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Abstract

Purpose: Previous studies have shown older adults receive relatively less protection from seat
belts against fatal injuries, however it is unknown how seat belt protection against severe and torso
injury changes with age. We estimated age-based variability in seat belt protection against fatal
injuries, injuries with maximum abbreviated injury scale greater than two (MAIS 3+), and torso
injuries.

Methods: We leveraged the Crash Outcome Data Evaluation System (CODES) to analyze binary
indicators of fatal, MAIS 3+, and torso injuries. Using a matched cohort design and conditional
Poisson regression, we estimated age-based relative risks (RR) of the outcomes associated with
seat belt use.

Results: Our results suggested that seat belts were highly protective against fatal injuries for all
ages. For ages 16-30, seat belt use was associated with 66% lower risk of MAIS3+ injury (RR
0.34, 95% CI 0.30, 0.38) for occupants of the same vehicle, whereas for ages 75 and older, seat
belt use was associated with 38% lower risk of MAIS3+ injury (RR 0.62; 95% CI 0.45, 0.86)
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for occupants in the same vehicle. The association between restraint use and torso injury also
attenuated with age.

Conclusions: In multi-occupant crashes, seat belts were highly protective against fatal and
MAIS3+ injury, however seat belt protection against MAIS3+ and torso injury attenuated with

age.

Keywords

Motor vehicle crash; older adult occupants; seat belt use; fatal and severe injury; torso injury;
matched cohort design

INTRODUCTION

Studies of bodily injuries in motor vehicle crashes (MVCs) show that older individuals have
greater risk for severe and fatal injuries, and that a greater proportion of older adults in

MV Cs sustain thoracic, chest, and other torso injuries [1-13]. Furthermore, seat belts may
provide less protection against fatal injuries to older vehicle occupants due to greater frailty,
[14, 15] and older occupants may be more prone to torso injuries caused by seat belts [5].
For example, Ekambaram et al. (2019) attributed higher rates of skeletal chest injuries in
middle aged and older occupants to forces being transmitted to the chest through the seat
belt [5].

The literature on seat belt effectiveness in preventing motor vehicle fatalities and injuries

is extensive. Comprehensive reviews and meta-analyses of fatal injuries and major injuries
show, unsurprisingly, that seat belts are highly protective [16, 17]. Previous studies have also
estimated what protection, if any, seat belts provide against torso injuries, including thoracic,
abdominal, spinal, and pelvic injuries [18-22]. While epidemiological studies indicate that
seat belts protect against torso injuries in various crash contexts [18, 21], torso injuries

can also be caused by forces transferring from the belt to the occupant during a crash,

and older, more frail occupants may be more prone to such injuries [23, 24]. Because seat
belts are the most effective intervention for preventing MV C injury, and this protective
effect against fatal injury has been shown to decrease with age, it is pertinent to estimate
age-based variability in seat belt protection in other types of injuries, such as severe and
torso injuries. Such analyses are scarce in the current literature. An analysis of crash reports
from South Korea and found that those aged 65 and older who failed to wear a seat belt

had higher odds of severe injury than their properly restrained counterparts, and that the
effect size corresponding to seat belt protection was greater among those aged 65 and older
compared to younger age groups [25]. However, to our knowledge no analogous study of
severe injuries in the United States is available, and we are not aware of any study that
estimates age-based variability in seat belt protection against torso injuries.

The Crash Outcome Data Evaluation System (CODES) is well-suited to address research
questions about relationships between increasing age and seat belt efficacy. By linking crash
data to hospital data, CODES provides detailed crash and injury information on a large
sample of MVC occupants, overcoming the limitations other MVC data systems. CODES
has great utility in a variety of traffic safety applications beyond the analysis of fatal MV Cs,
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such as over-reporting of seat belt use [26], motorcycle helmet laws and brain injuries

[27], and extremities injuries to bicyclists [28]. With a primary goal of better understanding
how seat belt effectiveness against different injury types varies with age, the present study
analyzes CODES data to assess age-based variability in the associations between seat belt
use and three types of injuries — fatal, severe, and torso — in motor vehicle crashes.

MATERIALS AND METHODS

Data Source and Probabilistic Record Linkage:

CODES was initiated in 1992 by the National Highway Traffic Safety Administration [29].
It links crash data, obtained via police crash reports, and hospital data from emergency
departments, as well as inpatient and outpatient clinics [29, 30]. Specifically, CODES links
crash and hospital data via probabilistic linkage, a method which uses properties of variables
common to both databases to determine the probability that two records refer to the same
person and event and should be linked [31, 32]. CODES linkages are based on several
factors including incident date, sex, age, date of birth, first and last name, seat position, hour
of incident, vehicle type, and home zip code, and are executed using LinkSolv software [33].

