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Abstract

Among roadway users, bicyclists are considered vulnerable due to their high risk for injury when
involved in a crash. Little is known about the circumstances leading to near crashes, crashes,

and related injuries or how these vary by age and gender. The purpose of this study was to
examine the rates and characteristics of safety-relevant events (crashes, near crashes, errors, and
traffic violations) among adult and child bicyclists. Bicyclist trips were captured using Pedal
Portal, a data acquisition and coding system which includes a GPS-enabled video camera and
graphical user interface. A total of 179 safety-relevant events were manually coded from trip
videos. Overall, child errors and traffic violations occurred at a rate of 1.9 per 100 minutes of
riding, compared to 6.3 for adults. However, children rode on the sidewalk 56.4% of the time,
compared with 12.7% for adults. For both adults and children, the highest safety-relevant event
rates occurred on paved roadways with no bicycle facilities present (Adults = 8.6 and Children =
7.2, per 100 minutes of riding). Our study, the first naturalistic study to compare safety-relevant
events among adults and children, indicates large variation in riding behavior and exposure
between child and adult bicyclists. The majority of identified events were traffic violations and we
were not able to code all risk-relevant data (e.g., subtle avoidance behaviors, failure to check for
traffic, probability of collision). Future naturalistic cycling studies would benefit from enhanced
instrumentation (e.g., additional camera views) and coding protocols able to fill these gaps.
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1. Introduction

There has been an increase in bicycling in the United States in recent years, for all ages and
for multiple purposes (e.g. recreational and utilitarian) [1]. However, riding a bicycle comes
with inherent risks, including those related to exposure to motor vehicle traffic, and injuries
can be severe due to the low protection of the cyclist’s body to impact. These increases in
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bicycle riding and the burden of bicycle-related injuries have been recognized by the US
Department of Transportation and the Secretary of Transportation, Anthony Foxx, who in
2014 released an action plan for addressing bicyclist and pedestrian safety [2]. This plan
identifies bicyclists and pedestrians as elements of the larger transport system and prioritizes
their safety [2]. This action plan calls for improved data describing risks for bicycling.[2].

Identifying common environmental and behavioral risks among bicyclists during rides is
useful for informing injury prevention approaches and identifying the needs for education
and infrastructure improvements. This is especially true among children once they reach an
age when they are riding independently, and therefore no longer receiving feedback from
an accompanying adult. In order to fill this knowledge gap, we developed Pedal PORTAL
(Portable Video and Data System for Assessing Rider Locomotion), which is a system

to naturalistically capture and code bicycling exposure data using a GPS-enabled helmet
camera and graphical user interface.

There is a growing body of literature related to bicycling and bicycle crashes, which has
identified some key risk factors and characteristics. For example, it has been established that
bicycling is generally beneficial to health, bicyclist safety is related to bicyclist density on
the roadway (safety in numbers effect), crashes are underreported and are more prevalent
in urban areas, yet rural crashes are typically more severe [3]. However, to date, bicycling
risk factors have primarily been determined through use of limited data from police crash
reports, self-reports, or hospital data. Police crash reports typically include only crashes
involving motor vehicles occurring on roadways; self-reported surveys or interviews suffer
from recall bias and often do not have sufficient samples to describe crashes; hospital

data include only the more severe cases and sometimes misclassify bicyclists as motor
vehicle occupants or unknown injured party in a motor vehicle collision[4].There are also
an unquantifiable number of bicycle crashes and injuries that are never reported. These
limitations yield a body of research with an incomplete picture of the cycling experience,
and in particular with little information about the incidence and circumstances associated
with behaviors that could lead to crashes. Existing data also fail to capture bicycling riding
exposure.

