51] 0.011 EH_'
Lower Extremities Skeletal Femur 4.6% 7.9% 1.78 [1.43; 2.22] <0.001 e
Lower Extremities Skeletal Pelvis 0.6% 1.2% 1.90 [1.09; 3.39] 0.021 L
012345
Pedestrian > 60YO
n=728 n=1143
Thorax Skeletal Rib Cage 7.4% 5.2% 0.68 [0.46; 1] 0.046 tof
Upper Extremities Skeletal Scapula 2.6% 1.1% 0.43 [0.21; 0.88] 0.017 "-':
Upper Extremities Skeletal Hand 1.2% 2.6% 213 [1.04; 4.82] 0.040 I'—'_'
Lower Extremities Skeletal Femur 9.6% 12.6% 1.35 [1;1.84] 0.047 |""
Lower Extremities Skeletal Tibia 19.8% 24.3% 1.30 [1.04; 1.63] 0.024 o
012345
Cyclist < 60YO
n=38261 n=6827
Head Internal Organs Cerebrum 18.8% 17.4% 0.91 [0.84; 0.99] 0.024 L}
Head Skeletal Skull 6.6% 5.7% 0.85 [0.74; 0.97] 0.017 nl
Thorax Vessels — 0.1% 0.0% 0.15 [0.01; 0.82] 0.025 '—':
Thorax Internal Organs Lung 2.3% 1.3% 0.56 [0.43; 0.71] <0.001 "':
Thorax Internal Organs Thoracic injury 4.3% 2.2% 0.5 [0.41; 0.6] <0.001 " :
Thorax Skeletal Rib Cage 71% 4.7% 0.64 [0.56; 0.74] <0.001 ':
Thorax Skeletal Sternum 0.5% 0.2% 0.43 [0.23; 0.77] 0.004 "‘:
Abdomen Internal Organs Kidney 1.1% 0.6% 0.57 [0.39; 0.82] 0.008 "':
Spine Cervical Spine - 3.3% 2.1% 0.64 [0.52; 0.78] <0.001 ':
Spine Lumbar Spine — 2.5% 3.3% 1.33 [1.09; 1.61] 0.004 ,"'
Spine Thoracic Spine - 2.5% 3.3% 1.34 [1.11;1.62] 0.008 :"'
Upper Extremities Skeletal Clavicle 7.0% 5.5% 0.77 [0.67; 0.88] <0.001 ':
Upper Extremities Skeletal Scapula 2.9% 1.1% 0.37 [0.29; 0.48] <0.001 ‘ :
Lower Extremities Muscles, Tendons, Ligaments - 0.3% 0.8% 2.42 [1.53; 3.95] <0.001 : :_'._'
Lower Extremities Skeletal Foot 0.6% 1.1% 1.95 [1.36; 2.82] <0.001 : -
Lower Extremities Skeletal Tibia 11.3% 18.6% 1.79 [1.63; 1.96] <0.001 :'
Lower Extremities Skeletal Fibula 8.8% 11.5% 1.34 [1.21; 1.5] <0.001 -t
01 2 3 45
Cyclist > 60YO
n=3150 n=2747
Head Internal Organs Cerebrum 21.8% 17.3% 0.75 [0.66; 0.85] <0.001 al
Head Skeletal Skull 6.6% 51% 0.77 [0.61; 0.95] 0.017 -ql
Thorax Internal Organs Lung 2.0% 1.2% 0.58 [0.37; 0.88] 0.011 "*:
Thorax Internal Organs Thoracic injury 4.7% 2.4% 0.49 [0.36; 0.65] <0.001 - :
Thorax Skeletal Rib Cage 10.0% 6.4% 0.62 [0.51; 0.75] <0.001 ":
Spine Cervical Spine - 4.5% 2.4% 0.52 [0.38; 0.69] <0.001 - :
Upper Extremities Skeletal Scapula 3.2% 1.6% 0.49 [0.34; 0.7] <0.001 - :
Upper Extremities Skeletal Humerus 0.0% 0.5% 13.23 [2.62; 321.42] 0.001 : ——
Upper Extremities Skeletal Hand 1.4% 2.4% 1.75 [1.19; 2.6] 0.004 :'_H
Lower Extremities Skeletal Foot 0.4% 1.2% 3.00 [1.62; 5.94] <0.001 P
Lower Extremities Skeletal Tibia 8.0% 17.0% 2.34 [1.99; 2.76] <0.001 :m e
Lower Extremities Skeletal Fibula 8.5% 11.2% 1.36 [1.14; 1.62] <0.001 B —
01 2 3 45
(Continued)
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TABLE 8 | Continued

