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ABSTRACT

Background Despite substantial progress, motor
vehicle crashes remain a leading killer of US children.
Previously, we documented significant positive impacts
of Safe Routes to School interventions on school-age
pedestrian and pedalcyclist crashes.

Objective To expand our analysis of US trends in
motor vehicle crashes involving school-age pedestrians
and pedalcyclists, exploring heterogeneity by age and
geography.

Methods We obtained recent police-reported crash
data from 26 states, calculating population rates of
pedestrian and pedalcyclist crashes, crash fatality

rates and pedestrian commuter-adjusted crash rates
(‘pedestrian danger index’) for school-age children as
compared with other age groups. We estimated national
and statewide trends by age, injury status, day and travel
hour using hierarchical linear modeling.

Results School-age children accounted for nearly one in
three pedestrians and one in two pedalcyclists struck in
motor vehicle crashes from 2000 to 2014. Yet, the rates
of these crashes declined 40% and 53%, respectively,
over that time, on average, even as adult rates rose.
Average crash rates varied geographically from 24.4 to
100.8 pedestrians and 15.6 to 56.7 pedalcyclists struck
per 100000 youth. Crash rates and fatality rates were
inversely correlated.

Conclusions Despite recent increases in adult
pedestrian crashes, school-age and younger pedestrians
experienced ongoing declines in motor vehicle crashes
through 2014 across the USA. There was no evidence of
displacement in crash severity; declines were observed
in all outcomes. The growing body of state crash

data resources can present analytic challenges but

also provides unique insights into national and local
pedestrian crash trends for all crash outcomes.

BACKGROUND

While motor vehicle crash fatality rates have
substantially declined over the past 30 years in the
USA, there has been a recent increase in pedestrian
fatalities in the past S years.' In 2016, motor vehicle
crashes still remained the leading cause of death in
children and young adults aged 5-24years,” and
one in four children killed in traffic crashes in 2016
was a pedestrian or pedalcyclist.® Youth pedestrian
and bicyclist crash trends are of particular concern
given the growing efforts to promote active trans-
portation through walking and bicycling over the
past decade, including the federal Safe Routes to
School (SRTS) programme,® intended in part to
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help to combat rising rates of physical inactivity and
obesity in the USA.’ ¢

Fatal crashes are reportable by law in all 50 states
and collected in a standard public data repository,
the Fatality Analysis Reporting System.” Most
studies and national reports on pedestrian crashes
are derived from these fatality data. Conversely,
non-fatal crashes are not subject to uniform surveil-
lance. Yet, non-fatal pedestrian injuries are far from
trivial events, especially in children. Pedestrian
injuries may account for 30%-60% of all injury
hospital admissions in children® and have been
cited as the most common cause of traumatic brain
injury for 5-9 years olds.” In addition to physical
consequences, one in six injured children develop
longer-term psychological sequelae.’®'* Hospital
and emergency department data and trauma regis-
tries, therefore, also provide an important source
of information on pedestrian injuries.’> However,
such data generally contain limited information
about crash circumstances, roadway, vehicle and
driver characteristics.

The National Highway Traffic Safety Administra-
tion (NHTSA) maintains a census of police-reported
motor vehicle crashes from the 34 states currently
participating in the State Data System (SDS)."* A
growing number of states also make their police-re-
ported crash data publicly available through indi-
vidual state websites. National-scale analyses of
these data present significant challenges due to vari-
ations in state-reporting protocols, disparate coding
practices and the need for expanded computing
power. Nonetheless, these data allow for a compre-
hensive analytic scope inclusive of the universe
of reported crashes. Specifically, they allow for
estimation of crash case fatality rates and detailed
geographic analyses, as compared with the national
General Estimating System, now the Crash Report
Sampling System (CRSS)," for example. The CRSS
contains crash data systematically sampled from 60
US sites to produce national crash estimates, but is
not designed for state-level or sub-state analyses.

