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ABSTRACT
Objective Economic factors such as rising gasoline
prices may contribute to the crash trends by shaping
individuals’ choices of transportation modalities. This
study examines the relationship of gasoline prices with
fatal and non-fatal motorcycle injuries.
Methods Data on fatal and non-fatal motorcycle
injuries come from California’s Statewide Integrated
Traffic Records System for 2002–2011. Autoregressive
integrated moving average (ARIMA) regressions were
used to estimate the impact of inflation-adjusted
gasoline price per gallon on trends of motorcycle
injuries.
Results Motorcycle fatalities and severe and minor
injuries in California were highly correlated with
increasing gasoline prices from 2002 to 2011 (r=0.76,
0.88 and 0.85, respectively). In 2008, the number of
fatalities and injuries reached 13 457—a 34% increase
since 2002, a time period in which inflation-adjusted
gasoline prices increased about $0.30 per gallon every
year. The majority of motorcycle riders involved in
crashes were male (92.5%), middle-aged (46.2%) and
non-Hispanic white (67.9%). Using ARIMA modelling,
we estimated that rising gasoline prices resulted in an
additional 800 fatalities and 10 290 injuries from 2002
to 2011 in California.
Conclusions Our findings suggest that increasing
gasoline prices led to more motorcycle riders on the
roads and, consequently, more injuries. Aside from
mandatory helmet laws and their enforcement, other
strategies may include raising risk awareness of
motorcyclists and investment in public transportation as
an alternative transportation modality to motorcycling. In
addition, universally mandated training courses and strict
licensing tests of riding skills should be emphasised to
help reduce the motorcycle fatal and non-fatal injuries.

INTRODUCTION
The CDC identified the large decline in
MVC-related deaths as one of the 10 great public
health achievements in the USA in the first decade
of the 21st century.1 However, over the same time
period, the number of motorcycle-related deaths
and injuries increased by more than 40%.2

According to the National Highway Traffic Safety
Administration, there were over 4500 motorcycle-
related deaths in 2010, accounting for 14% of all
motor vehicle fatalities, compared with about 3200
motorcycle-related deaths in 2001, accounting for
7.5% of all motor vehicle fatalities.2 This increase
in fatalities is particularly striking given that motor-
cycles account for only 3% of all registered vehicles
in the USA.2 3 Moreover, the impact of motorcycle
crashes is felt across a wide range of demographic
groups, particularly young riders.4

Economic factors have been identified as a major
driver of travel behaviour and traffic safety.5–7 For
example, fluctuating gasoline prices may affect con-
sumers’ choice of travel mode, causing them to
choose vehicles with greater fuel economy such as
motorcycles, which typically operate with up to
70% lower fuel cost than cars.8–11 People may
choose to save money by travelling on motorcycles
rather than in cars despite the potential for motor-
cycles to increase the risk of a fatal or severe injury
crash.12 Since the 1980s, it has been observed that
motorcycle registrations in the USA are positively
correlated with gasoline prices and, in turn, that
motorcyclist fatalities are positively associated with
the number of motorcycle registrations.13 However,
information about non-fatal motorcycle injuries is
scarce, even though the number of non-fatal motor-
cycle injuries is estimated to be 20 times higher
than the number of fatal injuries, which is import-
ant given the large healthcare costs associated with
injuries.2 14–17 There is also a need for data on the
characteristics of motorcycle riders to target the
determinants of motorcycle crashes. Furthermore,
in recent years, gasoline prices varied significantly
across states and local areas, which could indicate
the need for more targeted strategies to reduce
motorcycle crashes.18

Thus, this study focuses on the relationship
between gasoline prices and motorcycle fatalities
and non-fatal injuries in California. We focus on
California because it has the highest number of
motorcycle registrations in the USA and ranks third
in number of motorcycle crashes, accounting for
8% of all fatalities and 13% of injuries from motor-
cycle crashes in the USA.2 3 19 In addition, gasoline
prices in California are representative of prices
across the country.18 Furthermore, available data
from California administrative records provide
detailed information on both the crash and
riders.20 Finally, California’s early adoption of the
universal helmet law mitigates research design
issues with confounding.21