AIS3+ Injuries the Netherlands

Body Region Anatomical Structure Organ Male Female OR 95%-ClI p-value Visualization
Pedestrian < 60YO
n=948 n =683
Lower Extremities Skeletal Femur 15.7% 28.3% 2.11 [1.66; 2.69] <0.001 Mag
Lower Extremities Skeletal Tibia 6.1% 2.6% 0.42 [0.24; 0.7] 0.001 "':
Lower Extremities Skeletal Pelvis 2.2% 4.4% 2.02 [1.15; 3.62] 0.018 ——
0123435
Pedestrian > 60YO
n=238 n=354 o
Lower Extremities Skeletal Femur 29.4% 40.7% 1.64 [1.16; 2.34] 0.005 012345
Cyclist < 60YO
n=2943 n=2168
Thorax Vessels — 0.3% 0.0% 0.17 [0.01; 0.92] 0.038 '_':
Thorax Internal Organs Lung 6.5% 4.1% 0.61 [0.47; 0.79] <0.001 -:
Thorax Skeletal Rib Cage 4.7% 3.0% 0.63 [0.47; 0.85] 0.003 "
Spine Cervical Spine - 3.0% 1.7% 0.57 [0.38; 0.84] 0.004 I":
Lower Extremities Skeletal Femur 15.8% 18.4% 1.21 [1.04; 1.4] 0.018 _|h—
0123435
Cyclist > 60YO
n=1258 n=921
Spine Cervical Spine — 3.3% 1.6% 0.48 [0.26; 0.86] 0.013 -
Lower Extremities Skeletal Femur 18.1% 25.6% 1.56 [1.27;1.91] <0.001 e
0123435

AIS2+ lung injuries (OR = 0.47, p-value = 0.025) and AIS2+
thoracic injuries (OR = 0.39, p-value = 0.014) are significantly
higher. Thoracic injuries include, among others, hemothorax,
pneumothorax and hemopneumothorax. On the other hand,
the odds for females < 60YO of sustaining different fractures
(skeletal injuries) are higher. For the upper extremities, females
have significantly higher odds of sustaining AIS2+ radius
injuries (OR = 2.82, p-value = 0.003) while the odds for lower
extremity injuries, sustaining AIS2+ pelvic injuries (OR = 2.04,
p-value = 0.005) are significantly higher.

The group of pedestrian > 60YO males have significantly
higher odds of sustaining AIS2+ thoracic injuries (OR = 0.27,
p-value = 0.042), AIS2+ injuries of the cervical spine (OR = 0.23,
p-value = 0.006) and AIS2+ of the thoracic spine (OR = 0.28,
p-value = 0.023). A similar trend can be seen for females for the
group of > 60YO as for < 60YO pedestrians. The odds for elderly
females are also significantly higher for sustaining AIS2+ radius
injuries (OR = 3.86, p-value = 0.017) and AIS2+ pelvic injuries
(OR = 2.15, p-value = 0.043).

Significant differences were also observed in the Swedish
accident data for male and female cyclists in terms of
sustained injuries. Males < 60YO have significantly higher
odds of sustaining AIS2+4 cerebellum injuries (OR = 0.25,
p-value = 0.013), AIS2+ lung injuries (OR = 0.23, p-value = 0.006)
and AIS2+ skeletal injuries of the scapula (OR = 0.35,
p-value = 0.041). The odds of females sustaining AIS2+ ulna
injuries (OR = 2.78, p-value = 0.015), AIS2+ foot injuries
(OR = 2.73, p-value = 0.006), AIS2+ tibia injuries (OR = 2.12,
p-value = 0.006) and AIS2+ pelvic injuries (OR = 5.88,

p-value < 0.001) are significantly higher. All injuries with
observed significant differences for females involve skeletal
injuries and thus fractures.

For elderly cyclists (=60YO), males have significantly higher
odds of sustaining AIS2+ head injuries. Furthermore, males also
have significantly higher odds of sustaining AIS2+ cerebellum
injuries (OR = 0.18, p-value = 0.047) and AIS2+ concussive
injuries (OR = 0.16, p-value = 0.032). Again, females displayed
significantly higher odds of suffering skeletal injuries. They also
have significantly higher odds of sustaining AIS2+ radius injuries
(OR = 3.41, p-value = 0.017) and AIS2+ skeletal injuries of the
hands (OR = 6.89, p-value = 0.003).

For AIS3+ injuries, significant differences in injuries
sustained by females were observed in the Swedish accident
data. Hence, the odds for young female pedestrians (<60YO)
and elderly female pedestrians (>60YO) of sustaining AIS3+
pelvic injuries (OR = 3.03, p-value = 0.02 and OR = 6.45,
p-value = 0.035, respectively) are significantly higher. Young
female cyclists on the other hand have significantly higher odds
of sustaining AIS3+ tibia injuries (OR = 8.22, p-value = 0.024)
while elderly female cyclists are at a higher risk of suffering
thoracic injuries (OR = 5.9, p-value = 0.037).

A summary of all these findings can be seen in Table 9.

Injury Severity

With regard to this section, please refer to the Supplementary
Table 13 for further evaluation of significant differences between
younger (<60YO) and older (>60YO) pedestrian and cyclists
identified in all three accident datasets.
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TABLE 9 | Share of AIS2+ and AIS3+ injuries with significant differences, OR and p-value in Sweden for pedestrians and cyclists < 60YO and > 60YO.