Building on our previous work,'® our overall
objective was to update and expand descriptive
analyses of trends in US youth pedestrian crashes,
including non-fatal crashes. Specifically, we aimed
to compare crash and fatality rates for school-age
pedestrians and pedalcyclists with other age groups,
and to explore geographic heterogeneity. To this
end, we combined and standardised state-level
crash data from 22 SDS and 4 non-SDS state crash
data repositories for a 15-year period, 2000-2014,
to examine recent multistate trends in school-age
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pedestrian and pedalcyclist crashes overall and by state. We also
sought to describe whether or not school-age pedestrian and
pedalcyclist crash rates varied over time with respect to injury
severity, day of week and time of day, specifically morning and
afternoon school travel hours, which have been the focus of
interventions to reduce school travel-related pedestrian injuries.
To the best of our knowledge, this effort represents the most up
to date, comprehensive descriptive epidemiological analysis of
youth pedestrian and cyclist crashes in the USA. These results
establish a baseline against which to measure interventions,
provide injury control practitioners with relevant local data and
set the stage for future research.

METHODS

Data sources

Our research protocol was certified as exempt from review
by the New York University School of Medicine Institutional
Review Board because it did not involve interaction with human
subjects or identifiable protected health information. NHTSA
approved our request to petition SDS-participating states to
purchase and use their SDS crash data in our study. A total of 22
states responded and granted access to available years of partially
de-identified record level crash data supplied to SDS (no names,
dates of birth or addresses). Additional state crash data were
obtained for California 2011-2014 to supplement their SDS
data,'” as well as four additional non-SDS states: Connecticut
2003-2014," Texas 2008-2014," Kentucky 2004-2014%
and New Jersey 2004-2014 (Children’s Hospital of Philadel-
phia), for a total of 26 states. Annual population estimates for
each state and age group were obtained from the US Census
Bureau’s Population Estimates data programme.*' Self-reported
commuting data were obtained from the US Census Bureau’s
American Community Survey.*>

INCLUSION CRITERIA AND DATA PREPARATION

All 26 states in this study mandate police reporting of crashes
involving fatalities or injuries. Non-injury reporting criteria vary
by state, based on vehicular and other property damage related
to the crash (table 1, footnote). The study period consisted of the
most recent 15 years of SDS data available at the time of request
in 2017-2018, which were the years 2000-2014 as available
by state (table 1). Annual data sets missing pedestrian or bicy-
clist age were excluded (Minnesota after 2003 and Washington
before2012) from the analysis. Time of crash and day of week
were available for all data sets included in analyses. We defined
school travel hours as 07:00-09:00 and 14:00-16:00, encom-
passing most typical school travel times in the USA.'® Pedestrian
injury status was based on standard KABCO scoring ranging
from uninjured to killed.” We standardised the terminology,
which varied slightly by state, as ‘no injury’, ‘possible injury’,
‘non-incapacitating injury’, ‘incapacitating injury’, ‘fatal injury’
and ‘unknown’. Incapacitating injuries are generally defined as
those rendering the victim unable to leave the scene unassisted,
including broken bones, severe lacerations or unconscious-
ness; non-incapacitating injuries may include bruises and minor
lacerations.

MEASURES AND STATISTICAL ANALYSES

Data were imported into R V.3.5.1 as a column-oriented data-
base using MonetDB. Crash rates were calculated as the number
of pedestrians or bicyclists struck per 100000 annual census
population estimates, stratified by age as: 1-4 (pedestrians
only), 5-19, 20-24, 25-64 and 65+ yearsolds. The numerator

included pedestrians and bicyclists up to age 120 years and
excluded those with values of 0 and 99 for age, which were used
to denote ‘unknown’ in some state crash data sets. As we were
unable to exclude ages <land 99 years from the population
denominator data, population-based rates are approximate.

Crash case fatality rates were calculated per 100 pedestrian or
pedalcyclist crashes. The pedestrian danger index was adapted
from Atherton et al,** wherein we multiplied each state’s popu-
lation denominator by the state’s proportion of commuters who
travel by foot or use public transportation as their primary form
of travel to work using American Community Survey data. Thus,
the pedestrian danger index approximates the rate of crashes
per 100000 persons who use public transit or walk to work, as
a surrogate of the average daily pedestrian density. While this
assumes youth walking patterns mimic adult commuting trends,
in our recent work using New York City crash data, we demon-
strated that the proportion of adults walking and using public
transportation was significantly associated with youth pedes-
trian crash rates at the neighbourhood level (Morris M, Wheel-
er-Martin K, Mooney S et al, in press).