Naturalistic research, which has been used frequently in driving studies [9-11], offers an
approach to study bicycle riding behaviors and exposure. Naturalistic methodology, which
collects information about exposure and behavior, has been used to identify the frequency
and types of unsafe driving that lead to crashes and near crashes. These type of data are
important, given that driver error has been found to be a contributor in over 90% of all
vehicle crashes [5]. These provide the often missing information from the bottom of the
Heinrich Triangle and Injury Pyramid (adapted from Heinrich Triangle), which include
unsafe behaviors, near crashes, and injuries treated outside the health care system or not
reported (Figure 1). At the top of these models are well documented fatalities and severe
injuries, which are captured in various datasets, including vital statistics (death reports),
crash reports, and hospital records. The bottom of the models consist of much larger
numbers than the top and include minor injuries that do not receive care from a healthcare
institution and near crashes as well as risky or unsafe behaviors and are not included in
traditional datasets[6,7], but can be captured from naturalistic data.
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Naturalistic bicycling studies, collecting both GPS and video data, are very new and have
largely been adapted from naturalistic driving methods. The majority of these naturalistic
bicycling studies have been done in Western Europe and Australia thus far [8-18]. No
naturalistic studies using both GPS and video have yet been conducted in the United States,
and because bicycling cultures vary by country, more is needed to understand safety risks in
the United States and how they align or differ from other countries [19,20]. Furthermore, no
studies have naturalistically examined bicycle riding of children.

Among the published Australian and European studies, the main measurements have
focused on general trip characteristics, crashes and near crashes[8,11,13,15], conflict
partners[13], infrastructure[13,16], e-bicycle trip characteristics[9,17], or study of specific
commuting routes[10]. In the Australian studies[11,14], a helmet-mounted camera was used
and they were able to code cyclist head checks left and right, cyclist steering and braking
reaction, and incidents involving crash avoidance[11]. Several of the existing naturalistic
cycling studies have also cited use of a coding schemes adapted from naturalistic driving
methodologies [21,22].

Naturalistic cycling instrumentation has been quite varied from study to study, ranging from
simple ‘off-the-shelf” GPS-enabled action cameras[11,16] to multi-camera systems with
additional sensors for speed or braking[9,18], one requiring participants to use specially
equipped study bicycles, rather than their own [18]. The majority of studies also required
participants to complete written trip diaries to complement the video and GPS data
collected.

Key issues and limitations from previous naturalistic studies have included GPS
inaccuracies[9] or signal difficulties[15], technical difficulties with chosen instrumentation
(e.g., participant error related to starting/stopping the system[9,13,15], limited battery
life[13], poor video quality in dim lighting[11], etc.), and general challenges related to
processing and coding the large volume of data that are produced. There are also no
established definitions among naturalistic cycling studies in terms of definitions and coding
protocols.

The purpose of this study was to better understand the circumstances and behaviors
surrounding safety-relevant events (SREs; i.e., crashes, near crashes, errors involving evasive
action, and traffic violations) among both adult and child bicyclists in the United States and
how they compare or contrast to previous naturalistic cycling findings. A secondary aim of
this study was to evaluate the strengths and limitations of our chosen instrumentation (GPS-
enabled helmet camera) and data collection and coding framework, which were adapted
from previous naturalistic cycling studies and general observational study practices.

Materials and Methods

2.1 Participants: eligibility, recruitment, and enrollment

Twenty bicyclists were recruited via word-of-mouth and flyers hung at popular bicycling
destinations in Johnson, County, lowa. The cycling community is strong in numbers and
enthusiasm in Johnson County, compared to the majority of the state. Johnson County
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contains three of only eight League of American Bicyclist Bicycle Friendly Communities in
the state, and includes the highest ranking among those, lowa City, which is at the Silver
level[23]. The University of lowa also holds a Silver level Bicycle Friendly University
status, the only bicycle friendly university in the state. These rankings are determined by

a set of key outcomes (ridership, crashes, and fatalities) and indicators in the following
categories: enforcement, education, engineering, evaluation, and encouragement.

For all participants, study inclusion criteria included residence within Johnson County,
fluency in spoken and written English, and average bicycling of at least four days per week
at time of enrollment. The inclusion criteria for average riding at least four days per week
was chosen to maximize the number of trips captured within this small pilot study sample.
An equal distribution of children and adults and male and female were enrolled, balanced
by enrolling the first 10 males and 10 females who indicated interest in the study. Adult
participants were those aged 18 or older. For children, recruitment targeted ages 10 to 14,
the ages most likely when children are riding independently from their parents, but before
they begin driving. Final enrollment only included 11- to 13-year-olds. The number of
participants enrolled was capped to 20 due to time and budget restraints.