AlIS2+ Injuries Sweden

Body Region Anatomical Structure Organ Male Female OR 95%-ClI p-value Visualization

Pedestrian < 60YO

n =543 n =591
Thorax Internal Organs Lung 4.60% 2.20% 0.47 [0.23; 0.91] 0.025 -
Thorax Internal Organs Thoracic injury 3.90% 1.50% 0.39 [0.17; 0.84] 0.014 e
Upper Extremities Skeletal Radius 1.80% 5.10% 2.82 [1.41; 6.16] 0.003 i'—°—
Lower Extremities Skeletal Pelvis 4.20% 8.30% 2.04 [1.28; 3.45] 0.005 =
012345
Pedestrian > 60YO
n=177 n=277
Thorax Internal Organs Thoracic injury 4.00% 1.10% 0.27 [0.06; 1.03] 0.042 —
Spine Cervical Spine - 6.20% 1.40% 0.23 [0.06; 0.69] 0.006 -
Spine Thoracic Spine - 5.10% 1.40% 0.28 [0.07; 0.89] 0.023 -—4:
Upper Extremities Skeletal Radius 1.70% 6.50% 3.86 [1.27;17.35] 0.017 i*—-—
Lower Extremities Skeletal Pelvis 5.10% 10.50% 2.15 [1.03; 4.97] 0.043 ——
012345
Cyclist < 60YO
n =549 n=_376
Head Internal Organs Cerebellum 3.30% 0.80% 0.25 [0.06; 0.75] 0.013 b
Thorax Internal Organs Lung 2.00% 0.30% 0.15 [0.01; 0.77] 0.022 Hi
Upper Extremities Skeletal Scapula 3.10% 1.10% 0.35 [0.10; 0.96] 0.041 ""J
Upper Extremities Skeletal Ulna 1.50% 4.00% 2.78 [1.19; 7.05] 0.015 o
Lower Extremities Skeletal Foot 2.00% 5.30% 2.73 [1.31; 6.00] 0.006 j"_'_
Lower Extremities Skeletal Tibia 4.20% 8.50% 2.12 [1.22; 3.74] 0.006 .
Lower Extremities Skeletal Pelvis 1.60% 9.00% 5.88 [2.89; 13.28] <0.001 O—JIT.TS
Cyclist > 60YO
n=190 n=128
Head Internal Organs Cerebellum 4.70% 0.80% 0.18 [0.01; 0.99] 0.047 —
Head Concussive Injury — 5.30% 0.80% 0.16 [0.01; 0.86] 0.032 -—-i
Upper Extremities Skeletal Radius 2.60% 8.60% 3.41 [1.19; 11.32] 0.017 i-—'—
Upper Extremities Skeletal Hand 0.50% 3.90% 6.89 [1.04; 183.64] 0.03 e
012345
AIS3+ Injuries Sweden
Body Region Anatomical Structure Organ Male Female OR 95%-ClI p-value Visualization
Pedestrian < 60YO
n=158 n=129
Lower Extremities Skeletal Pelvis 3.80% 10.90% 3.03 [1.16; 8.93] 0.02 —
012345
Pedestrian > 60YO
n=44 n=>55
Lower Extremities Skeletal Pelvis 2.30% 14.50% 6.45 [1.09; 167.19] 0.035 —_
012345
Cyclist < 60YO
n=113 n =40
Lower Extremities Skeletal Tibia 0.90% 7.50% 8.22 [0.92; 240.77] 0.024 _
012345
Cyclist > 60YO
n=48 n=14
Thorax Internal Organs Thoracic injury 4.20% 21.40% 5.90 [0.81; 55.89] 0.037 —
012345
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TABLE 10 | Injury Severity, OR and p-value for pedestrians and cyclists < 60YO and > 60YO in Austrian, Dutch, and Swedish accident data (*p-value < 5%).

Injury Severity in Austria

Injury Severity in the Netherlands

Injury Severity in Sweden

Injury Severity Male Female OR 95%-Cl p-value Visualization Male Female OR 95%-Cl p-value Visualization Male Female OR 95%-Cl p-value Visualization
Pedestrian < 60YO Pedestrian < 60YO Pedestrian < 60YO
n=410 n=168 n=3790 n=2023 n=980 n=1185
AlS1+ 100.0% 100.0% — — — : 100.0%  100.0% — — — : 100.0% 100.0% — — — :
AlS2+ 73.9% 70.8% 0.86 [0.58;1.28] 0.450 "f' 66.1% 63.9% 0.91 [0.81;1.02] 0.089 '? 37.3% 26.5% 0.6 [0.50;0.73] <0.001* ":
AIS3+ 38.0% 35.7% 0.91 [0.62;1.31] 0.598 "i" 18.7% 16.3% 0.84 [0.73;0.97] 0.019* 'E 11.6% 6.2%  0.51 [0.37;0.69] <0.001* 'i
AlS4+ 15.9% 18.7% 0.85 [0.50;1.4] 0.511 Ll 1.0% 0.7% 0.69 [0.36;1.26] 0.231 o 4.0% 2.7% 0.67 [0.41;1.08] 0.096 e
012345 012345 012345
Pedestrian > 60YO Pedestrian > 60YO Pedestrian > 60YO
n=271 n=275 n=1018 n=1566 n=443 n=>590
AlS1+ 100.0% 100.0% — - — : 100.0% 100.0% - — - : 100.0% 100.0% — — - :
AlS2+ 749% 76.4% 1.08 [0.73;1.6] 0.692 "."' 71.5% 73.0% 1.08 [0.90; 1.28] 0.412 ‘." 40.0% 46.9% 1.33 [1.04;1.71] 0.025* f"
AlS3+ 36.2% 32.7% 0.86 [0.6;1.22] 0.398 -ﬂ:* 23.4%  22.6% 0.96 [0.79;1.16] 0.647 -:r 9.9% 9.3% 093 [0.61;1.42] 0.742 'w:*
AlS4+ 14.0% 11.3% 0.78 [0.47;1.3] 0.334 Ll 0.7% 0.3% 0.38 [0.09;1.28] 0.099 w—+ 3.4% 2.4% 0.69 [0.33;1.47] 0.329 oy
012345 012345 012345
Cyclist < 60YO Cyclist < 60YO Cyclist < 60YO
n=112 n=52 n=8620 n= 7083 n=1592 n=1359
AIST+ 100.0% 100.0% — - - : 100.0% 100.0% — - - : 100%  100%  — - - |
AlS2+ 446% 36.5% 0.72 [0.36; 1.41] 0.328 "f" 59.3% 57.6% 0.93 [0.88;0.99] 0.032* ‘I 22.6% 18.2% 0.77 [0.64;0.92] 0.004* '1
AIS3+ 20.5% 15.4% 0.71 [0.28;1.68] 0.433 ";—‘ 19.5% 17.6% 0.88 [0.81;0.95] 0.002* *I 4.1% 1.9% 0.46 [0.29;0.72] 0.001* ":
AlS4+ 8.9% 3.8% 0.43 [0.06;1.76] 0.245 vt 0.6% 0.5% 0.88 [0.57;1.35] 0.563 o 1.4% 0.3% 0.21 [0.06;0.55] 0.001* = |
012345 012345 012345
Cyclist > 60YO Cyclist > 60YO Cyclist > 60YO
n=64 n=72 n=4657 n=4202 n=517 n=372
AIST+ 100.0% 100.0% — - - I 100.0% 100.0% — - - | 100.0% 100.0% — - - I
AlS2+ 67.2% 62.5% 0.82 [0.40; 1.66] 0.568 "‘._' 67.6% 65.4% 0.9 [0.83;0.99] 0.024* ‘u 36.8% 344% 0.9 [0.68;1.19] 0.472 "|'
AIS3+ 35.9% 36.1% 1.01 [0.50;2.05] 0.983 "1:’—‘ 27.0%  21.9% 0.76 [0.69; 0.84] <0.001* 'E 9.3% 3.8% 0.39 [0.20;0.69] 0.001* "'i
AlS4+ 12.5% 12.5% 1 [0.85;2.87] 1.000 —— 0.8% 0.6% 0.82 [0.49;1.37] 0.450 Ll 1.0% 0.3% 0.31 [0.01;2.01] 0.210 r——
012345 012345 012345