METHODS
Data on motorcycle-related fatalities and injuries
were obtained from California’s Statewide
Integrated Traffic Records System (SWITRS), which
is maintained by the California Highway Patrol
Information Services Unit.22 SWITRS includes
individual-level records of fatal, injury and property
damage-only crashes occurring on California’s state
highways and all other roadways (private property
excluded) that were reported to the police.22 23

The data report characteristics of crashes, crash-
related roadway users and vehicles. The study
period is 2002–2011. Data prior to 2002 are not
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directly comparable with more recent data due to a change in
methodology.20 23 Also, after 2002, property damage-only
crashes were not consistently reported by the various agencies
throughout the state.23 Therefore, in this study, we focus on
fatal and non-fatal injury crashes for 2002–2011. SWITRS also
provides information on the number of registered motorcycles
and population.19

A motorcycle-related crash is defined as an MVC involving at
least one motorcycle. The number of fatalities in a
motorcycle-related crash includes victims who succumbed to
their injuries within 30 days postcrash; the number of severe
injuries includes severely injured victims who were no longer
able to walk, drive or perform activities as they had before the
crash; and the number of minor injuries includes both visible
injuries (other than severe) and symptoms of pain. The severity
of injuries and their number are recorded in police reports and
provided in SWITRS data. Injured victims may be motorcycle
occupants, passenger car occupants or pedestrians and other
road users; however, about 90% of injured victims were motor-
cycle riders or their passengers.22 Outcome variables are
monthly number of fatalities, severe and minor injuries in
motorcycle-related crashes, which were aggregated from individ-
ual crash records in California. We also computed rates per
million population for fatalities, severe injuries and minor injur-
ies associated with motorcycle-related crashes.

Gasoline price per gallon data were provided by the US Energy
Information Administration (EIA), which monitors retail gasoline
prices nationwide and regionally, including California.18 EIA col-
lects retail gasoline prices for all grades by telephone from a
sample of approximately 800 retail gasoline outlets (self-serve)
every week. Weekly, monthly and annual price data are calculated
using weighted average prices at city, state, regional and national
levels based on sales and delivery volume.18 We examined
monthly average retail gasoline price per gallon of all grades for
the state of California, including all taxes. Prices were adjusted to
2011 dollars using the Consumer Price Index.24

We describe trends in inflation-adjusted gasoline prices and
number of motorcycle-related fatalities and injuries as well as
characteristics of motorcycle crashes and riders. Autoregressive
integrated moving average (ARIMA) time-series models are used
to estimate the association of inflation-adjusted gasoline prices
with motorcycle-related fatalities, severe injuries and minor
injuries using monthly data from 2002 to 2011 for California.
ARIMA modelling is a widely used time-series methodology due
to its flexibility and simplicity in analysing non-stationary
data.25 Our data exhibit temporal trends with substantial

month-to-month or seasonal variation. The ARIMA model
allows us to de-trend and adjust for seasonality in the data, thus,
identifying the empirical relationship between gasoline prices
and our crash outcomes. The ARIMA model is operationalised
as ARIMA(p,d,q), where p is the number of autoregressive
terms, d is the number of differences and q is the number of
moving average terms. Values for the parameters p, d and q
were identified by checking the data for stationarity and examin-
ing the correlograms of the predicted outcomes from the model
(see online supplementary appendix table A2).

RESULTS
Figure 1 describes the annual number of motorcycle registra-
tions and inflation-adjusted gasoline prices from 2002 to 2011.
Motorcycle registration closely tracked gasoline prices, with a
correlation of 0.90. From 2002 to 2008, both motorcycle regis-
tration and gasoline prices followed linear trends; registration
numbers averaged annual increases of 48 000 while gasoline
prices increased about $0.30 per gallon every year. After 2008,
gasoline prices decreased, but recovered to more than $3.00 per
gallon by 2011. Motorcycle registrations also decreased in 2008
before increasing gradually in 2010 and 2011.