Participants completed baseline demographic and riding experience surveys during
enrollment. A GPS-enabled camera was mounted on each bicyclist’s helmet (Figure 2) and
they were asked to ride ‘as usual’ and record all of their trips for consecutive seven days.
Participants were trained on the use and care of the camera during enrollment and practiced
riding with the camera, which provided the opportunity for familiarization with the system
and verification that the camera angle was appropriately adjusted to capture the cyclist’s
field of view.

The system collected the GPS trace, forward-facing video, and audio for each trip. These
data were used as inputs for the graphical user interface and GIS during the data reduction
and coding process (Figure 3). A total of $150 USD compensation was provided to each
participant.

2.2 Data collection

Participants recorded all of their bicycling trips (each origin to destination was considered a
trip) for one week and were specifically instructed to not bike more or less or change how
they typically ride during the study data collection. Each participant was also asked to keep
a trip diary to record trip details (date, time of day, weather, type of bicycle ridden) and
indication of any safety-relevant events. A safety-relevant event was defined as an incident
involving one or more of the following characteristics: crash, near crash, cyclist, pedestrian,
or motorist errors, or traffic violations.

Crashes and near crashes were documented by participants in their respective trip diaries
and/or were identified by data coders during manual review of each trip video. Participants
also indicated any dangerous circumstances, anything that occurred during a bicyclist trip
that made the participant feel unsafe (e.g., car passing too closely to bicyclist). These were
then categorized, if appropriate, into one of the safety-relevant event categories (crash, near
crash, error, traffic violation). Crashes were defined as a collision with the ground, person, or
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object. A near crash was an event in which a bicyclist or other road user (pedestrian or motor
vehicle) were required to take evasive action (e.g., jump out of the way, swerve) to avoid a
collision. Bicyclist errors included reckless riding toward a pedestrian or another bicyclist
and riding against traffic. Bicyclist traffic violations included incomplete stop (yielded when
should have stopped) and complete failure to stop or yield.

The safety-relevant events we coded did not include all potentially unsafe behaviors, leaving
out those that we were unable to code consistently and objectively, such as instances of
failure-to-yield or failure-to-stop when it was not clear there was a legal obligation for

the rider to do so (e.g., uncontrolled intersections or riding on the sidewalk) and failure

to check for traffic at an intersection. Therefore, we chose to remain more conservative

and code traffic violations (failure to stop or yield, incomplete stop) and risk-related errors
(wrong way riding or recklessness toward another pedestrian or bicyclist, requiring evasive
action), things which could be coded clearly and objectively. For the traffic violations, we
specifically focused on those that were clear and generalizable to other jurisdictions—failure
to stop or yield and incomplete stop.

Motorist errors that could be clearly seen as directly impacting the bicyclist (e.g., cutting

in front of a bicyclist when making a turn and bicyclist braking or swerving to avoid
collision) were also coded. Overall, our data collection and coding protocol was designed
to capture bicyclist behaviors and, therefore, did not capture details of motor vehicle
behavior. Ultimately, our coding scheme for safety-relevant events captured a set, but not all
potentially unsafe behaviors. However, it represents events that could be coded consistently
and objectively for all riders.

Our use of the term safety-relevant events varies from that of existing naturalistic bicycling
studies, which have typically used the term safety-critical events. Although our term differs,
the definition of safety-critical events also varies among naturalistic cycling studies. For
example, Dozza and Werneke (2014) defined safety-critical events as “a point in time when
the cyclist experienced a situation which made him/her feel uncomfortable”. Conversely, the
Schleinitz, Petzoldt, Franke-Bartholdt, Krems, & Gehlert (2015) definition of safety-critical
events focused on interactions with other road users, consistent with the definition of a
conflict: “...one of the parties has to change speed or direction to avoid a collision”[24].
This latter definition is akin to definitions commonly used in naturalistic driving studies,
which primarily identify events using kinematic triggers [e.g.,25,26,27]. The instrumentation
for the current study did not have kinematic trigger capability, therefore we relied on
participant self-reports combined with events that we could identify from video review,
which relied heavily on visible errors and traffic violations.

