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Equitable Occupant Protection: Underlying Causes of Injury Risk Differences by Sex in Road Crashes

Guorong Li, Peng Wang, Carol Flannagan, Nils Lubbe

Abstract Female occupants are observed to be at higher risk in road crashes. The causes can be
either physiological or non-physiological, as occupants of different sexes have distinct physiological
characteristics and are exposed to various hazardous situations on the road. This study investigates
the underlying causes of injury risk differences by sex, based on the China In-depth Accident Study
(CIDAS). The findings indicate that female occupants have a higher injury risk than males, particularly
for MAIS1+ injuries in frontal and side impacts. Seating position was identified as the primary
confounder, with a higher proportion of females occupying the front passenger seats, which are
associated with higher injury risks. According to results of multivariate logistic regression models, sex
itself did not significantly affect injury risk at any severity after controlling for seating position and
other influencing factors. Compared with drivers, front passengers have around twice the odds of
being injured in frontal impacts (MAIS1+ and MAIS2+) and six times the odds in far-side impacts
(MAIS1+).

Keywords Confounder identification, crash data analysis, front passenger seat, injury severity, sex
difference.

. INTRODUCTION

Equitable occupant protection has become a critical focus in protective safety, with the aim of
providing equal protection to diverse occupants regarding sex, age, stature, and size. Sex is given high
priority among these diversity aspects. Existing regulatory frameworks and safety assessment
protocols have historically prioritised male occupant profiles due to higher absolute numbers of
injuries and fatalities derived from males’ greater exposure in road transportation systems. However,
female occupants typically exhibit higher injury risk ratios despite lower exposure compared to males
[1]. Furthermore, the exposure of female occupants has increased substantially in recent decades,
amplifying their vulnerability within current safety standards. This discrepancy highlights the need to
re-evaluate occupant protection standards from an equity perspective to address the systemic biases.

To enhance protection of a diverse population, the United Nations Economic Commission for
Europe (UNECE) established an ad-hoc working group on equitable occupant protection [2]. New Car
Assessment Programmes (NCAPs), such as Euro NCAP and C-NCAP, are exploring the potential of
virtual testing to evaluate protection performance for diverse occupants [3]. Analysing injury risk
differences by sex is essential to achieve that goal. Finite element (FE) simulations and field data
analysis are commonly used for these comparisons. Simulation studies provide detailed insights into
the loads of specific body parts during a crash, offering a high-resolution comparison from a
biomechanical perspective [4]. In contrast, field data (e.g. in-depth crash data, insurance data) offer
insights into factors contributing to equity issues beyond physiological differences, providing a
comprehensive picture of the equity issues in real-world crashes [5].

Field data have been used to investigate equity issues in several countries. The Insurance Institute
for Highway Safety (IIHS) in the US, using data from the National Automotive Sampling System —
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Crashworthiness Data System (NASS-CDS), found that females may require additional protection
against extremity injuries [5]. The high extremity injury risk of female occupants was also identified by
a study from the National Highway Traffic Safety Administration (NHTSA) [6]. The German Insurers
Accident Research (UDV) investigated their insurers’ accident database (UBD) and identified a non-
significant higher risk for female occupants in frontal impacts [7]. The Transport Research Laboratory
(TRL) in the UK, using data from Road Accident In-Depth Studies (RAIDS), found that age significantly
affects overall injury risk in both frontal and side impacts, while sex significantly affects overall injury
risk only in side impacts [8]. Females experienced a significantly higher risk of lower extremity injuries
than males in both frontal and side impacts.

To clearly understand the causation of equity issues, it is beneficial to start by investigating any
substantial confounding factors between sex and injury outcomes [1]. Unfortunately, most studies did
not thoroughly review potential confounders before conducting comparative analyses, which poses a
high risk of misleading conclusions. To avoid this risk, this study attempts to start with confounder
identification by developing univariate models among sex, injury severity, and possible confounders.
The overall influence of injury risk by sex and confounders is discussed through multivariate models.

Il. METHODS

Data Selection

This study primarily leverages the crash data from the China In-depth Accident Study (CIDAS), which
has been conducting on-site investigation of road crashes since 2011, to understand vehicle damage
and personal injury mechanisms. To ensure the representativeness of the data, the investigation sites
were established in ten cities across different geographic regions, featuring diverse terrain conditions,
road environments, and economic levels. Only crashes involving at least one four-wheel motorised
vehicle and one injured (any severity level) person are included in the database. There are a total of
10,031 crashes included in the latest released version (September 2024).