Figure 2 illustrates the relationship of trends in motorcycle
fatalities and injuries with inflation-adjusted gasoline prices over
time. Similar to figure 1, the number of fatalities and injuries
followed trends in gasoline prices. Fatalities and injuries reached
13 457 in 2008, up from 10 067 in 2002—a 34% increase.
Fatal and severe injuries accounted for 25% of this increase.
More detailed information by injury level can be found in
online supplementary appendix table A1. Total numbers of
injuries and injury rates per capita were strongly related to gas-
oline prices. Gasoline prices were correlated at 0.76 for motor-
cycle fatalities, 0.88 for severe injuries and 0.85 for minor
injuries (correlations for injury rates were similar). The number
of severe injuries was five times higher than the number of fatal-
ities, and minor injuries were more than 20 times higher.
Furthermore, besides the increasing numbers and rates, the
shares of fatalities and severe and minor injuries in total MVCs
almost doubled in the 10-year study period.

Figure 3 shows annual inflation-adjusted gasoline prices and
percentages of motorcycle-related fatalities and severe injuries
out of all motor vehicle fatalities and injuries, respectively. These
percentages steadily increased as gasoline prices increased from
2002 to 2008, a 100% increase for fatalities and 60% increase
for severe injuries. After 2008, the share of fatalities decreased
somewhat, and the share of severe injuries remained stable.

Figure 1 Inflation-adjusted price of
gasoline and number of motorcycle
Registrations: California, 2002–2011.
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The above results show strong positive correlations and
similar trends for motorcycle fatalities and injuries with
inflation-adjusted gasoline prices. In table 1, we characterise the
motorcycle riders involved in these crashes including sex, age,
race/ethnicity, insurance status, model year of the motorcycle
and crash location, time and type. The majority of motorcycle
riders involved in crashes were men (92.5%), middle-aged
(46.2%) and non-Hispanic white (67.9%). These groups also
accounted for similar proportions among the number of riders
determined to be at fault by police investigators. Also, riders
aged 16–24 years, without motorcycle insurance and riding late-
year models (1 year or less) accounted for a higher share of
at-fault crashes than overall crashes. In addition, over 40% of
motorcycle-related crashes in which the rider was at fault took
place on rural roads. More crashes occurred on weekdays
(Monday to Friday) and during the afternoon (12:00–17:59).
Most crashes occurred because riders overturned or were broad-
sided (or caused a broadsided crash).

Finally, we used ARIMA regression models to predict the
impact of changing gasoline prices on fatal, severe and minor
injuries (table 2). Compared with the historical average of $2.99
per gallon, a rise in gasoline prices to $4.00 would have resulted
in 81 more fatalities, 229 more severe injuries and 835 more
minor injuries annually in California. Moreover, the regression
analysis suggests that the number of fatal, severe and minor
injuries would have decreased by 800, 2150 and 8140, respect-
ively, in the period 2002–2011 if gasoline prices had remained

at $2.00 per gallon in 2002. (Refer to online supplementary
appendix table A2 for ARIMA model coefficients.)

DISCUSSION
Over the past decade, improvements in the road and policy
environments and in car safety technologies have contributed to
historic declines in motor vehicle fatalities26–28; however,
motorcycle-related fatalities have lagged behind this trend and
increasingly account for a higher proportion of total motor
vehicle fatalities. Our results show that gasoline price was highly
correlated with motorcycle-related fatalities and with severe and
minor motorcycle-related injuries. Motorcycle riders aged
16–24 years, without motorcycle insurance or riding late-year
models (1 year or less) accounted for a higher share of at-fault
crashes. Our findings suggest that increasing gasoline prices
leads to more motorcycle riders on the road, and, consequently,
more fatal and non-fatal crash injuries.

Riding a motorcycle can be more dangerous than driving a
passenger car; however, motorcycles usually are more econom-
ical, with fuel consumption averaging one-half to one-third that
of passenger cars.29 In response to ongoing elevated gasoline
prices, people may be encouraged to ride motorcycles as a trans-
portation modality. According to the 2009 National Household
Travel Survey, it was estimated that about 40% of drivers most
concerned price of travel (gasoline price, fee and tolls), which
ranked No. 1 concern issue when people chose the transporta-
tion.30 In California, 3.5% of the population in 2011 held

Figure 3 Inflation-adjusted price of
gasoline and percentages of
motorcycle-related fatalities and severe
injuries in total MVCs*: California,
2002–2011.