‘e 18 087
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The odds ratios and p-values based on the Hypothesis Tests
are summarized for all three data samples in Table 10 and
Supplementary Table 13.

Austrian Accident Data

In the Austrian dataset, no significant differences in injury
severity were identified for pedestrian-to-passenger car, as well
as cyclist-to-passenger car collisions, in both age groups for
females and males.

No significant differences were observed on analyzing if
age group has influence on injuries sustained by pedestrians.
A slightly different trend can be seen for cyclist-to-passenger
car collisions. Older cyclists (>60YO) have significantly higher
odds of sustaining AIS24+ (OR = 0.4, p-value < 0.001) and
AIS3+ (OR = 0.42, p-value = 0.001) injuries than younger
cyclists (<60YO).

Dutch Accident Data

The odds for younger males (<60YO) in the Netherlands,
involved in pedestrian-to-passenger car collisions of sustaining
AIS2+ (OR = 0.84, p-value = 0.019) injuries, were significantly
higher than for younger females. No significant differences
were identified in injury severity between male and female
pedestrians > 60YO.

A slightly different trend can be seen for cyclist-to-
passenger car collisions. Males in the cyclist < 60YO
group have significantly higher odds of sustaining AIS2+4
(OR = 093, p-value = 0.032) and AIS3+ (OR = 0.88,
p-value = 0.002) injuries than females. Elderly males also
have significantly higher odds of sustaining AIS24 (OR = 0.9,
p-value = 0.024) and AIS34+ (OR = 0.76, p-value < 0.001)
injuries than females.

Significant differences were observed on analyzing if age
group has influence on injuries sustained by pedestrians.
Older pedestrians (>60YO) have significantly higher odds of
sustaining AIS2+ (OR = 0.72, p-value < 0.001) and AIS3+
(OR = 0.73, p-value < 0.001) injuries than younger pedestrians
(<60YO). A similar trend can be seen for cyclist-to-passenger
car collisions. Older cyclists (>60YO) have significantly higher
odds of sustaining AIS2+ (OR = 0.71, p-value < 0.001) and
AIS3+ (OR = 0.7, p-value < 0.001) injuries than younger
cyclists (<60YO).

Swedish Accident Data
Significant differences were observed between males and females
in the group of pedestrians < 60YO. Males have significantly
higher odds of sustaining AIS2+ (OR = 0.6, p-value < 0.001) and
AIS3+ (OR = 0.51, p-value < 0.001) injuries.

The odds for pedestrian > 60YO females of sustaining AIS2+
(OR = 1.33, p-value = 0.025) injuries were significantly higher.

Significant differences were again observed for male and
female cyclist injuries in Sweden. The odds for males < 60YO
of sustaining AIS24+ (OR = 0.77, p-value = 0.004), AIS3+
(OR = 046, p-value = 0.001) and AIS4+ (OR = 0.21,
p-value = 0.001) injuries were observed to be significantly higher.

For the group of cyclists > 60YO in Sweden, the odds for male
cyclists > 60YO of sustaining AIS3+ injuries are significantly

higher (OR = 0.39, p-value = 0.001) when involved in a cyclist-
to-passenger car collision.