The focus of this study was belted occupants in passenger cars that did not collide with vulnerable
road users (VRUs). Occupants with unknown sex were excluded. To ensure the cases in the dataset are
more comparable, additional exclusions were applied regarding crash complexity, occupant
comparability, and information completeness. A total of 1,032 occupants were selected for descriptive
statistical analysis, and 917 were kept for modelling, mainly excluding data with unknown vehicle or
occupant information. The complete data-selection process is detailed in the appendix (Table Al).

Information regarding crashes, vehicles, and occupants was covered in this study. Impact type and
closing velocity were selected from the worst injury event. Impact type was defined by the Principal
Direction of Force (PDOF), coded according to the clock directions from 1 to 12, and the damage
location of the vehicle. The impact type is frontal if PDOF is 11, 12 or 1; side if PDOF is 2, 3, 4, 8, 9 or
10; and rear if PDOF is 5, 6 or 7. However, the impact type will be classified as ‘other’ if the PDOF and
the damage location were inconsistent (e.g. a frontal PDOF with side damage). We calculated the
closing velocity by collision velocities and the collision angle between the vehicle and the opponent.
The collision velocity in CIDAS was from reconstruction for reconstructed cases. Otherwise, the CIDAS
team estimated the velocities based on surveillance videos, tire marks, vehicle deformation, or directly
extracted from the police report. Of 1,032 data records, 56% were reconstructed.

Host and opponent vehicles were classified into sedan, light truck and van (LTV), and heavy vehicle
(HV) based on vehicle compatibility [9]. LTV includes pick-up trucks, vans, SUVs, and off-road vehicles,
while HV includes buses and heavy goods vehicles. The registration years of vehicles were classified
into two subgroups: 2012 (median) and earlier; and newer than 2012. Other available vehicle details
included curb weight and damage location, which were extracted from case photos taken during on-
site investigations or inspections of towed vehicles. Front damage locations were classified into right,
middle, and left of the vehicle front, side damage locations were classified into area between A and C
pillar, and the rest of the vehicle side (i.e. areas before A pillar and after C pillar).
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Available occupant information included sex, age, height, weight, seating position (i.e. driver seat,
front passenger seat, rear passenger seat), and injury severity. Injury severity was measured using the
Abbreviated Injury Scale (AlS).

Confounder Identification

To understand the underlying causes of injury risk differences by sex, it is crucial to identify
confounders that affect both sex and injury risk. We established univariate logistic regression models
for both sex and injury severity (i.e. MAIS1+, MAIS2+, MAIS3+, respectively) with potential confounder,
as shown in Fig. 1. Factor X; showing significant relationships with both sex and injury risk was identified
as a confounder. In this study, confounder identification (Cl) models were established for frontal
impact, near-side impact, and far-side impact. Rear impact models were excluded due to the lack of
significance in most factors. Side impacts were divided into near-side and far-side models to avoid
potential bias caused by different injury mechanisms. A total of 132 Cl models were created for

checking 11 potential confounders.
Confounder
X1, X2, X3,.., Xi

Cl1 model: log (M) = Bo+ Bi X; CI2 model: log (M) = Bo + Bi X;
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Fig. 1. Relationships among sex, injury risk, confounders, and the models developed.
Cl refers to confounder identification; BL refers to baseline; IA refers to impact assessment.

Impact Assessment of Sex and Confounders

Nine multivariate logistic regression models were developed to estimate the impact of sex on injury
risk, considering three types of impact and three levels of injury severity for each type. The identified
confounders and other factors influencing injury risk were included in the impact assessment (IA)
models. Factors showing a p-value greater than 0.05 across all impact types and injury severities were
excluded according to Cl model results. To compare the odds ratios of sex with and without controlling
for other factors, we also created a baseline (BL) univariate model for each IA model, with injury
severity as the dependent variable and sex as the independent variable, as shown in Fig. 1.