Record linkage methods, including probabilistic linkage, are prone to several pitfalls that
can introduce bias and underestimate variance when performing statistical inference with
linked data. It is common to use a high probability cutoff (e.g., 0.9) to link records, and to
treat linked records “true” links. Bias can occur when records that meet this threshold are
systematically different from records that do not meet the threshold. Furthermore, treating
links as “true” will yield variance estimates that do not account for uncertainty in the
linkages, and underestimate the total variance. To mitigate these issues as much as possible,
CODES data consider all possible records to potentially be linked. Linkage between a
crash report and a hospital record occurs with probability equal to the estimated linkage
probability. The procedure is repeated five times, resulting in five data sets, and a multiple
imputation approach is used to propagate additional variability due to uncertain linkage (see
the Statistical Analysis subsection for additional detail) [30]. Table S1 in the Supplemental
Materials contains summary statistics about linkage probabilities.

Study Sample and Design:

We analyzed CODES data from Ohio, Utah, Maryland, and Kentucky. We included all
occupants aged 16 and older of passenger vehicles (e.g., sedans, SUVs, pickup trucks,
minivans) with model year 2000 or newer that were involved in police reported MVCs.
We restricted the study period to span years 2009-2016, however Kentucky data were only
available up to year 2014. Data were standardized according to the General Use Model
format [30], allowing each site to share common variables.

Our study applied a matched cohort design [34], which is appealing for studies of MVC
injury for several reasons. First, matching subjects by vehicle controls for vehicle- and
crash-level characteristics, including crash severity, weather conditions, and emergency
vehicle response time, which can be strongly associated with injury [34]. Second, it
allows users to estimate relative risk using only vehicles in which at least one of the
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occupants experienced the outcome [34-38]. The estimates of relative risk are conditioned
on occupants being in the same vehicle. Additional details on how the matched cohort data
were used to estimate relative risks are provided later in the Statistical Analysis subsection.

Use of a matched cohort design required us to create three data sets, one for each of the
three outcomes in our study (see the Study Variables subsection). These data sets consisted
of multi-occupant vehicles in which one or more of the occupants experienced the respective
outcomes, i.e., the data set for fatal injury consisted of multi-occupant vehicles in which at
least one occupant died, and so on.

Study Variables:

We considered three binary outcome variables that were defined as follows:

1 Fatal Injury was equal to 1 when the hospital record or PAR indicates that the
occupant died, and zero otherwise.

2. MAIS 3+ Injury was equal to 1 when the occupant’s maximum abbreviated
injury scale (MAIS) is equal to three or above, and zero otherwise [39]. Most
injury scores were obtained from hospital diagnosis codes, however we also
included occupants for whom no hospital injury data are available, but whose
police-reported injury severity was fatal. Although we could have included those
who were coded by police as having incapacitating injury, there is evidence that
police-reported injuries do not align with diagnosed injuries, and that they tend
to over-report severity [40, 41].

3. Torso Injury was equal to 1 when the occupant’s International Classification of
Diseases, 91" Revision, Clinical Modification (ICD-9-CM) code indicates they
experienced an injury to their torso, and zero otherwise, for years 2009-2014.
For years 2015 and 2016, we instead used the ICD-10 code. Torso injury was
derived based on Barell Matrix body regions [42] and was defined as hospital
diagnosed injury to the chest (thorax), abdomen, pelvis & urogenital region,
trunk, back and buttock, or hip.

Our exposure variable was seat belt use, which was coded as binary (belted or not).
Occupant age was an effect modifier, and was categorized into five groups: 16-30, 31-49,
50-64, 6574, and 75 years or older. Sex (male vs. female), seating position (driver seat,
right-front passenger seat, or rear passenger seat), and airbag deployment (yes vs. no) were
included as possible confounders. In addition, potential vehicle- and crash-level confounders
were controlled via matching.

Statistical Analysis:

We estimated the relative risks of the outcomes using conditional Poisson regression [34],
which stratifies the analysis by vehicle and conditions on the number of occupants per
vehicle that experienced the outcome. The models were fit via the PHREG procedure in SAS
Ver. 9.4 [43]. First, we fit a model with the following linear component to data from all
occupants:
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log(E(Y}})) = o, + By Restraint;; + yx;;, o)

where Y;; is an indicator of the outcome of interest for occupant i in vehicle j (either fatal,
MAIS 3+, or torso injury), Restraint;j is an indicator of belt use, and x;; is a covariate

vector which encodes information about age (18-30, 31-49, 50-64, 65-74, 75), sex (male
vs. female), seating position (driver seat, right-front passenger seat, or rear passenger seat),
and airbag deployment (yes vs. no). g; measures the association between restraint use and

injury for occupants in the same vehicle. We note that, although each vehicle has its own
intercept, fy;, because the model conditions on the number of injuries per vehicle, it has no

bearing on the estimation of g; (see, for example, Chapter 11 of Agresti for additional details

[44])

Next, we estimated age-based relative risks associated with seat belt use by adding an
interaction term between age and seat belt use. We reported both adjusted and unadjusted
relative risks for each age group, with adjusted relative risks controlling occupant-level
factors sex, seating position, and airbag deployment, which could not be accounted for
through the study design.