Figure 2 Inflation-adjusted price of
gasoline and number of fatalities and
injuries from motorcycle-related
crashes: California, 2002–2011.
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motorcycle licenses compared with only 2.7% in 2002, and the
number of licensed motorcycle drivers almost increased every
year from 2002 to 2011, rising by 40%.19 In fact, we present
evidence that motorcycle registrations almost increased by 53%
over the same time period, an increase that is strongly correlated
with trends in gasoline prices. As a result, more riders—particu-
larly inexperienced or untrained riders—are exposed to signifi-
cantly higher risk of injury or death from motorcycle crashes.
Our study results imply that more people will start to ride
motorcycles or ride more frequently if gasoline prices remain
high, resulting in higher numbers of fatal and non-fatal injuries
from motorcycle crashes.

Additionally, several other reasons may contribute to the
modal shift away from cars towards motorcycles. First of all, a
motorcycle usually costs less than a passenger car. According to
the Motorcycle Industry Council, the average price for an
on-highway motorcycle was $5612 in 2009.31 In comparison,
the average transaction price of a passenger car was almost
$30 000.32 Second, increasing disposable income may be
another factor to increase motorcycle sales. From 2002 to
2011, the US inflation-adjusted disposable income per capita
increased from $32 733 to $36 463, despite the recession in
this period.33 Increasing road congestion problems may also
attract more people to ride motorcycles as a way to save travel
time. For example, lane splitting for motorcyclists is allowed in
California. The above factors may work in concert with rising
gasoline prices to substantially increase people’s incentives to
consider motorcycling as a reasonable alternative to driving.
More research is needed to further characterise the role of indi-
vidual preferences for motorcycling, disposable income, the
impact of congestion and other factors in shaping the demand
for motorcycling.

The gasoline market is complex and tied to the global
economy and the political environment.34 35 Thus, sustaining
lower gasoline prices may not be a practical or desirable policy
solution. Furthermore, the relationship between gasoline prices
and all motor vehicle fatalities is negative.36 37 Therefore,
within an environment of sustained high gasoline prices, several
traffic policies are recommended to improve motorcycle
safety.4 9 12 Universal helmet laws, which require all motorcycle
riders and passengers of all ages to wear a helmet whenever
riding,21 have been determined to be a reliable and effective
policy to reduce fatalities and injuries from crashes.38–40

California’s universal helmet law, in place since 1992, has been
shown to be effective in improving motorcycle safety.41 In fact,
more than 97% of motorcycle riders and passengers involved in
crashes in California use helmets.2 22

Increasing transportation options such as public transporta-
tion may decrease incentives to rely on motorcycling to lower
fuel costs. Several previous studies have found that people shift
to public transit in response to increasing gasoline prices.8–10

However, the availability and capacity issues of public transit
may reduce its utility as a viable alternative to motorcycling for
many people. The American Public Transportation Association
reported that 39% of transit agencies experience overcrowded
conditions, and, in many cases, public transit may not operate
during nighttime hours or on weekends.8 Our data suggest that
there were increasing trends of motorcycle injuries in rural areas

Table 1 Characteristics of riders and crashes from
motorcycle-related crashes: California, 2002–2011

Overall Rider at fault

No. Per cent No. Per cent

Rider characteristics
Rider sex
Female 7633 7.5 4525 7.8
Male 94 679 92.5 53 740 92.2

Rider age (years)
16–24 21 724 21.4 13 788 24.0
25–44 46 812 46.2 25 282 44.0
45–64 30 019 29.6 16 640 29.0
65+ 2845 2.8 1757 3.0

Rider race/ethnicity
Asian 3911 3.9 2256 4.0
Non-Hispanic black 7131 7.2 3944 7.0
Non-Hispanic white 67 327 67.9 38 737 68.3
Hispanic 16 770 16.9 9452 16.7
Other 3965 4.0 2316 4.1