We chose a more inclusive term and definition, safety-relevant events, to include errors and
traffic violations, as they are valid measures of risk. Errors and traffic violations also fit
into “unsafe acts” at the bottom of the Heinrich Triangle, which is an important part of
understanding bicycling risk. We examined safety-relevant events separately by age (adult
vs. children) and type of roadway infrastructure on which they were riding.
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2.3 Datareduction

Each recorded trip (video and GPS data) and trip diary was manually reviewed. Safety-
relevant events that were noted in trip diaries were searched for in the corresponding trip
videos for further coding. SREs were also found through the video manual review and the
graphical user interface was designed to mark location and type of events in a database.
Events were visually identified by trained raters.

Once the safety-relevant events were identified, they were validated by a second rater.

A second set of raters observed and coded the details of the SREs. In the event of
discrepancies between raters, videos were reviewed by a third rater or reviewed by both
raters simultaneously until they reached a consensus. For both the identification of SREs
and the detailed coding, raters coded the participant videos in random order to reduce any
bias that may have been introduced by getting to know a particular rider’s riding style or
risk tendencies. They were also blind to the rider characteristics (age, gender, etc.), unless it
was apparent from the video footage they were coding. For all raters, inter-rater reliability
was assessed, and re-training on how identify and code desired events and variables was
conducted where necessary to attain at least 95% reliability.

Event time points were visually coded for the following: roadway infrastructure (no bicycle
facility, on-street painted bicycle facility—bicycle lane or shared lane marking, sidewalk

or side path, off-street bicycle facility--bicycle path, gravel road, other) and configuration (4-
way, T, non-intersection, other), visual obstructions (Yes or No), traffic controls (stop sign,
traffic light, unregulated, other), land use (education, agriculture, residential, recreation,
commercial, other), bicyclist lane position (left, right, center, sidewalk/side path), parking
(same and opposite side as bicyclist, same side as bicyclist, opposite side of bicyclist, none),
and bicyclist, pedestrian, and motorist actions relative to each other. Driveway frequency and
traffic volumes (bicycle, pedestrian, and motor vehicle) were also coded for the 15 second
window leading up to the time of event.

Miles and minutes were accrued from the GPS data and corresponding time stamps. These
total minutes and miles and totals for subgroups were imported and generated using SAS,
Version 9.4.

2.4 Data analysis

Frequencies and rates (per 100 miles and per 100 minutes) of crashes, near crashes, errors,
and traffic violations were tabulated and stratified by age (adult or child) and gender.
Frequencies and proportions of safety-relevant events were tabulated by environmental (e.g.,
visual obstructions, on-street parked vehicles), trip (e.g., time of day, trip purpose), and
behavioral characteristics (e.g., bicyclist lane positioning) and stratified by age (children,
ages 11-13 vs adults, aged 18 or older).

Rates of safety-relevant events were calculated for each infrastructure type and trip purpose
overall, then stratified for children and adults. To account for exposure, rates per 100
minutes of bicycling were calculated, which allowed for better comparison between adults
and children, since adults rode many more miles. Calculation by minutes instead of miles
also gave a better indicator of exposure, as it takes into account variations in speed between
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riders. However, rates per 100 miles were included in Table 2, for comparison purposes to
other naturalistic bicycling studies, which have included distance-based rates (e.g., [13]).

Means and standard deviations for traffic volumes (motor vehicles, bicycles, and
pedestrians) and number of driveways encountered were tabulated for the 15 seconds leading
up to each event. Statistical testing of the variation in event frequencies and rates was not
conducted due to small cell sizes for many of the variables, therefore we used a descriptive
analytic approach.

3. Results

3.1 Safety-relevant events: Crashes, near crashes, errors, and traffic violations

A total of 185 independent safety-relevant events were recorded, from 261 adult and child
(ages 11 — 13) bicycling trips, which included 2 crashes, 10 near crashes, and 178 errors
or traffic violations (Tables 1 & 2). Five of the 185 SREs included more than one category
(crashes, near crashes, errors, or traffic violations), such as a motorist error and near crash
occurring together. Within those 185 events, 3 occurred in conditions too dark to code the
video, and we could not locate three events identified through the rider trip diaries in the
video/GPS data. Thus, six (3.2%) events were excluded (Figure 4). Tables 3 through 6
include data from the 179 independent events that could be coded in detail.