All statistical analysis and modelling work were performed using R 4.4.1 [10].

lll. RESULTS
Descriptive Statistics of CIDAS Data

This section provides a preliminary understanding of the selected CIDAS data and sex distributions
from various perspectives. Figure 2 illustrates the distributions of male and female occupants by
impact types. Among the 1,032 selected occupants, more than half of the occupants were subjected
to frontal impacts (57.7%), followed by side impacts (25.8%), and rear impacts (10.6%), as shown in
Fig. 2(a). Male occupants accounted for the largest share across all impact types, particularly in frontal
impacts (82.7%). Additionally, males were more frequently seated in driver seats compared to females.
Fig. 2(b) indicates that higher percentages of female occupants were injured in frontal and side impacts.
In frontal crashes, the percentage of injured females is 17% higher than that of males, and 8.6% higher
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for MAIS2+ injuries. In side impacts, females were injured 20.8% more often than males, and 2.3%
higher for MAIS2+ injuries. In contrast, rear impact showed an opposite relationship between male
and female occupants compared to frontal and side impacts, with males being 7.1% more seriously
injured (i.e. MAIS3+) than females. To understand the causes of observed injury risk differences, we
first investigated distributions of closing velocity, which is one of the most relevant crash severity
indicators, as shown in Fig. 2(c). The distributions of closing velocity for females are quite similar to
those for males, especially in side impact. Female occupants exhibited slightly lower closing velocities
close to the 25th and 75th percentiles in frontal impact, as well as lower closing velocities close to the
75th percentile in rear impacts.

N =1,032
Side, Rear, Other,
25.8% 10.6% 6.0%
Front (n = 595) Side (n = 266) Rear (n = 109)
Male (n = 492) Female (n = 103) Male (n = 195) Female (n=71) Male (n = 76) Female (n = 33)

Other, Other, Other,
52.9% 46.5% 42.4%

(a) Percentages of sex and seating postion.
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(c) Cumulative distribution of closing velocity.
Fig. 2. Distributions of male and female occupants by impact types.

Considering the potential impact of physiological differences, we compared the age, height, and
weight distributions of occupants by sex and injury severity, as shown in Fig. 3. All refers to all
occupants exposed to the crashes, including the uninjured occupants. The age distributions look quite
similar for males and females. Meanwhile, for age distributions of all exposed occupants and injured
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occupants, slight deviations are observed starting from approximately 40 years old, indicating that
more elder occupants were injured. Although substantial gaps of height and weight are observed
between males and females, the distributions by injury severity are close to each other. Compared
with all exposed occupants, injured occupants tend to have slightly smaller size. Vehicle characteristics
are also critical factors influencing injury risks.
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(b) Cumulative frequency by injury severity.
Fig. 3. Cumulative distributions of age and body size of occupants.
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Fig. 4. Vehicle characteristics of male (n=814) and female (n=218) occupants.
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In Fig. 4, the distributions of host vehicle type and opponent vehicle type are quite similar for male
and female occupants, as well as that of curb weight and registration year of the vehicle. Female
occupants were 2% more frequently in the sedan group for both host and opponent vehicle types.
According to the T-test, host vehicles occupied by females were insignificantly lighter (5kg; p=0.9), but
one year newer (p=0.018).

Since the effects of impact type and seating position interact with respect to injury risk to occupants,
visualising distributions of impact directions and seating positions for male and female occupants
together could offer more insights. As shown in Fig. 5, frontal impact is the most frequent impact type,
followed by right, rear, and left. Male occupants are more frequently involved in frontal impacts (64%)
compared to female occupants (50%). A near-side impact (i.e. left-side impact for the driver or right-
side impact for the front passenger) is generally considered to have a higher injury risk than a far-side
impact [11]. It is observed that females are more frequently exposed to near-side impacts as front
passengers. We calculated the product of the percentages of impact direction and seating position to
measure the occupant exposure in specific crash scenarios. Specifically, the exposure of female
occupants is 4.89 times the exposure of male occupants in near-side impacts while seated in front
passenger seats. The exposure of female occupants is even higher in rear impacts as rear passengers,
being 5.6 times of male occupants. However, it is noteworthy that males account for only 2% of rear
passengers while females account for 7%.

(a) Male, n=814. (b) Female, n=218.
Fig. 5. Distribution of impact type and seating positions by sex.