Crucially, the data likelihood for the models relied only on information from vehicles in

which one or more occupants experienced the outcome, and not from the unobserved pairs
in which no occupant experienced the outcome. This occurs because the data likelihood is
conditioned on the number of injuries in each vehicle, therefore vehicles in which none of
the occupants experienced an injury contribute nothing to the likelihood with respect to g;.

Additional details on estimating relative risk using matched cohort data is available in works
by Cummings et al. [34, 45], and details on conditional regression with matched data is
available in Chapter 11 of Agresti [44].

For each of the five linked data sets, links were treated as imputed values, and their
corresponding estimates were combined into a single estimate using a multiple imputation
approach [46]. We illustrate this process using the simplest version of our modeling

(m)

framework, presented in equation (1). Let E'IOH denote the parameter estimate from the

Ohio data resulting from imputation m, m =1, ..., 5. Let yOH(m) denote the variance of

ﬁ?H(m) . The combined parameter estimate for Ohio is:

~OH(m
ﬂl (m)
1

OH
1

- 1
b 35

o

m

The average within-imputation variance is:

OH _ 1 25: OH(m)
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The between-imputation variance is:

2
( ﬁlOH(m) FOH
1

Finally, the total variance is

TOH=I7OH+(1+l

OH
52

Using of T79H to estimate the variance of EIOH accounted for both within- and between-

imputation, assuring that the additional uncertainty resulting from probabilistic linkage was
reflected. This estimation procedure occurred at each of the four sites.

To maintain subject privacy, individual data were not shared between sites. Rather, each site
analyzed their data individually using a common SAS script. Results were then shared and
combined via a fixed effects meta-analytic approach [47]. The approach begins by defining
weights equal to the inverse variance of the site-specific parameter estimate, for example:

OH _ _1

wOoH =
T7OH

Next, the overall parameter estimate is a weighted average of the site-specific parameter
estimates:

—-OH —=KY =MD =UT
wOBYT 4+ WKV BT+ wMPRTE WUl

B1=
WOH _/KY  MD __, UT

Finally, the total variance of 3 is:

Var(ﬁl) =—0H

w KY

MD+ WUT

+W +W

Figure S1 summarizes our analysis strategy using a process flow diagram and is available in
a Supplemental Document.

The fatal injury data set consisted of 12,746 individuals on average (5,571 from Maryland,
4,735 from Ohio, 1,442 from Kentucky, 997 from Utah); the MAIS 3+ injury data set
consisted of 43,664 individuals on average (21,780 from Maryland, 15,275 from Ohio,
4,362 from Kentucky, 2,247 from Utah); and the torso injury data set consisted of 218,626
individuals on average (93,184 from Maryland, 89,683 from Ohio, 27,308 from Kentucky,
8,451 from Utah). Variability in sample sizes were due to (i) state populations; (ii) types
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of hospitals included in the data set; (iii) cleanliness and comprehensiveness of PAR data,
which affected the success of the linkage procedure; and (iv) years of data available.

Table 1 presents the percentage of occupants in the fatal injury, MAIS 3+ injury, and

torso injury data sets sustaining the respective injuries. Due to the matched pairs study
design, approximately 50% of subjects in their respective data set experienced the outcome,
which does not reflect the true population prevalence of these injuries. For all three injury
types, there is an apparent gradient relationship between higher age and higher percentage
sustaining injuries.

Table 2 presents age-based relative risks (RR) of each injury outcome associated with seat
belt use. The adjusted estimates corresponding to fatal injuries indicate that seat belts are
strongly associated with lower risk of fatal injuries for occupants in the same vehicle, and
there is little evidence that the relative risks vary by age. In contrast, while seat belt use was
associated with lower risk of MAIS 3+ injury for all age groups, the association attenuated
with age. Among the youngest age group, seat belt use was associated with 66% lower

risk of MAIS 3+ injury (RR 0.34, 95% CI 0.31, 0.38) for occupants in the same vehicle,
whereas among those aged 75 and older, seat belt use was associated with 36% lower risk
of MAIS3+ injury (RR 0.64; 95% C1 0.47, 0.89) for occupants in the same vehicle. The
attenuation in effectiveness is illustrated in Figure 1, which plots the adjusted relative risks
with 95% confidence limits of fatal injury (Figure 1a), MAIS3+ injury (Figure 1b), and torso
injury (Figure 1c).

The association between restraint use and torso injury also appeared to attenuate with age
(Table 2; Figure 1c). In the youngest age groups (aged 16—30 and 31-49), seat belt use was
associated with 19% lower risk of torso injury for occupants in the same vehicle (RR = 0.81;
95% CI 0.76, 0.87 for ages 16—30; RR = 0.81; 95% CI 0.75, 0.88 for ages 31-49). For those
aged 50-64, seat belt use was only associated with 12% lower risk of torso injury (RR =
0.88; 95% CI 0.79, 0.99). Finally, for the older two age groups, there was practically no
evidence to suggest that seat belt use or non-use was associated with risk of torso injury (RR
=0.93; 95% C1 0.75, 1.15 for ages 65-74; RR = 1.07; 95% CI 0.84, 1.36 for ages 75+).