The number of SREs per participant ranged from 0 to 6 among children and 4 to 38 among
adults, during their respective one week recording periods. These event counts did not
universally correlate with participant mileage. In other words, participants who rode more
did not necessarily have more SREs. For example, the child with the most SREs (n=6)

only rode 5.1 miles during the week, which means they had a rate of 117.7 per 100 miles.
Comparatively, the child with the most miles for the week (31.9) only had 2 SREs, for a rate
of 6.3 per 100 miles.

Figures 5 and 6 show the geographic boundary of the child and adult trips and the
geographic distributions of the safety-relevant events. From these figures it is easy to see
that adults rode more varied and longer routes throughout the county. The figures also show
that for both children and adults, SREs occurred more frequently in the more urban parts of
the county, specifically in the cities of lowa City, Coralville, and North Liberty.

Of the 20 participants, 100% of adults and 70% of children had at least one safety-relevant
event during their week of coded rides. Among children, the number of SREs per person
ranged from zero to six and 60% had three or less. Adults had far more SRESs per person,
with 50% having 13 or more SREs each and only one (10%) had three or less.

Two crashes were observed; one adult and one child, which were both due to bicyclist
handling errors and did not involve motor vehicles (Table 2). Ten near crashes were
captured, three among children and seven among adults. Although adults had a higher total
of crashes and near-crashes, the rate per mile of both crashes and near crashes was lower
among adults, given their higher volume of miles ridden.
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Errors or traffic violations were the most common safety-relevant event types for both
children and adults. Incomplete stops (yielding when they should have stopped) were the
most common traffic violation type for all ages and both genders. The rate of incomplete
stops per 100 miles was higher for female than male children (10.3 for girls and 7.2 for
boys) and for female than male adults (38.2 for females and 11.5 for males). Two motorist
errors were identified during adult participant trips and both were instances of the motorist
‘cutting off’ the bicyclist. We did not code motorist errors that did not directly impact the
bicyclist (e.g. if a car ran a stop sign as a bicyclist was approaching an intersection and there
was no impact on the bicyclist).

3.2 Safety-relevant events: Trip and environmental characteristics

Among the 179 events that could be coded in detail (Table 3), the majority (79.9%) occurred
on paved streets with no bicycle facilities, followed by sidewalk or side path (8.4%), bicycle/
multi-use path (8.4%), and paved street with on-street painted bicycle facility (1.7%; bicycle
lane, shared lane marking). The majority of events occurred at intersections for both children
(77.7%) and adults (84.5%), but for children these were more frequently T-intersections
(44.4%) while for adults they occurred more often at 4-way intersections (53.4%). However,
it should be noted that the inclusion of traffic violations in our SRE coding framework
favored intersections, given that incomplete stops and failure to stop or yield only apply to
intersection locations and there is high exposure to intersections during riding. Therefore,
results should be interpreted with this information mind.

The vast majority of adult events occurred near stop sign locations (88.8%), while for
children most events occurred near a stop sign (66.7%) or unregulated (no traffic controls)
locations (27.8%). The majority of SCEs did not involve visual obstructions (90.5%). For
both adults and children, over one third of their SCEs occurred on recreational or social trips
(Adults: 31.7%; Children: 38.9%).

For both children and adults, residential areas, locations with no on-street parked vehicles,
and commuting trips were the most prominent characteristics of SREs. For children, no
SREs were recorded for errand (non-commute utilitarian) trips compared to 13.7% of adult
safety-critical events.

Mornings, 08:00-10:59 a.m. were the most common time period for safety-relevant events
for both children (41.2%) and adults (30.4%). Time of day for adult events were spread out
more than children, including nearly 10% of their events occurring in late night and early
morning hours between 23:00 and 07:59.

3.3 Safety-relevant events: Behavioral characteristics

Nearly three quarters of all participant safety-relevant events occurred while riding on the
right hand side of the lane (Table 4). Children had a higher proportion of events occur on
sidewalks or non-road locations (33.3%), compared to adults (7.5%), but they also rode on
sidewalks more frequently.
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Distributions of bicyclist actions during safety-relevant events were similar between children
and adults, with most occurring when the bicyclist was traveling forward, with traffic
(45.8%), followed by turning right (31.3%), and turning left (21.8%).