Annual age-specific trends in rates of pedestrian and bicy-
clist crashes were estimated using hierarchical linear modeling
(HLM) for the predictor variable, year, allowing for varying
slope and intercept by state. Because the slopes for some age
groups appeared to change over time in preliminary analyses,
we conducted piecewise hierarchical regression in three S-year
periods to improve the fit of the modelled results and charac-
terise changes in age-specific rates. The rate of change for the
school-age subset, meanwhile, appeared to be constant over
time. Therefore, subsequent regression models for the school-age
subset, which explored differences in rates over time by injury
type, day of week and time of day, used the singular 15-year time
period. Coefficients, standard errors and p values were obtained
using the ImerTest package with Satterwaithe estimates for p
values. The general format of the varying slope, varying inter-
cept HLM equation with one predictor, is: y=o, +B x+€,
where i is the smallest unit of observation, j is a grouping level, y
is the outcome, x is a predictor variable, B is the slope coefficient
for the predictor and € is the error term.” Thus, in the varying
slope, varying intercept HLM, both o and B vary by group j.

In R, our model took the form: Imer(CrashRate~(1+-
Year | State)+Year), which allowed for the estimation of (1) a
global intercept, (2) random-effect intercepts for each state, (3) a
global estimate for the effect of year, (4) estimates of the effect of
year within each state and (5) the correlation between intercepts
and slopes.

RESULTS

Summary statistics: overall and by state

Our analytic data set included crash data for 1180135 pedes-
trians and 663 109 bicyclists struck in motor vehicle crashes in
26 states from 2000 to 2014 (years available inclusive of pedes-
trian age varied by state, table 1). On average across the 26 states,
school-age children aged 5-19 years accounted for 299857 or
29.0% (95% CI27.2% to 30.2%) of pedestrians struck and 232
791 or 44.3% (95% CI 40.4% to 48.19%) of bicyclists struck,
whereas this age group accounted for 20% of the US 2010 popu-
lation among states included in our analyses.

The average state annual rate of school-age pedestrian crashes
was 42.9 per 100000 population (95% CI 42.0 to 43.8)year
period. This varied fourfold across the 25 states, ranging from
approximately 25 per 100000 in Arkansas to 100 per 100000 in
New York (table 1, figure 1A). Similarly, the average annual rate
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Figure 1  Average annual school-age pedestrian crash rate per 100000 population aged 5-19years (A), average annual school-age pedestrian crash
fatality rate (per cent killed) (B), average annual school-age pedestrian danger index (C), average annual school-age bicyclist crash rate per 100000
population aged 5-19years (D) and average annual school-age bicyclist crash fatal proportion (E) for the years 2000-2014 as available by state.
100k, 100 000; Avg., average; ped., pedestrian; pop., population; prop., proportion; yrs, years.

of school-age bicyclist crashes was 35.4 per 100000 school-age
children (95%CI 32.3 to 38.4), which varied nearly threefold
geographically, from less than 20 per 100000 in Arkansas to over
50 per 100000 in California (table 1, figure 1D). Geographic
patterns in crash burdens differed between population rates
(figure 1A) and both crash fatality rates (figure 1B) and pedes-
trian commuter-adjusted crash rates, also known as the pedes-
trian danger index (figure 1C).

A total of 277388 school-age pedestrians and 206732
school-age bicyclists sustained suspected or discernable injuries
as reported in police crash reports (92% and 88% of reported
school-age crashes, respectively), with 4554 fatal pedestrian
injuries and 1351 fatal bicyclist injuries (1.5% and 0.5% of all
school-age crashes, respectively). On average, 35.7% (95% CI
32.3% to 39.1%) of school-age pedestrians sustained possible
injuries, 42.7% (95% CI 39.3% to 46.2%) sustained non-inca-
pacitating injuries, 16.5% (95% CI 13.1% to 19.9%) sustained
incapacitating non-fatal injuries and 2.1% (95% CI 0.1% to
5.5%) were killed. A similar pattern was observed among
school-age bicyclist crashes.