DISCUSSION:

Using data from the CODES database, we estimated age-based associations between seat
belt use and fatal, MAIS 3+, and torso injuries in multi-occupant crashes. To our knowledge
it is the first study of US data that examines age-based variability in seatbelt protection
against MAIS 3+ and torso injuries, as well as one of the first to use leverage hospital-
diagnosed injuries for this purpose. As with other studies, we found strong evidence that
seat belts are protective for fatal and MAIS 3+ injuries, however protection against MAIS
3+ injuries appeared to attenuate with age. There was also some evidence that restraints
were protective for torso injuries among younger occupants, however this protection also
attenuated with age. We did not find evidence that seat belts were protective against torso
injuries for those aged 65 and older.
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The main strengths of our study were twofold. The first was the quality and scope of the
data. When CODES was initiated in 1992, the primary data sources for studies of MVC
outcomes in the United States were (i) FARS, a census of fatal MV Cs; and (ii) police crash
reports. Although FARS are gold standard data for studying fatal crashes, they exclude any
crashes in which no occupant died, limiting their utility in studies of non-fatal injuries.
Because seat belt benefit attenuates with crash severity [48], using FARS to estimate seat
belt protection against MAIS3+ or torso injuries could have resulted in biased estimates of
relative risk. On the other hand, while PAR data may provide a more complete set of injury
crashes than FARS, police reported injuries may not accurately characterize true injury

type and severity [40, 41]. The CODES database contains a wide set of injurious crashes,
and include hospital diagnosed injuries. The second strength was the study design. Unlike
more recent and publicly available crash databases such as the Crash Injury Research and
Engineering Network and the Crash Investigation Sampling System, CODES had enough
data that we could leverage a matched cohort design without sacrificing statistical precision.
This design was used to control for potential confounding due to all crash- and vehicle-level
factors, including those that could not easily by recorded in a crash report. Furthermore, by
using matching to control for these factors rather than adjusting for them in a regression
model, we did not need to impose a linear relationship between the outcomes and vehicle-
and crash-level factors, which may not have accurately characterized their true relationships.

Our study contributes to the already strong evidence in support of seat belts as an effective
means of reducing fatalities and injuries in occupants of motor vehicle crashes. We found
that seat belts were associated with 74% lower risk of fatality overall for occupants in the
same vehicle. This is consistent with previous studies of restraint use and fatality, many

of which were included in a meta-analysis by Hagye (2016) [17], whose summary effect
indicated that seat belts were associated with 65% lower risk of fatal injury. It is noteworthy
that, in contrast to Kahane (2013), we did not find evidence that seat belt protection

against fatal injuries attenuated with age [14]. This may be due to our study consisting

of newer vehicles on average (Kahane’s study included cars from 1960 through 2011), with
a greater proportion of vehicles equipped with modern technology such as load limiters
and pretensioners [49]. We also found that seat belts were associated with 64% lower risk
of MAIS 3+ injury for occupants of all ages, which fell within confidence interval for the
summary effect in a meta-analysis by Fouda Mbarga et al. (2018) [16].

The critical finding of this work was that seat belt protection against MAIS 3+ injury and
torso injuries attenuated with age. Our findings with respect to MAIS 3+ injuries contrasted
with Noh et al., who found that seat belt offered the greatest protection against severe
injury for those aged 65 and older [25]. We found the opposite: seat belts exhibited the
strongest protection against MAIS 3+ injuries among younger occupants, and the protection
attenuated with age. Echoing previous calls to action by, for example, Carter et al. (2014)
[3], the implications of our findings with respect to MAIS 3+ and torso injury are twofold.
First, our results, like studies that found age-based variability in injury severity by age,
underscore the need for accurate human conceptual models for all ages and body types. This
assertion has been supported by studies of belt positioning [50, 51], body scans [52], and
comparison of post-mortem subjects to crash-test dummies [53]. Second, injury prevention
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systems in motor vehicles should continue to be refined towards vulnerable populations such
as older adults.

Itis likely that a primary reason for the age-based attenuation in seat belt protection against
MAIS 3+ and torso injuries is that older occupants are frailer than their younger counterparts
[15]. As people age, both bone morphology and the mineral composition of their bones
change, with older bones being stiffer but more brittle [54]. These changes mean that older
individuals have lower tolerance to deflect forces from the seat belt that lead to torso injuries
[55]. Non-epidemiological studies offer additional insight into why age-based variability

in restraint effectiveness may exist. Bohman et al. (2019) found that posture changes due

to aging can lead to suboptimal belt use [50]. Similarly, Brown et al. (2017) found that
discomfort due to musculoskeletal morbidities in older motor vehicle occupants led to
repositioning and use of external seat accessories [56]. Because repositioning can lead to
suboptimal belt fit, Brown and colleagues underscored the importance of older adults being
aware of proper belt fit. Innovations in seat belt design [57, 58] and increased availability

of technology like pretensioners and load limiters [49, 59-61], may also improve torso and
other injury outcomes in older adults.