Significant differences were observed on analyzing if age
group has influence on injuries sustained by. Older pedestrians
(>60YO) have significantly higher odds of sustaining AIS2+
(OR = 0.58, p-value < 0.001) injuries than younger pedestrian
(<60YO). A similar trend can be seen for cyclist-to-passenger
car collisions. Older cyclists (>60YO) have significantly higher
odds of sustaining AIS2+ (OR = 0.47, p-value < 0.001) and
AIS3+ (OR = 0.42, p-value < 0.001) injuries than younger
cyclists (<60YO).

In-Depth Analysis of Accident Data

With regard to this section, please refer to the Supplementary
Material for further evaluation of significant differences between
females and males identified in the Austrian accident data.

For the in-depth analysis of the Austrian accident data for
pedestrians involved in pedestrian-to-passenger car collisions
(Figure 1), it can be seen that for almost all parameters,
the mean collision velocities for males are higher than for
females. Moreover, it can be seen that higher injury severities
are also related to higher collision velocities. Analyzing if there
are significant differences in accident severity for females and
males, it was found that elderly male pedestrians (>60YO)
have significantly higher odds of sustaining fatal injuries
(Supplementary Table 15). The trend of higher collision
velocities for males can also be seen for the maximum abbreviated
injury scale (MAIS) level. By analyzing if there are significant
differences in MAIS levels for females and males, it was found that
younger female pedestrians (<60YO) have significantly higher
odds of sustaining MAIS4 injuries (Supplementary Table 16).
The mean collision speed for elderly pedestrians (>60YO) is
slightly higher in the data sample than for younger pedestrians
(<60YO) for both females and males. For accidents occurring in
rural areas, it is noticeable that the collision speed is higher than
in urban areas. Also, for accident location, significant differences
were observed between males and females (Supplementary
Table 14). The odds of elderly male pedestrians (>60YO) being
involved in an accident in rural areas were observed to be
higher. As pedestrian accident location was also included in the
Dutch and Swedish accident data, significant differences were
observed for that region too. The odds for male pedestrians in
the Netherlands and in Sweden being involved in an accident in
rural areas, irrespective of age, were significantly higher. Collision
speed in Austrian accident data for males in both dry and wet
road conditions were higher than for females. The opposite trend
was observed for slippery road surfaces, however, only a few
cases had been reported. On analyzing if there are significant
differences for females and males with regard to road conditions,
none were found in the Austrian and Dutch accident data
(Supplementary Table 17). Accidents at night-time (electric light
or darkness) occurred at higher collision speeds than accidents
in daylight. Moreover, the likelihood of males being involved in
an accident in darkness was higher than for females in Austria
and the Netherlands (Supplementary Table 18). Analyzing the
influence of alcohol on pedestrian-to-passenger-car collisions, it

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

May 2021 | Volume 9 | Article 677952


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Leo et al. Sex-Specific Differences in VRU Accidents

Pedestrian-to-passenger-car collisions in Austria

120- 120
n=s =10 n=2 n=at n=as  n=m n=5n=1 n=15n=25 n=20n=51 n=2n=15 n=3n=®2 n=2n=10
100 100
Gender l Gender
1 £ Female 7 { . E Female
E3 Male ‘— L = =l E3 Male
Pl L L
H o LA il
[ o I
slight serious. fatal | 2 3 5 6
Accident Severity MAIS
120 120
=37 n=107 e n=s7 n=t6 n=e8 n=so =g
100 100 ‘
i |
%’ Gender Gender
3 60 £ Female - Female
2 & viae T 5 M
ol | }
2 ‘ 2
o o .
<6070 26070 al wban
Age Group. Location
120 120
e n=ii2 n=2 o= n=2 | nese nefen=61  n=4 n=11 n=28n=8  n=24 n=%  n=4 n=3
100- 100
v_; ‘ Gender
ol [ [ | ‘ 5 Fonse
= ] . ES Male
3 — —
| ‘ =
o o
& sippery et Gakness | davatlight oyttt cleviclght _ sudden change
Road Conditons Light Condtons
Sauree: cepATU
Aryses U Gz
FIGURE 1 | In-depth analysis of Austrian accident data for pedestrian-to-passenger car collisions.
Cyclist-to-passenger-car collisions in Austria
120 120
ne | on=s nst0 | on=t6 nst6 | n=s0 n=70=6  n=sn=13 n=7n=6  n=3n=2 n=2n=2 =2 =3
100 . 100 |
A . | |
Geader z | Gender
£ Fende 35 60 g 1 EZ Feaale
| e : —T — £ Ve
Z 40 L -
L 3 ‘ A l; <] f
20 — | 2 | Fei—
Jo L JoIT
sght serous el T 3 3 3 : 3
Accident Severity MAIS
120 120
n=te n=ds et n=2% = n=3 n=21 n=3%

100
‘ 0
Gender Gender

=
£ Fene 3 60 £ Female
B E o
L.
3
f S—
2 I — 2
\ | |
o o
<6070 260v0 ol whan
Age Grow Location
120 120
nen n=61 n=2 =9 ne1 =5 =1 n=1 n=270=8%  n=3 n=7 =3 n=3
‘ 100
£ w0 O
— Gender 2 Gender
£ Femdle 3 60 - Female
oM 3 3 Make
£ wof— =
3 [ ‘
2 2 —

dry et darkness davntvilight daylight cleticlight  sudden change
Road Conditons Light Conditions

Source: CEDATU
Anaysed: TU Graz

FIGURE 2 | In-depth analysis of Austrian accident data for cyclist-to-passenger car collisions.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 16 May 2021 | Volume 9 | Article 677952


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Leo et al. Sex-Specific Differences in VRU Accidents

TABLE 11 | Summary of all significant differences for different body regions and accident parameters for pedestrians and cyclists for Austria (AUT), Netherlands (NL),
and Sweden (SWE).