No motor vehicles were present in the 15 seconds leading up to any of the child safety-
relevant events, compared to 15.1% (N = 27) of adult events. Ten adult SREs involved
interaction with motor vehicles in the 15 seconds leading up to the event. However, only
two (1.2%) of adult SREs involved motorist errors that required the bicyclist to take evasive
action (Table 2).

Safety-relevant events by exposure: Rates per 100 minutes of bicycling

Among adults, paved streets with no bicycle facilities were the most problematic, while the
lowest rates were on paved streets with on-street bicycle facilities (8.6 versus 1.7 per 100
minutes), suggesting bicycle facilities are protective against safety-relevant events (Table

5). Among children paved streets were also the most problematic, followed by sidewalk/
sidepaths (7.2 versus 1.9 per 100 minutes). No child events occurred while they were riding
in on-street bicycle facilities. However, they only used on-street bicycle facilities an average
of 1.3% of the time during trips, compared to adults who used on-street bicycle facilities and
average of 10.6% of each trip time.

Rates were also calculated by trip purpose (Table 5). For both children and adults, the
highest rates were found on commute trips, although adult rates (8.7 per 100 minutes) were
much higher than children (2.4 per 100 minutes), likely due to child preference for riding
on the sidewalk, where they were largely immune to making traffic violations. Adult safety-
relevant event rates were lowest on recreation/social trips (4.1 per 100 minutes). Children
had no events on non-commute utilitarian trips and slightly lower rates on recreation/social
trips compared to commutes (2.2 vs 2.4 per 100 minutes).

3.4 Safety-relevant events: Traffic volumes and frequency of driveways

Because safety-relevant events could be associated with increased traffic volume (increased
number of threats), we approximated traffic and driveway density surrounding the safety-
relevant events by counting driveways, bicycles, pedestrians, and motor vehicles present in
the 15 seconds leading up to each event. We stratified categories of traffic and driveway
density by trip purpose.

Traffic volumes and driveway frequencies did not vary considerably across safety-relevant
event trip purposes for adults, with one exception (Table 6). Adult SREs occurring on errand
trips had higher motor vehicle volumes in the in the 15 seconds leading up to the event (1.6)
compared to commute (0.6) and recreation/social SCEs (0.7). For all trip purposes, adult
SREs occurred in situations with low bicycle and pedestrian traffic volumes.

Conversely, for children, these values were not consistent across trip purpose. For example,
child SREs had a higher average driveway exposure and pedestrian volumes when they
occurred on commuting trips (to/from school), compared to recreation/social trips (Mean
Driveways: 1.5 vs. 0.3; Mean Pedestrians: 0.8 vs. 0) which had lower average motor vehicle
(Recreation: 0.1 vs. Commute: 1.3) and bicycle counts (Recreation: 0.4 vs. Commute: 1.9).

Accid Anal Prev. Author manuscript; available in PMC 2022 January 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hamann and Peek-Asa Page 10

Compared to adults, children had higher average driveway, bicycle, and pedestrian counts
for safety-relevant events that occurred on commute trips, and higher bicycle and motor
vehicle counts than adults for safety-relevant events occurring on recreation/social trips.

4. Discussion

This paper is the first to describe safety-relevant events captured naturalistically from adult
and child bicyclists in the United States. From 261 trips and 57 hours of bicycling, 179
independent safety-relevant events were coded. These data provide a first glimpse into

risk exposure and bicycling behavior beyond what is reported in crash and hospital data

or self-reported surveys in the United States. These additional data, which include unsafe
behaviors, are important and valid risk measures that help to clarify our understanding of
bicycling risk exposure. The naturalistic methodology used in this study, in terms of the
data acquisition, was successful and the viability of the system was high—only 2.7% of
safety-relevant events were removed due to incomplete or missing data.

However, not all safety-relevant events were captured within our minimalist instrumentation
and limited data coding framework. For example, we were not able to reliably code failure
to look for traffic, darting, or subtle avoidance behaviors. Our coding protocol focused on
traffic violations and events requiring obvious evasive action, which we could easily observe
and objectively code from the data captured.