Confounder Identification: Univariate Logistic Regression Model

Table | presents the odds ratios and significance levels of the possible confounders for all univariate
models. The sample sizes for frontal impact, near-side impact, and far-side impact are 531, 109, and
127, respectively. For all modelled impact types, seating position significantly influences both sex and
injury risk (p < 0.01), particularly for MAIS1+ and MAIS2+ injuries. Compared to driver seats, the odds
of a female being in the front passenger seats are over six times higher for all impact types. The odds
of sustaining MAIS1+ injury in front passenger seats are 2.869, 4.270, and 6.692 times as high as those
in the driver seat for frontal, near-side, and far-side impact, respectively. For MAIS2+ injuries during
frontal impacts, the odds of injury in the front passenger seats are 2.467 times (p < 0.001) as high as
those in the driver seats.

Height and weight show significant odds ratios (p < 0.001) in all sex models, consistent with the
trends in Fig. 3. Height, as the only indicator, shows significant relationship with injury risk in frontal (p
£0.01), near-side (p £0.05), and far-side impacts (p < 0.05). In frontal impacts, the odds of being injured
decrease by 4.6% for MAIS1+, by 4.9% for MAIS2+, and by 6.4% for MAIS3+ with each
1 cmincrease in occupant height. For near-side impacts and far-side impacts the odds decrease by 6.8%
and 7.1%, respectively. No other significant odds ratios were found in the sex models, indicating that
the remaining possible confounders did not significantly affect sex distributions.

In this section, seating position and height were identified as confounders of injury risk by sex



IRC-25-62 IRCOBI conference 2025

according to the univariate models. A comprehensive impact assessment using multivariate logistic
regression models is presented in the following section.

Impact Assessment: Multivariate Logistic Regression Model

Table Il presents the results of sex and confounders (i.e. seating position and height) in the multivariate
models across impact types and injury severities. The full results of the multivariate models are
available in the Appendix. The multivariate models include all independent variables except for weight
and host type, as they did not show significance in any models. To compare with the observed injury
risk difference by sex without controlling for other factors, we also list the results of the baseline
univariate model (i.e. sex as the only predictor of injury risk) in Table Il. Among these baseline models,
regardless of significance, most odds ratios for sex are greater than 1 (i.e. more females were injured
compared to males), except for the far-side MAIS3+ model. All MAIS1+ models show p-values for sex
lower than 0.1. The odds ratios for sex are 1.602 (p < 0.05), 2.175 (p < 0.1), and 2.462 (p < 0.05) for
frontal, near-side, and far-side impacts, respectively, indicating that female occupants experience
approximately twice as many injuries as males.

In frontal impact multivariate models the odds ratios for sex were 1.129, 0.851, and 0.591 for
MAIS1+, MAIS2+ and MAIS3+ injuries, respectively. Compared to the baseline models, the values
decreased and were not significant after controlling for other factors. Seating position maintained a
significant effect on MAIS1+ and MAIS2+ injuries, with odds ratios of 2.273 (p < 0.01) for the MAIS1+
model and 1.937 (p < 0.05) for the MAIS2+ model. This indicates a strong correlation between front
passenger seats and higher injury risks under similar crash configurations. Furthermore, height showed
a significant negative correlation (OR = 0.916, p < 0.01) with MAIS3+ injuries, regardless of sex.

In near-side and far-side multivariate models, the odds of female occupants being injured were still
2.080 and 2.754 times the odds of males after controlling for other influencing factors, though these
differences were not statistically significant. Similarly, for seating position the odds ratios were above
1.5in all side impact models but were generally not significant. However, in the far-side MAIS1+ model
the odds ratio was significantly high at 5.806 (p < 0.05). Height was not significantly related to injury
risk at any level in side impacts.

IV. DISCUSSION

Identified Causes of Injury Risk Differences by Sex

This study found that female occupants sustained more MAIS1+ and MAIS2+ injuries than male
occupants. It is difficult to draw concrete conclusions for MAIS3+ injured occupants considering the
small sample size we have. Among the potential confounders extracted from in-depth crash data, the
injury risk differences are primarily due to non-physiological factors (i.e. seating position) rather than
physiological ones (i.e. height, weight, age). Similarly, a study from the US indicated that considerable
injury risk discrepancies between sexes could be attributed to differences in vehicles and crashes [5].
Among physiological factors, the age distributions of males and females in our crash data are quite
similar, although we acknowledge that higher age could increase injury risk to some extent. On the
other side, limited impact of height and weight on injury risk was identified, despite substantial
differences in size and stature between males and females.