Pedestrian Cyclist

<60YO >60YO0 <60YO >60Y0

Male Female Male Female Male Female Male Female

Body RegionAUT’NL’SWE

Head AN AN ANLSWE 4 AUT

Face

Neck

Thorax AN ANLANL ANLANL

Abdomen ANL

Spine AN ASWE SWE AN ANLNL

Upper Extremities L SWE ANL

Lower Extremities JAUT.NL 4 AUT ANLANL HAUT.NL.SWE 4 SWE ANLSWE {NL
Injurie SeverityAUT-NL.SWE

AlST+
AIS2+ 4 SWE 4 SWE ANLSWE AN

AlS3+ TNL,S\NE TNL,SWE TNL,SWE

AlS4+ FSWE

Accident LocationAUT-NL,SWE
Urban AN AUT.SWE AN ANLSWE

Rural TNL,S\/\/E TAUT,NL,SWE TNL,SWE TNL‘SWE

Accident SeverityAUT

slight

serious pAUT

fatal AT AT
MAISAUT

MAIS1

MAIS2

MAIS3 AT

MAIS4 HAUT

MAIS5

MAIS6

Road ConditionsAYT-NL

dry

slippery

Wet

Light ConditionsAYT-NL

darkness ¢AUT,NL TAUT’NL TNL TNL
dawn/twilight HAUTNL

daylight AN AN e
electric light

sudden change

Alcohol Influence”VT
yes JAUT AUT

no TAUT TAUT

.. .Significant higher OR for male or female, t... AlIS2+, 1... AIS3+, AUT. .. Austria, NL. . Netherlands, SWE. . .Sweden.

was found that the odds of pedestrian males being intoxicated by =~ On analyzing if there are significant differences in accident
alcohol were higher than females (Supplementary Table 19). severity for females and males, it was found that the risk of

For the in-depth analysis of cyclists involved in pedestrian-  sustaining fatal injuries is significantly higher for male cyclists,
to-passenger car collisions (Figure 2) included in the Austrian irrespective of age (Supplementary Table 15). The trend of
accident data, it can also be seen that for a considerable higher collision velocities for males can also be seen for most
number of parameters the mean collision velocity for males of the MAIS levels. Analyzing significant differences in MAIS
is faster than for females. It can also be seen that higher level for females and males, it was found that younger female
injury severities are related to higher collision velocities. cyclists (<60YO) have significantly higher odds of sustaining
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MAIS3 injuries (Supplementary Table 16). The mean collision
speed for elderly female cyclists (>60YO) is slightly higher in
the data sample than for younger female cyclists (<60YO).
However, age was not found to influence speed for males. For
accidents that had occurred in rural areas, it was noticeable
that the collision speeds were higher than in urban areas.
Accident location was not observed to make any significant
difference between males and females in the Austrian data.
As cyclist accident location was also included in the Dutch
and Swedish accident data, significant differences could also be
observed for those regions. Male cyclists in the Netherlands
and Sweden have significantly higher odds of being involved in
an accident in rural areas, irrespective of age (Supplementary
Table 14). Collision speed in the Austrian accident data was
found to be higher for males than females in dry road
conditions. The opposite trend was observed for wet road
conditions, however, only a few cases had been reported. For
all road conditions no significant differences between males
and females can be observed in Austrian and Dutch accident
data (Supplementary Table 17). Most of the cyclist accidents
involving passenger cars had occurred during daylight, although
the collision speed was higher also for cyclist accidents at night-
time (electric light or darkness). Furthermore, light conditions
were not observed to have made any significant difference
between males and females in Austrian accident data. In
Dutch accident data it was observed that the likelihood of
males being involved in an accident in darkness was higher
than for females (Supplementary Table 18). The influence of
alcohol was observed for cyclists in the Austrian accident data
(Supplementary Table 19).

DISCUSSION

The accident databases show several significant differences due to
the applied data sources and their original purpose.

Although some authors have previously tried to combine data
from different databases, or extrapolate from one country to
others (Kreiss et al., 2015), this was not done in the current
study. Instead, trends from the different data sources have been
compared and the advantages of each of the data sets were
utilized. The Dutch dataset showed the highest number of cases,
the Swedish dataset is the only dataset that covers all cases from
one country, and is therefore most representative and unbiased.
The Austrian dataset had the highest level of detail and therefore
allowed the authors to perform additional analyses. It would be
beneficial to have a representative, European-wide, long-term
in-depth database to eliminate the limitations mentioned above.

The data in this study was collected during different time
periods. However, when analyzing the Dutch data, no significant
change in injuries over the years was observed, hence it has
been assumed by the authors that this parameter does not
influence the results. The data selection criteria, i.e., being
recorded by both police and hospital or involvement of at
least one vehicle, was made in order to obtain as comparable
data between the countries as possible. Using this criteria
is necessary, due to a significant difference in hospital and

police reported data having been observed in previous studies
(Juhra et al, 2012). As a consequence of using only matched
police and hospital reported accidents, the data do not cover
all accidents. For example, only 30% of all cases in the
STRADA database are reported by both police and hospital
(Yamazaki, 2018). On the other hand, as the present study
includes accidents involving passenger cars, there should be
a higher inclusion of the total number of crashes as the
police are more likely to have reported an accident involving
a motor vehicle.