Our study had several limitations. First, our data contained limited information about seating
position, so we could not control for occupant seating position relative to impact location,
which is well-established to be associated with injury. If it were also associated with seat
belt use, seating position relative to impact location could have confounded the associations
in our study. To test if our study conclusions could have been impacted by unmeasured
confounding, for example due to seating position relative to impact location, we computed
E-values [62] for each of the adjusted relative risks whose confidence intervals did not
contain one (Table S2 in the Supplemental Materials). Based on this supplemental analysis,
we find it unlikely that our conclusions could have been impacted by not including seating
position relative to impact location, although unmeasured confounding of any type remains a
limitation. Additional discussion is available in the Supplemental Materials.

Our second limitation was that torso injuries and most MAIS 3+ injuries could only be
recorded for subjects whose PAR was linked to a hospital record. It is possible that, due

to not being linked, seeking medical attention at a hospital not in our database, or failure

to seek medical attention altogether, some subjects with these injuries were not coded as
such or even excluded from the study. However, because we identified injuries using medical
evaluation at the hospital, our definitions are likely more accurate/complete than studies
utilizing only data derived from police narrative. Third, our data were drawn from only four
states, and were not representative of the entire United States. While we have little reason
to believe that true seat belt effectiveness varies between states, additional data from other
states would have improved our study. However, on balance, to our knowledge no set of
linked crash and hospital data have national scope (except for FARS, which only includes
fatal crashes), and a strength of our data is that they draw from states representing three

out of four United States Census regions, providing a variety of geographic of geographic
and urban/rural driving environments. Fourth, seat belt use was only available as a binary
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variable. We could not assess proper use, nor if the vehicle was equipped with technology
such as load limiters and pretensioners, which were installed in all US vehicles made in
2008 or later [49]. Fifth, while our linkage methodology aimed to mitigate as much as
possible issues of bias and underestimation of variance that can arise when using linked
data, it cannot fully overcome all issues related to incorrect or incomplete linkage. Finally,
our study design only included individuals in multi-occupant vehicles, most of whom were
treated in hospital. Those in single-occupant vehicles, and those who sustained MAIS

3+ or torso injuries but were not treated in hospital could have differed from our study
population in terms of crash, vehicle, and/or driver characteristics, hence our results may not
be generalizable to the entire population of motor vehicle occupants.

CONCLUSIONS:

Our study suggests that, while seat belts are highly protective against fatal and MAIS 3+
injuries in multi-occupant crashes, older occupants do not receive the same seat belt benefits
as their younger counterparts for MAIS3+ and torso injuries. We caution that results may not
be generalizable beyond those in multi-occupant crashes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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RR Relative Risk
Cl Confidence Interval
REFERENCES:

1.

Antona-Makoshi J, et al. , Accident analysis to support the development of strategies for the
prevention of brain injuries in car crashes. Accident Analysis & Prevention, 2018. 117: p. 98-105.
[PubMed: 29679852]

. Bareiss M. and Gabler HC, Estimating near side crash injury risk in best performing passenger

vehicles in the United States. Accident Analysis & Prevention, 2020. 138: p. 105434.

. Carter PM, et al. , Comparing the effects of age, BMI and gender on severe injury (AIS 3+)

in motor-vehicle crashes. Accident Analysis & Prevention, 2014. 72: p. 146-160. [PubMed:
25061920]

. Dubois S, et al. , Age modifies the association between driver’s body mass index and death

following motor vehicle crashes. Traffic Injury Prevention, 2018. 19(7): p. 728-733. [PubMed:
30407080]

. Ekambaram K, Frampton R, and Lenard J, Factors associated with chest injuries to front seat

occupants in frontal impacts. Traffic Injury Prevention, 2019. 20(sup2): p. S37-S42. [PubMed:
31577447]

. Ferreira S, Amorim M, and Couto A, Risk factors affecting injury severity determined by the MAIS

score. Traffic Injury Prevention, 2017. 18(5): p. 515-520. [PubMed: 27736159]

. Heinrich D, et al. , What are the differences in injury patterns of young and elderly traffic accident

fatalities considering death on scene and death in hospital? International Journal of Legal Medicine,
2017. 131(4): p. 1023-1037. [PubMed: 28180986]

. McGwin GJ, et al. , Incidence and Characteristics of Motor Vehicle Collision—Related Blunt

Thoracic Aortic Injury According to Age. Journal of Trauma and Acute Care Surgery, 2002. 52(5):
p. 859-866.

.Rao RD, et al. , Occupant and Crash Characteristics of Elderly Subjects With Thoracic and Lumbar

Spine Injuries After Motor Vehicle Collisions. Spine, 2016. 41(1): p. 32-38. [PubMed: 26230541]

10. Ridella SA, Rupp JD, and Poland K. Age-related differences in AlIS 3+ crash injury risk, types,

causation and mechanisms. in IRCOBI conference. 2012.