Among non-physiological factors, vehicle size was found to be a primary influencing factor of higher
injury risk for females in the US and Europe, where females were travelling in small, light cars more
often than males [1][5][12]. However, we did not observe similar phenomena in China, where the
vehicle type distribution is quite similar for males and females. Distributions of the registration year of
the vehicles are also quite similar for male and female occupants, indicating that it was not a main
cause of the existing injury risk differences. An interesting finding was that female occupants were 4.89
times as likely to be exposed to right-side impact as front passengers (i.e. near-side impact) compared
to male occupants. This is because a higher percentage of females sit in front passenger seats and are
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more often involved in right-side crashes. There are two main reasons for observing fewer female
drivers: first, fewer female drivers were registered in China (34% until 2021) [13]; and second, even
when females hold a driving license, they tend to drive less than males [14]. On the other hand, front
passenger seats were found to have significantly higher injury risks in frontal and side crashes
compared with driver seats, consistent with findings from previous studies in Germany and the US [6-
7]. This makes seating position a primary confounder that affects both sex and injury risk.

After confounding control through multivariate regressions, the effects of these confounders were
isolated from sex. The sex-injury association diminished after adjustment, as did the effect of height.
However, seating position remained a significant factor in injury risk. Under similar prerequisites, the
probabilities of sustaining MAIS1+ and MAIS2+ injuries in the front passenger seat were approximately
twice as high as in the driver seat during frontal impacts. For far-side impacts, the probability of
sustaining a MAIS1+ injury in the front passenger seat was nearly six times as high as in the driver seat.

Injury Risk Differences by Seating Position

The injury risk differences by seating position could be attributed to several aspects. Regarding the
significantly different injury risks between driver seats and front passenger seats in side impacts, a
suspicion is that passenger cars in the fleet may have stronger structural integrity on the driver side
compared to the passenger side. Vehicle manufacturers primarily optimise vehicle structures
according to regulatory and rating requirements (e.g. NCAP tests), which is called “teaching to the test”
and is an open secret in the automotive industry [15]. Back in 2012, when the IIHS introduced the
small-overlap test, some auto-makers enhanced vehicle structures and airbags on the driver side of
the vehicle, where the test was focused. However, similar improvements were not made to the
passenger side until 2017, when the test was introduced also for the passenger side. Similarly, C-NCAP
did not test the passenger side of vehicles in side crash tests until 2021 [16], and over 90% of the
passenger cars involved in this study were registered before 2021. Considering the delay in the impact
of regulations and ratings on vehicles in the fleet, it can be assumed that the majority of vehicles in the
datasets did not undergo C-NCAP crash test on their passenger side, which might be a reason causing
unequal protection to drivers and front passengers.

However, since the odds of front passengers being injured in far-side impacts are more than five
times higher than that of drivers, there must be factors at play beyond possible structural differences.
Although similar statistics have been reported in previous studies [14], there has been no further
discussion to speculate about the causes. It should be noted that there is always a driver beside the
front passenger. But drivers may or may not have a front passenger beside them. To avoid possible
confounding effects from mutual impact between drivers and front passengers, we investigated
separately the injury distributions for front passengers, drivers with front passenger, and drivers
without front passenger. Front passengers exhibit the highest injury rate, followed by drivers without
front passengers, and then drivers with front passengers, as shown in Fig. Al. For drivers, the group
with front passengers beside them did not show a higher injury rate than the group without front
passengers. We can speculate that mutual impact is not a primary cause of high injury risk for front
passengers. Further analyses are suggested to understand the mechanism underlying this.

Regarding frontal impacts, the differences in injury risk between drivers and front passengers may
be attributed to their different preferences in seat adjustment. Crash tests conducted by DEKRA
revealed considerable differences in injury outcomes between large male and small female dummies,
especially in the passenger seats [17]. For the 5th percentile female dummy, the optimal seat position
should be higher up and much further forward than the middle (default) position, which is better suited
to the 50th percentile male dummy. However, the reality tends to be the opposite of the ideal situation.
Front passengers are less likely to adjust their seats to the optimal position compared to drivers, who
are more likely to adjust their seats for a better driving experience [18]. Our data also indicate that
front passengers, who are more often small females, tend to stay in the middle or more rearward
positions, while drivers, who are more often taller males, tend to stay in the middle or more forward
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positions, as shown in Fig. A2. Current vehicles have limited adaptivity to provide equal protection to
occupants of various sizes. Developing adaptive safety solutions could help mitigate inequality in this
context.