Geographically, areas having the highest burden in school-age
pedestrian and bicyclist crash fatality rates (deaths per 100 crashes)
differed from areas having the highest crash rates (figure 1C,E).
There was a significant inverse relationship between school-age
pedestrian crash rates and the proportion of pedestrian crashes
that resulted in death (Spearman’s rho=-0.734, p<0.001)
(figure 2A). The same was true for youth bicyclist crash rates
and fatality rates (Spearman’s rho=-0.714, p<0.001). The
pedestrian danger index, meanwhile, was positively correlated

with crash fatality rates (Spearman’s rho=0.407, p<0.001)
(figure 2B).

TRENDS OVER TIME BY AGE, INJURY STATUS, DAY AND
TRAVEL HOUR

School-age children experienced an overall 40% decline
in pedestrian crashes and 53% decline in bicyclist crashes
between 2000 and 2014 based on piecewise hierarchical linear
regression (figure 3A,B). Declines were also seen in each indi-
vidual state, with slope coefficients for year ranging from
—0.7 to —3.9 for school-age pedestrians, and —0.9 to —3.7
for school-age bicyclists. School-age pedestrian and bicyclist
crashes also decreased significantly in each of the three time
periods, 2000-2004, 2005-2009 and 2010-2014 (table 2).
Very young children, similarly, experienced sustained declines
in pedestrian crashes. Adults, on the other hand, experienced
increases in pedestrian and bicyclist crashes in the latter part of
the time period.

There were significant declines in all categories of injuries for
school-age pedestrians and bicyclists over the time period 2000-
2014 (table 3). Parallel declines were observed on weekdays and
weekends (table 3). At the beginning of the 15-year period, rates
of afternoon school-age pedestrian crashes were approximately
50% higher than morning travel hour crash rates. By the end
of the time period, afternoon crash rates declined to the same
level as morning travel hour pedestrian crash rates; both trends
were statistically significant. The same patterns were observed
for school-age bicyclists.
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Figure 2 Correlation of (A) school-age pedestrian crash rates and crash fatality rates (per cent killed) and (B) school-age pedestrian danger index
(pedestrian commuter-weighted rate) and crash fatality rates. AR, Arkansas; CA, California; CT, Connecticut; FL, Florida; GA, Georgia; IA, lowa; IL,
lllinois; KS, Kansas; KY, Kentucky; MD, Maryland; MI, Michigan; MN, Minnesota; MO, Missouri; MT, Montana; NC, North Carolina; NE, Nebraska; NJ,
New Jersey; NM, New Mexico; NY, New York; OH, Ohio; PA, Pennsylvania; SC, South Carolina; TX, Texas; VA, Virginia; WA, Washington; WY, Wyoming;

ped., pedestrian.

DISCUSSION

We analysed trends in police-reported motor vehicle crashes
with school-age pedestrians and bicyclists for the years 2000-
2014, comparing trends over time across states and with respect
to other age groups. Our results indicate that school-age children
continue to be at increased risk. While only one in five Ameri-
cans is school-aged, this group accounts for nearly one in three
pedestrian crashes and half of all bicyclist crashes from 2000 to
2014.

However, we observed substantial declines in all injury
outcomes for school-age children from 2000 to 2014, similar to
published declines in youth fatalities between 2007 and 2016.°
This finding stands in contrast to overall trends in pedestrian
and bicyclist fatalities, which have been recently increasing in

Modelled crash rate per 100,000 population
Modelled crash rate per 100,000 population

S

2006 2008 2010 2012 2014

A) Year

2000 2002 2004

the USA.! Towards the end of the 15-year period, we observed
a reversal in the long-standing exceedances in youth crash rates;
whereas adult pedestrian and bicyclist crashes began to rise in
the second half of the time period, youth pedestrian and bicyclist
crashes continued to decline.