11. Scheetz LJ, Relationship of age, injury severity, injury type, comorbid conditions, level of care, and

survival among older motor vehicle trauma patients. Research in Nursing & Health, 2005. 28(3): p.
198-209. [PubMed: 15884027]

12. Shimamura M, Ohhashi H, and Yamazaki M, The effects of occupant age on patterns of rib

fractures to belt-restrained drivers and front passengers in frontal crashes in Japan. Stapp car crash
journal, 2003. 47: p. 349-65. [PubMed: 17096256]

13. Wisch M, et al. Injury patterns of older car occupants, older pedestrians or cyclists in road traffic

crashes with passenger cars in Europe—Results from SENIORS. in Proceedings of the 2017
IRCOBI conference, Antwerp, Belgium. 2017.

14. Kahane CJ, Injury vulnerability and effectiveness of occupant protection technologies for

older occupants and women, National Highway Traffic Safety Administration, Editor. 2013:
Washington, DC.

15. Li G, Braver ER, and Chen L-H, Fragility versus excessive crash involvement as determinants of

high death rates per vehicle-mile of travel among older drivers. Accident Analysis & Prevention,
2003. 35(2): p. 227-235. [PubMed: 12504143]

16. Fouda Mbarga N, et al. , Seatbelt use and risk of major injuries sustained by vehicle occupants

during motor-vehicle crashes: a systematic review and meta-analysis of cohort studies. BMC
Public Health, 2018. 18(1): p. 1413. [PubMed: 30594164]

17. Haye A, How would increasing seat belt use affect the number of killed or seriously injured light

vehicle occupants? Accident Analysis & Prevention, 2016. 88: p. 175-186. [PubMed: 26788959]

Ann Epidemiol. Author manuscript; available in PMC 2023 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Benedetti et al.

Page 12

18. Abu-Zidan FM, et al. , Effects of Seat Belt Usage on Injury Pattern and Outcome of Vehicle
Occupants After Road Traffic Collisions: Prospective Study. World Journal of Surgery, 2012.
36(2): p. 255-259. [PubMed: 22187131]

19. Inamasu J. and Guiot BH, Thoracolumbar junction injuries after rollover crashes: difference
between belted and unbelted front seat occupants. European Spine Journal, 2009. 18(10): p. 1464—
1468. [PubMed: 19688353]

20. Stein DM, et al. , Occupant and Crash Characteristics for Case Occupants With Cervical Spine
Injuries Sustained in Motor Vehicle Collisions. Journal of Trauma and Acute Care Surgery, 2011.
70(2): p. 299-309.

21. Kuk M. and Shkrum MJ, Injury Patterns Sustained in Fatal Motor \ehicle Collisions with Driver’s
Third-Generation Airbag Deployment. Journal of Forensic Sciences, 2018. 63(3): p. 728-734.
[PubMed: 28921600]

22. Bendjellal F, et al., Comparison of Thoracic Injury Risk in Frontal Car Crashes for Occupant
Restrained without Belt Load Limiters and Those Restrained with 6 kN and 4 kN Belt Load
Limiters. 2001, The Stapp Association.

23. Antona-Makoshi J, et al. Effect of seatbelt and airbag loads on thoracic injury risk in frontal
crashes considering average and small body sizes and age-dependent thoracic fragility. in IRCOBI
Conference, Malaga (Spain). 2016.

24. Arbogast K, Locey C, and Zonfrillo M, Differences in Thoracic Injury Causation Patterns Between
Seat Belt Restrained Children and Adults. Association for the Advancement of Automotive
Medicine Scientific Conference, 2012. 56: p. 213-21.

25. Noh Y. and Yoon Y, Elderly road collision injury outcomes associated with seat positions and
seatbelt use in a rapidly aging society-A case study in South Korea. PloS one, 2017. 12(8): p.
€0183043-e0183043.

26. Zhu M, Hardman SB, and Cook LJ, Backseat safety belt use and crash outcome. Journal of Safety
Research, 2005. 36(5): p. 505-507. [PubMed: 16300793]

27. Olsen CS, et al. , Motorcycle helmet effectiveness in reducing head, face and brain injuries by state
and helmet law. Injury Epidemiology, 2016. 3(1): p. 8. [PubMed: 27747545]

28. Makara J, et al. , A cross-sectional study of characteristics of bicyclist upper and lower extremity
injuries in bicycle-vehicle crashes in Ohio, United States, 2013-2017. BMC Public Health, 2021.
21(1): p. 428. [PubMed: 33653310]

29. Johnson SW and Walker J, The Crash Outcome Data Evaluation System (CODES), National
Highway Traffic Safety Administration, Editor. 1996: Washington, DC, USA.

30. Cook LJ, et al., Crash Outcome Data Evaluation System (CODES): An Examination of
Methodologies and Multi-State Traffic Safety Applications, National Highway Traffic Safety
Administration, Editor. 2015, National Highway Traffic Safety Administration, Washington, DC,
USA.

31. Fellegi IP and Sunter AB, A Theory for Record Linkage. Journal of the American Statistical
Association, 1969. 64(328): p. 1183-1210.