For the Austrian data, a shift toward serious and fatal accidents
can be seen when comparing the CEDATU database with the
national statistics (Supplementary Figure 6). This is because
the original focus of the CEDATU database was to collect
data on reconstructed fatal accidents in Austria (Tomasch and
Steffan, 2006; Tomasch et al., 2008). In recent years, increasingly
accidents involving minor as well as severe injuries have been
included in the database.

Similarly, a shift toward more severe injuries and fatal
accidents can be seen in the Dutch dataset. The Dutch police
register contains 90% of all fatal road accidents, although
unfortunately it is less comprehensive for accidents of lesser
severity (Reurings and Stipdonk, 2011).

Despite the shift toward more severe injuries and fatal
accidents in the Austrian and Dutch datasets in comparison to
national statistics, the datasets have been very beneficial when it
comes to comparisons of injuries sustained by females and males
relative to each other. For the analysis of the most relevant AIS2+
body regions, one should on the other hand mainly rely on the
results based on the STRADA database.

A summary with all accident parameters and injuries showing
significant differences between males and females can be seen
in Tables 11, 12. For more details on the exact values for
OR and p-value have a look on the result section and the
Supplementary Material.

Body Regions

The current analysis shows that the body regions head, thorax,
upper extremities and lower extremities are more or less equally
relevant for pedestrian and cyclist statistics when it comes to
injury mitigation. Only a small difference was seen in the different
databases, in that the order may differ between the most relevant
body regions. These findings are in line with other studies which
have also identified these body regions as most commonly injured
by pedestrians and cyclists involved in passenger car collisions
(Otte et al.,, 2012; Weijermars et al., 2016; Wisch et al., 2017;
Saadé et al., 2020).

Predominant in the databases and groups, the head was the
most frequently injured body region. The fact that the head is
one of the most relevant body region when it comes to injury
mitigation for pedestrian and cyclist accidents could be explained
by the fact that the head is one of the most vulnerable body
region. This can also be seen when having a look into the
AIS Codebook (AAAM, 2005) where the majority of injuries
related to the head are coded as AIS2+. Head injuries were
less frequent for cyclists in the Swedish dataset. This might
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TABLE 12 | Summary of all single injuries with significant differences for pedestrians and cyclists for Austria (AUT), Netherlands (NL), and Sweden (SWE).

Pedestrian Cyclist
<60YO >60Y0 <60YO >60YO0
Male Female Male Female Male Female Male Female
Body Region Anatomical Structure Organ
Head Concussive Injury — ANL HSWE
Head Internal Organs Cerebrum ANL.SWE ANLSWE
Head Skeletal Skull AT ANL AN
Thorax Vessels - ANLANL
Thorax Internal Organs Lung 4 SWE ANL.SWE 4N ANL
Thorax Internal Organs Thoracic injury HSWE ASWE ANL AN ASWE
Thorax Skeletal Sternum ANL ANL
Thorax Skeletal Rib Cage ANL ANLANL ANL
Abdomen Internal Organs Kidney ANL
Abdomen Internal Organs Spleen AN
Spine Cervical Spine - ANL FSWE ANLANL ANLANL
Spine Lumbar Spine — AAUT AAUT ANL
Spine Thoracic Spine ASWE ANL
Upper Extremities Skeletal Clavicle ANL
Upper Extremities Skeletal Scapula ANL TNL,SWE AN
Upper Extremities Skeletal Humerus ¢NL
Upper Extremities Skeletal Ulna TSWE
Upper Extremities Skeletal Radius ASWE ASWE HSWE
Upper Extremities Skeletal Hand ANL ANLSWE
Lower Extremities Muscles, Tendons, Ligaments - ANL
Lower Extremities Skeletal Foot ANE ANLSWE AN
Lower Extremities Skeletal Femur AAUT.NLAAUT.NL ANLANL AN ANL
Lower Extremities Skeletal Pelvis AAUT,NL SWE 4 AUT,NL,SWE HAUT, SWE L SWE 4 SWE
Lower Extremities Skeletal Tibia ANE ANE ANLSWE 4 SWE ANL
Lower Extremities Skeletal Fibula ANL ANL

*+...Significant higher OR for male or female, 1... AlIS2+, 1. .. AIS3+, AUT. ..

Austria, NL. . .Netherlands, SWE. . .Sweden.
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be a result of high helmet wearing rates (Otte et al., 2015;
Leo et al., 2019a).

Another fact that can be seen through all databases is that
females often have significantly higher odds of sustaining injuries
to the lower extremities. This was observed for pedestrians as
well as for cyclists. For cyclists, this may can be explained in
possible differences in the type of bicycle they ride, their riding
speed and the type of accidents they are involved in Boele-Vos
et al. (2017), Fyhri et al. (2019), Prati et al. (2019). Male cyclists
for example more often ride on racing bikes whereas (elderly)
female cyclists more often ride on pedelecs (electrically assisted
bicycles) (Boele-Vos et al., 2017). Riding on a racing bike is
related to higher riding speeds, a different seating position and
the type of accidents may also be different. This could explain
differences in injuries sustained. In addition, osteoporosis is
much more common in women than in men (Alswat, 2017),
which may also explain more fractures in women, such as
femur/hip/pelvic fractures.