Motorcycle insurance status
Yes 73 348 78.9 39 034 73.8
No 19 580 21.1 13 888 26.2

Motorcycle model age (years)*
<1 year 13 326 13.3 8082 14.2
1–3 26 255 26.1 14 845 26.0
>3 60 914 60.6 34 096 59.8

Crash characteristics
Location of crash
Rural 37 639 36.9 27 571 46.1
Non-metro 9774 9.6 5160 8.6
Metro 54 619 53.5 27 044 45.2

Day of crash

Weekday 66 793 65.4 35 941 60.1
Weekend 35 304 34.6 23 871 39.9

Time of crash
00:00–05:59 4929 4.8 3 174 5.3
06:00–11:59 23 820 23.4 13 694 23.0
12:00–17:59 49 459 48.5 29 460 49.4
06:00–23:59 23 705 23.3 13 349 22.4

Type of crash
Head-on 4242 4.2 2083 3.5
Sideswipe 14 389 14.2 5709 9.6
Rear end 15 697 15.5 9485 16.0
Broadside 21 620 21.4 6289 10.6
Hit object 14 894 14.7 12 520 21.1
Overturned 23 702 23.4 20 097 33.9
Others 6651 6.6 3190 5.4

*Difference in motorcycle model year and year of crash.

Table 2 ARIMA regression-predicted impact of inflation-adjusted
gasoline prices on motorcycle fatalities and injuries: California,
2002–2011

Number of
annual fatalities

Number of annual
severe injuries

Number of annual
minor injuries

Actual
(mean=
$2.99)

415 1922 9321

$2.00 335 1707 8507
$2.50 376 1817 8920
$3.00 415 1928 9332
$3.50 455 2039 9743
$4.00 496 2151 10 156

ARIMA, autoregressive integrated moving average.

156 Zhu H, et al. Inj Prev 2015;21:153–158. doi:10.1136/injuryprev-2014-041314

Original article



www.manaraa.com

and on weekends, places and times when access to public trans-
portation may be problematic.

Similarly, increasing risk awareness of both riders and drivers
through driver education and motorcycle training may be bene-
ficial in reducing risks from motorcycling. For example, prior
research suggests that drivers are less likely to notice motorcy-
clists on roadways if they are not conditioned to look out for
them.13 42 In addition, our results imply that a significant frac-
tion of riders involved in crashes were young or inexperienced
riders. Thus, mandatory training may be effective. In California,
although motorcycle training such as RiderCourse is widely
available, these courses can be waived by taking a motorcycle
riding test if the rider is over 21 years old.43 44 We also found
that rural areas in California have the highest numbers of fatal-
ities and severe injuries in motorcycle-related crashes. It is
unclear whether this result is due to differences in law enforce-
ment resources, speed limits or other factors, and more research
is needed in this area.

This study has several limitations. First, we focused only on
California. Although our results are consistent with previous
studies, further research is needed to extend this analysis to
other states with comparable data in order to improve generalis-
ability.14 15 Second, the injury levels of victims in a
motorcycle-related crash were determined by police investiga-
tors and not by medical personnel; thus, potential misclassifica-
tion error may exist. Furthermore, we have no data on
individual motivations to ride motorcycles (eg, riding for leisure
or commuting), and thus it is not possible to determine the
extent to which rising gasoline prices result in changing patterns
of commuting or non-commuting trips. Although average
motorcycle prices are less than average transaction prices for
automobiles as discussed above, there is nevertheless significant
variation in motorcycle prices with certain models priced sub-
stantially higher than many cars. Finally, omitted factors, such
as climate, may affect the relationship between gasoline prices
and motorcycle crash outcomes.

In conclusion, fatal and non-fatal motorcycle injuries have
increased substantially in recent years. Our study suggests that

this increase is associated with higher gasoline prices, resulting
in more riders on public roads. Besides mandatory helmet laws,
other strategies that may reduce motorcycle injuries include
rising risk awareness of motorcyclists and investment in public
transportation as an alternative transportation modality to
motorcycling. In addition, universally mandated training courses
and strict licensing tests of riding skills should be emphasised.
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