32. Jaro MA, Probabilistic linkage of large public health data files. Statistics in Medicine, 1995. 14(5—
7): p. 491-498. [PubMed: 7792443]

33. McGlincy MH A Bayesian record linkage methodology for multiple imputation of missing links. in
ASA Proceedings of the Joint Statistical Meetings. 2004. Citeseer.

34. Cummings P, McKnight B, and Greenland S, Matched Cohort Methods for Injury Research.
Epidemiologic Reviews, 2003. 25(1): p. 43-50. [PubMed: 12923989]

35. Cummings P. and McKnight B, Analysis of matched cohort data. The Stata Journal, 2004. 4(3): p.
274-281.

36. Greenland S, Modelling Risk Ratios from Matched Cohort Data: An Estimating Equation
Approach. Journal of the Royal Statistical Society: Series C (Applied Statistics), 1994. 43(1):
p. 223-232.

37. Rothman KJ, Greenland S, and Lash TL, Modern epidemiology. Vol. 3. 2008: Wolters Kluwer
Health/Lippincott Williams & Wilkins Philadelphia.

Ann Epidemiol. Author manuscript; available in PMC 2023 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Benedetti et al.

Page 13

38. Zhu M, et al. , Association of rear seat safety belt use with death in a traffic crash: a matched
cohort study. Injury prevention : journal of the International Society for Child and Adolescent
Injury Prevention, 2007. 13(3): p. 183-185. [PubMed: 17567974]

39. Association for the Advancement of Automotive Medicine. Abbreviated Injury Scale (AIS):
Position Statement. 2016 [cited 2021; Available from: https://www.aaam.org/education-resource-
center/public-position-statements/abbreviated-injury-scale-ais-position-statement/.

40. Burch C, Cook L, and Dischinger P, A Comparison of KABCO and AIS Injury Severity Metrics
Using CODES Linked Data. Traffic Injury Prevention, 2014. 15(6): p. 627-630. [PubMed:
24261347]

41. Burdett B, et al. , Accuracy of Injury Severity Ratings on Police Crash Reports. Transportation
Research Record, 2015. 2516(1): p. 58-67.

42. Barell V, et al. , An introduction to the Barell body region by nature of injury diagnosis matrix.
Injury prevention : journal of the International Society for Child and Adolescent Injury Prevention,
2002. 8(2): p. 91-96. [PubMed: 12120842]

43. SAS Institute Inc., SAS Version 9.4, in SAS System. 2019: Cary, NC, USA.

44. Agresti A, Categorical data analysis. 2003: John Wiley & Sons.

45. Cummings P, McKnight B, and Weiss NS, Matched-pair cohort methods in traffic crash research.
Accident Analysis & Prevention, 2003. 35(1): p. 131-141. [PubMed: 12479904]

46. Little RJ and Rubin DB, Statistical analysis with missing data. Vol. 793. 2019: John Wiley & Sons.

47. Hedges LV and Vevea JL, Fixed-and random-effects models in meta-analysis. Psychological
methods, 1998. 3(4): p. 486.

48. Parenteau C, Campbell I, and Courtney A. An Update on Front-Seat Occupant Injury Rates in
Frontal Crashes: Focus on Modern Vehicles. in IRCOBI Conference 2021. 2021.

49. Kahane CJ, Effectiveness of pretensioners and load limiters for enhancing fatality reduction by seat
belts, National Highway Traffic Safety Administration, Editor. 2008: Washington, DC.

50. Bohman K, et al. , A comparison of seat belt fit and comfort experience between older adults and
younger front seat passengers in cars. Traffic Injury Prevention, 2019. 20(sup2): p. S7-S12.

51. Reed MP, Ebert SM, and Hallman JJ, Effects of driver characteristics on seat belt fit. 2013, SAE
Technical Paper.

52. Holcombe SA, Wang SC, and Grotberg JB, Age-related changes in thoracic skeletal geometry of
elderly females. Traffic Injury Prevention, 2017. 18(supl): p. S122-S128. [PubMed: 28332867]

53. Lopez-Valdes FJ, et al. , Chest injuries of elderly postmortem human surrogates (PMHSs) under
seat belt and airbag loading in frontal sled impacts: Comparison to matching THOR tests. Traffic
Injury Prevention, 2018. 19(sup2): p. S55-S63. [PubMed: 30543304]

54. Boskey AL and Coleman R, Aging and bone. Journal of dental research, 2010. 89(12): p. 1333-
1348. [PubMed: 20924069]

55. Kent R, Structural and material changes in the aging thorax and their role in crash protection for
older occupants. Stapp car crash journal., 2005.

56. Brown J, et al. , Seat belt repositioning and use of vehicle seat cushions is increased among older
drivers aged 75 years and older with morbidities. Australasian Journal on Ageing, 2017. 36(1): p.
26-31. [PubMed: 27473026]

57. Du X, et al. , Conceptual design and evaluation of a novel bilateral pretension seatbelt: a
computational study. International Journal of Crashworthiness, 2020. 25(4): p. 391-400.