Geographic variability in crash rates and fatality rates is
undoubtedly related to variation in the distribution of numerous
pedestrian crash risk factors identified in previous studies,
including population density, traffic density, traffic speed, socio-
economic factors and built environment design.”® In this study,
states having the most pedestrian or bicyclist crashes per capita
tended to have large metropolitan areas and more frequent use
of public transportation, walking and bicycling to work. When
weighting pedestrian crash rates by on-foot commuting rates

Age

E 1-4 yrs
'.' 5-19 yrs
A 20-24 yrs
— 2564yrs

* 65+ yrs
20-

10-

2006 2008 2010 2012 2014

B) Year

2000 2002 2004

Figure 3  Fitted point estimates from piecewise hierarchical linear regression across three time periods, with loess smoothing lines, for rates of
pedalcyclist (A) and pedestrian (B) crashes per 100 000 population by age group, 26 states: 2000-2004, 2005-2009 and 2010-2014. yrs, years.
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Table 2 Piecewise hierarchical linear regression coefficients for three time periods, with standard errors, and p values for effect of time (year) on

pedestrian and bicyclist crash rates by age group, 26 states, 2000-2014

Pedestrians in motor vehicle crashes

Pedalcyclists in motor vehicle crashes

Years Age group (years) Intercept  Beta (year) SE P value Intercept Beta (year) SE P value
2000-2004 1-4 18.6 -0.7 0.3 0.011
5-19 51.7 =22 0.4 <0.001 449 =25 0.6 <0.001
20-24 443 -0.3 0.4 0.436 23.7 -0.5 0.4 0.235
25-64 30.9 -0.5 0.2 0.056 12.9 -0.1 0.1 0.44
65+ 23.0 -0.5 0.2 0.021 34 0.0 0.1 0.728
2005-2009 1-4 14.7 -0.6 0.2 0.002
5-19 42.7 -1.6 0.3 <0.001 33.4 -1.5 0.2 <0.001
20-24 45.4 0.5 0.3 0.178 26.7 1.5 0.5 0.012
25-64 29.9 -0.1 0.1 0.3 13.5 0.3 0.1 0.013
65+ 21.2 -0.3 0.1 0.041 3.6 0.2 0.1 0.146
2010-2014 1-4 13.0 -0.8 0.2 <0.001
5-19 38.2 -1.8 0.4 <0.001 26.6 -1.1 0.3 <0.001
20-24 51.2 0.2 0.4 0.612 30.4 -0.1 0.4 0.747
25-64 32.7 0.5 0.2 0.014 15.5 0.2 0.2 0.174
65+ 229 03 0.2 0.194 45 0.2 0.1 0.012

(aka ‘pedestrian danger index’), a different pattern emerged.
For example, New York State had the highest rate of youth
pedestrian crashes per 100 000 population but the lowest pedes-
trian danger index, considering it has the largest population of
commuters who take public transportation and/or walk to work.

Likewise, we observed an inverse relationship between pedes-
trian crash rates (crashes per 100000 population) and pedes-
trian crash fatality rates (deaths per 100 pedestrian crashes) by
state. This is not unexpected. A recent analysis of all-age pedes-
trian fatality in metropolitan areas also found lower fatality
risk where pedestrian and bicyclist mode shares were higher,?”
reflecting on the potential role of ‘safety in numbers’.*® That
is, despite the higher probability of pedestrian crashes in urban
areas on a population basis, crash severity is lower than in rural
areas, which may be due to factors such as traffic speed, avail-
ability of sidewalks and other safety measures, and travel times
to hospitals.” *° Moreover, when walking exposure patterns are
taken into account, crash rates based on miles walked are not
elevated in urban areas compared with rural areas.’! In previous
research, we and others have found simultaneous decreases in
youth pedestrian injuries associated with the implementation of

SRTS and efforts aimed at increasing pedestrian and bicyclist
travel 163273

In this study, we did not observe a shift from fatal outcomes to
more non-fatal outcomes, indicating that decreases in mortality
are not fully explained by improved trauma care.*® More change
was observed in weekday afternoon travel hours rates compared
with weekday morning travel hours. This may partially reflect
‘regression to the mean’ as afternoon travel hour crash rates were
more than 50% higher than morning travel hour crash rates in
the early 2000s. Other factors may include higher variability in
student activities and changing patterns in activity during after-
noon travel hours, nor can we rule out impacts of pedestrian
injury prevention programme, such as SRTS.