The proportion of AIS2+4 injuries to the upper extremities
is rather considerable, especially in Swedish accident data.
However, looking at AIS3+ injuries, injuries of the upper
extremities are not particularly common. Nevertheless, assessing
long-term consequences of injuries, it has been shown that 85%
of AIS3 upper extremity injuries, result in permanent medical
impairment (Malm et al., 2008). In contrast, while thorax injuries
were common for AIS 3+ injuries in all three databases, these
injuries rarely result in permanent medical impairment. This
illustrates that when taking long-term consequences of injuries
into account, preventive measures must target upper extremity
injuries as well. One last fact is that significant differences for
the frequency of spinal injuries between males and females were
observed in the current study. However, the trend was not
consistent within the different age groups.

Detailed Injuries

For the detailed injury types, significant differences in injuries
sustained by females and males were identified in all three
databases. This information is very valuable with regard
to the development and improvement of HBMs for virtual
testing. Knowing which injuries are most common, and for
which injuries significant differences can be seen between
males and females, is necessary to specify what must be
predicted by the HBMs.

For lower extremities (incl. pelvis), it was found that females
have significantly higher odds of sustaining skeletal injuries. In
all three data sets, female pedestrians showed higher odds of
sustaining pelvic injuries than males. This is in line with a study
by Starnes et al. (2011) and Klug et al. (2015). Starnes also
concluded that males are significantly more likely to suffer tibia
fractures. This, however, cannot be confirmed in the present
study, due to different results being observed for tibia fractures
in the different databases.

Furthermore, female cyclists showed significantly higher odds
than males for tibia fractures in the Swedish and the Dutch
dataset. This finding may be influenced by the fact that females
and males ride on different types of bicycle frames, producing a
different interaction with the lower extremities.

Injury Severity and Exposure

When comparing injury severity between males and females,
males have significantly higher odds of sustaining more severe
injuries compared to females in pedestrian and cyclist accidents.
This is especially the case when looking at the Swedish data.
From the Austrian database, which includes information on
collision speeds of passenger cars, it can be seen that the collision
speeds of passenger cars were higher in collisions involving males
compared with females. A similar trend can also be seen when
looking at cyclist-to-passenger car collisions in Austria.

The Austrian, Dutch and Swedish data shows that the odds
of females being involved in a rural accident are lower than for
males. It was also shown that males are more likely involved
in accidents during nights. The analysis of the Austrian data
has shown that these types of accidents are related to higher
collision speeds. Hence, the observation of higher injury severity
among males is more likely a function of the exposure to higher
collision speeds of passenger cars rather than a question of
the sex. In the future, it should be analyzed if any significant
differences in injury severities are apparent at similar energy
levels of the accidents. However, this requires additional crash
data unavailable in the current datasets. Applying additional
filters narrows down our numbers too much, so that no
meaningful analyses can be done. Further investigations should
be done to study gender-specific differences, which might lead
to different accident scenarios. Some first indications have been
observed in this study, showing that the types of accidents
where females (more likely to be injured during daytime, inner-
city) are severely injured might differ from males (higher
odds to be injured during night-time at rural roads in an
alcoholized state).

Regarding the age of the vulnerable road users, the Dutch
and Swedish data shows that older (>60YO) pedestrian and
cyclist have significant higher odds of sustaining AIS2+ injuries.
A similar trend can also be seen for AIS3+ injuries. The Austrian
accident data show significant higher odds for elderly (>60YO)
cyclists sustaining AIS24 and AIS3+ injuries as well. This
is in line with previous studies which conclude that elderly
pedestrians (>60YO) tend to suffer more severe injuries than
younger pedestrians (<60YO) (Davis, 2001; Niebuhr et al., 2016;
Saadé et al., 2020).

Outlook

Recent studies have shown that through the implementation of
autonomous emergency breaking (AEB) systems, the collision
velocities in pedestrian and cyclist-to-passenger car collisions will
be drastically lowered (Gruber et al., 2019; Leo et al., 2020).
Reducing the collision speed will also lead to a change in impact
conditions, i.e., lower head impact velocities, Leo et al. (2020).
Presumably, this fact will also lead to a shift in the injuries
sustained by pedestrians and cyclists in the foreseeable future.
Once comparable FE Human Body Models of an average
female and male are available, the isolated sex-specific differences
in injury risk caused by differences in loadings due to differences
in anthropometries and influences of individual factors such as
age, and injury thresholds, could and should be investigated.
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Moreover, by means of virtual testing the diversity of accident
scenarios and the human population can be addressed by
including different pre-collision behavior.

Conclusion

The conclusion of this study is that female and male pedestrians
and cyclists have significant different odds of sustaining injuries
in accidents involving passenger cars. This trend can be seen
for injuries to different body regions, single injuries and also
for injury severity. For example, the results show that the
odds of sustaining skeletal injuries to the lower extremities
(incl. pelvis) in females are significantly higher. Moreover,
significant differences in injuries severity for younger (<60YO)
and elderly (>60YO) pedestrians and cyclists were observed.
In-depth analyses of Austrian accident data have shown that
collision velocities are higher for male pedestrians and cyclists
than for females in passenger car collisions. Furthermore, it
was observed in all datasets, that the odds of females being
involved in a rural accident or an accident at night are
lower than for males.

The findings of this study highlight the need for policy makers
and stakeholders to work toward developing safety features
and assessment tools (e.g., integrated assessment) that take into
account population diversity of sex and age and other individual
related factors.
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