58. Pipkorn B, et al. , Assessment of an innovative seat belt with independent control of the
shoulder and lap portions using THOR tests, the THUMS model, and PMHS tests. Traffic Injury
Prevention, 2016. 17(supl): p. 124-130. [PubMed: 27586113]

59. Ekambaram K, Frampton R, and Bartlett L, Improving the Chest Protection of Elderly Occupants
in Frontal Crashes Using SMART Load Limiters. Traffic Injury Prevention, 2015. 16(sup2): p.
S77-S86. [PubMed: 26436246]

60. Ekambaram K, Frampton R, and Jackson L, Adapting load limiter deployment for frontal crash
diversity. Traffic Injury Prevention, 2019. 20(sup2): p. S43-S49.

61. Foret-Bruno J-Y, et al., Thoracic Injury Risk in Frontal Car Crashes with Occupant Restrained with
Belt Load Limiter. 1998, SAE International.

Ann Epidemiol. Author manuscript; available in PMC 2023 December 01.


https://www.aaam.org/education-resource-center/public-position-statements/abbreviated-injury-scale-ais-position-statement/
https://www.aaam.org/education-resource-center/public-position-statements/abbreviated-injury-scale-ais-position-statement/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Benedetti et al.

Page 14

62. VanderWeele TJ and Ding P, Sensitivity Analysis in Observational Research: Introducing the
E-Value. Annals of Internal Medicine, 2017. 167(4): p. 268-274. [PubMed: 28693043]

Ann Epidemiol. Author manuscript; available in PMC 2023 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Benedetti et al. Page 15

Relative Risk of MAIS3+ Injury, Belted vs. Not Belted
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Figure 1:
Adjusted relative risks and confidence intervals of fatal injury (a), MAIS 3+ injury (b), and

torso injury (c) for belted vs. non-belted occupants by age group.
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Percentages of injuries sustained among subjects in the fatal, MAIS 3+, and torso injury data sets by age and
restraint use.

Age BetUse Fatal Injury (n=12,746)2 MAIS3+ Injury (n=43,664)% Torsolnjury (n = 218,626)2
All Any 51.2 495 487
16-30 Any 471 45.2 44.9
31-49 Any 49.1 498 50.2
50-64 Any 493 53.1 529
65-74 Any 55.7 55.2 54.0
75+ Any 67.7 62.4 57.0
All Belted 451 45.2 49.9
Al Unbelted 58.1 55.7 435
16-30  Belted 38.1 39.2 46.1
Unbelted 54.1 51.4 40.8
31-49  Belted 40.0 434 50.8
Unbelted 56.7 58.0 47.1
50-64  Belted 48.4 495 53.6
Unbelted 60.8 62.3 467
65-74  Belted 49.8 52.8 54.6
Unbelted 713 65.6 476
75+  Belted 63.8 60.9 57.9
Unbelted 82.4 72.8 486

a . I . )
Because sample sizes can vary due to probabilistic linkage, 7 refers to the average sample size across the five data sets that were generated.
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Unadjusted and adjusted relative risks of fatal, MAIS 3+, and torso injury associated with belt use for the full
samples and broken up by age groups. Asterisks denote that there is age-based variability in the association

between restraint use and the outcome.

Outcome

AgeGroup Unadjusted RR: belted vs. unbelted  Adjusted RR: belted vs. unbelted

Fatal Injury

All
16-30
31-49
50-64
65-74
75+

0.27 (0.24, 0.31)
0.27 (0.22, 0.32)
0.26 (0.20, 0.32)
0.27 (0.20, 0.37)
0.26 (0.16, 0.40)
0.36 (0.23, 0.55)

0.26 (0.23, 0.30)
0.26 (0.21, 0.31)
0.25 (0.19, 0.31)
0.27 (0.19, 0.37)
0.28 (0.17, 0.44)
0.36 (0.24, 0.56)

MAIS3+*

All
16-30
31-49
50-64
65-74
75+

0.36 (0.33, 0.40)
0.33 (0.30, 0.38)
0.35 (0.30, 0.40)
0.38 (0.31, 0.46)
0.43 (0.32, 0.57)
0.62 (0.46, 0.86)

0.36 (0.33, 0.39)
0.34 (0.31, 0.39)
0.36 (0.31, 0.42)
0.37 (0.31, 0.45)
0.45 (0.33, 0.61)
0.64 (0.47, 0.89)

Torso Injury

All
16-30
31-49
50-64
65-74
75+

0.90 (0.85, 0.94)
0.85 (0.80, 0.90)
0.86 (0.80, 0.93)
0.94 (0.84, 1.06)
0.98 (0.79, 1.21)
1.10 (0.87, 1.40)

0.84 (0.80, 0.89)
0.81 (0.76, 0.87)
0.81 (0.75, 0.88)
0.88 (0.79, 0.99)
0.94 (0.76, 1.17)
1.08 (0.85, 1.37)
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