LIMITATIONS

State crash data vary in availability by state and year; however,
we observed that included states were similar to non-included
states with respect to average population density (187.5 vs
202.5 persons per square mile in 2010), workers commuting by
a private vehicle (87.5% vs 87.9% in 2010-2014) and average

Table 3 Hierarchical linear regression coefficients, SEs and Satterwaithe p values for effect of time (year) on school-age pedestrian and bicyclist
crash rates stratified by injury type, weekday and commute hour, 26 states, 20002014

Pedestrians in motor vehicle crashes

Pedalcyclists in motor vehicle crashes

Stratum Intercept Beta (year) SE P value Intercept Beta (year) SE P value
Injury type
Possible 15.4 -0.6 0.1 <0.001 1.3 -05 0.1 <0.001
Non-incapacitating 16.8 -0.7 0.1 <0.001 15.7 -0.9 0.1 <0.001
Incapacitating 6.2 -0.4 <0.1 <0.001 3.2 -0.2 <0.1 <0.001
Death 0.8 -0.1 <0.1 <0.001 0.3 -0.1 <0.1 <0.001
Day
Weekday 5.3 -0.2 <0.1 <0.001 4.2 -0.2 <0.1 <0.001
Weekend 3.8 -0.2 <0.1 <0.001 3.1 -0.2 <0.1 <0.001
Commute hour
Morning 5.7 -0.1 <0.1 <0.001 2.7 -0.1 <0.1 0.009
Afternoon 8.7 -0.5 <0.1 <0.001 6.3 -0.3 <0.1 <0.001
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vehicle miles driven per licensed driver (14854 vs 14192
in 2010). Reporting criteria also varied by state for proper-
ty-damage only crashes; however, very few pedestrian crashes
result only in property damage. Still, care must be exercised in
comparing trends over geography and time, being mindful of
changes in data availability and coding practices. For example,
in table 1 and figure 1, average annual crash rates in Iowa and
Minnesota are based on an early subset of the 15-year period,
which may reflect higher rates than those averaged over more
recent years. Furthermore, the reliability of crash reports has
also been shown to vary by region and crash characteristics®’;
the misclassification of injury severity has also been documented
in linkage studies with hospital data.*®*’

While population-based denominators help to compare crash
burdens between states on a per capita basis, they do not account
for pedestrian density, a desirable metric that is not always avail-
able or practical.* We attempted to address this, at least in part,
by exploring patterns in the pedestrian danger index adapted
from Atherton et al** using nationally available census data.

CONCLUSION

Youth pedestrian and bicyclist crash rates continued to decline
through 2014, even as adult pedestrian and bicyclist crash rates
began to rise. Ongoing research should continue to explore
the role of growing efforts across the nation, such as SRTS and
Vision Zero programme, to help to reduce pedestrian and bicy-
clist morbidity and mortality in children and adults alongside
efforts to promote physical activity and public transportation.
Despite challenges inherent in the analysis of state crash data
inclusive of non-fatal injuries, which are not standardised from
state to state, these data provide a useful resource that allows for
the characterisation of the burden of total pedestrian crashes, as
well the estimation of non-fatal injury rates, fatal injury rates and
crash fatality proportion across a variety of crash characteristics
using a denominator of all police-reported crashes.

What is already known on this subject

» Pedestrian and bicyclist crashes are a leading cause of
serious injuries in children.

» Recent studies have found beneficial effects of interventions,
such as Safe Routes to School, in reducing youth pedestrian
risk.
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What this study adds

» School-age pedestrians and bicyclists experienced ongoing
declines in pedestrian and bicyclist crashes with motor
vehicles through 2014, even as adult pedestrian and bicyclist
crashes rose.

» State motor vehicle crash data are growing in availability and
can be useful in monitoring state and local trends in the full
spectrum of pedestrian and bicyclist crashes, including non-
fatal outcomes.
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