Limitations

The representativeness, completeness, and precision of data are primary challenges in crash data
analysis. Although CIDAS investigate crashes with injury at any severity level, like other in-depth crash
databases, it exhibits a selection bias towards more severe crashes. Many low severity crashes were
ignored because they were more likely not reported to the police. However, this systematic bias has a
limited impact on our comparative analysis, as underreporting tends to affect all groups equally,
regardless of sex or seating position. Due to the small sample size of severely injured occupants
(MAIS3+), it is challenging to determine whether the lack of statistical significance is a result of
insufficient data or a true absence of significant correlations.

When comparing injury risks between drivers and passengers, a systematic sampling bias should
be noticed. Crashes are typically included in the databases only if at least one occupant is injured. In
vehicles with both a driver and a passenger, this allows for the inclusion of uninjured occupants—the
uninjured driver may be included due to the injured passengers, and vice versa—making their injury
risks comparable internally. However, for driver-only vehicles, crashes are only recorded if the driver
is injured, leading to more injured drivers in the data. Since real-world data includes both driver-only
and multi-occupant vehicles, this bias inflates the apparent injury risk for drivers relative to passengers.
In our study, we found that front passengers had a higher injury risk than drivers in certain scenarios.
Accounting for this sampling bias would likely reveal an even greater disparity. Studies aiming for
comparing injury risks of driver and passenger should adjust for this bias to ensure more accurate
assessments.

Ideally, delta V is recognised as a high-quality indicator of crash severity. This study chose closing
velocity instead, considering the available sample size. Including delta V would result in the loss of two-
thirds of our selected crash cases, leading to a much higher bias in the model results. According to our
model results, higher closing velocity was significantly related to higher injury risk in most models,
indicating it is well-represented in terms of crash severity.

The height and weight of occupants in the data were mostly from visual estimation by the
investigators, which may introduce bias compared to actual measurements.

When analysing crash data, which mostly uses discrete measures to describe injury severity (e.g.
AlS), it is challenging to capture injury severity differences within the same level. High-resolution data,
such as body loads from crash simulations or crash tests, can complement this limitation by providing
insights into same-level differences [4].

This study is based on Chinese crash data. The primary confounding effect of equity issues might
differ in other countries or regions.

V. CONCLUSION

There is an intrinsic need to identify the confounding factors that contribute to higher injury risks
to fully understand inequalities in road crashes. This study identified that seating position is the
primary confounder, leading to higher MAIS1+ and MAIS2+ injury risk for female occupants because
they are more frequent occupants of the front passenger seats. This highlights the need for better
protection solutions for front passengers, which could particularly benefit female occupants.
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VIIl. APPENDIX

TABLE Al
DATA SELECTION STEPS AND SAMPLE SIZE

IRCOBI conference 2025

Database and exclusion criteria Nerashes Nvehicles Nperson
Step 0 CIDAS database (September 2024) 10,031 - -
Step 1 Crashes that did not involve a passenger car 7,814 8,325 11,085
e Car-to-VRU crashes
e Crashes with more than two vehicles
Step 2 e Rollover and fall-down vehicles 886 1,224 2,294
e Running out of road *
e Underride crashes
e  Occupants with unknown sex
Step 3 e Occupants under 18 years old
(for o e Pregnant occupants 635 837 1,032
descriptive e Unbelted occupants
statistics) e Fatalities not due to injuries
e Ejected occupants
e Data with unknown vehicle information
Step 4 i(:].1eF;;/Ceicasrpoefer(‘jle)gistration, curb weight,
(for . . . 587 766 917
model) e Data with unknown occupant information

(i.e. height, weight, age, MAIS)
e Rear passengers

*Running out of road means a vehicle completely running out of road before having a major crash.
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Fig. Al. Injury rate of occupants exposed to far-side impacts; wFP means ‘with front passenger’ and w/o FP
means ‘without front passenger’.
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Fig. A2. Seat adjustment for drivers (median height: 170 cm) and front passengers (median height: 165 cm).
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