We were not able to compare our findings to other North American data, because there

are not any published naturalistic bicycling studies in North America, to date. There have
also been no other naturalistic bicycling studies published with children as participants.
Therefore, the following discussion focuses on comparison to the available adult naturalistic
data and methods, which are from European and Australian studies.

Only 15.1% of all the SREs identified in our data (adults and children) had motor vehicles
present in the video of the 15 seconds leading up to the event. This demonstrates the unique
nature of the data, which focused on capturing bicycling behavior. This differs dramatically
from existing data sets (e.g., hospital data, police reports, crash data), which tend to capture
only the most serious crashes and injuries. For example, inpatient hospitalization records
report approximately one-third of bicycle-related hospitalizations are motor vehicle related
[28]. It is likely that the extent of motor vehicle involvement in the SCEs in our study were
undercounted because the data collection system was not designed to capture details of the
motor vehicles (e.g., braking, steering) and were limited to only the most clearly visible
motor vehicle errors that involved bicyclist evasive action (e.g., cutting in front of a bicyclist,
requiring bicyclist to brake). In particular, behavior of vehicles driving in the same direction
as the bicyclist were not well captured (e.g., passing too close or ‘buzzing’ the bicyclist).

We found rates of safety-relevant events varied by infrastructure type. Paved streets without
bicycle facilities were the most problematic for both children and adults. These rates were
much higher and opposite than what was found in a German study, which found higher
safety-critical event rates occurring at locations with bicycle infrastructure (2.06 per 100km
compared to regular roads, no bike facility (0.89 per 100km)[13]. In our study, both child
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and adult results indicated that safety-relevant events were least likely to occur in on-street
bicycle facilities compared to other infrastructure types. Our findings are consistent with the
general literature regarding safety of on-road bicycle facilities, which have suggested they
are protective in against crashes [24,29-31].

We also found variation in safety-relevant event characteristics (driveway frequency and
bicycle and pedestrian counts) among children by trip purpose, but not adults. These results
suggest that children have less experience with the roadway environment in terms of route
selection and comfort navigating traffic, given the variability in the traffic volumes and
driveway frequency by trip purpose. Adult consistency in these variables may, conversely,
demonstrate their experience in choosing low traffic routes and/or increased knowledge
and comfort in interacting with motor vehicles and other road users, given that their SREs
occurred in low traffic volume areas, overall. A total of 4.2% of our 261 recorded trips had
a crash or near crash. This was very similar to the German study which found 4.6% of trips
had SCEs [13]. Their definition of safety-critical event included only conflicts between the
bicyclist and another road user that required one to change speed or direction to avoid a
collision, in other words, crashes and near crashes.

An Australian study used a similar definition of safety-relevant event as the German
study[13], by including crashes, near crashes, and incidents that involved collision
avoidance[11]. We found a higher rate of crashes and near crashes to that study (0.19
vs. 0.06 per hour). Their data were drawn from nearly 128 hours of bicycling—number
of individual trips were not provided. From these data, they found 2 collisions, 6 near-
collisions, 46 incidents.

More than 80% of all the SREs we captured occurred at intersections. This finding

is consistent with a study conducted in Sweden, where they found bicycling through
intersections increased risk of safety-critical event occurrence (OR: 4.4, 95% CI 2.3-8.6)
compared to non-intersection locations[18]. Their study included 114hrs of data and 63
safety-critical events. Their safety-critical event definition included anytime the “cyclist
experienced a situation which made him/her feel uncomfortable”[8]. This difference in
definition makes it difficult to compare to our numbers or rates of SREs meaningfully.

Results from this and other naturalistic bicycling studies would benefit from consistency

in definitions and coding, to allow for comparison across studies. The field of naturalistic
driving has begun to embrace this concept of uniform coding and definitions by publishing
techniques, such as that found in the Handbook of Traffic Psychology [22]. Much of the
definitions and coding techniques utilized in naturalistic driving are applicable to naturalistic
bicycling, but not all. Therefore, it would be useful for researchers in this field to come
together to determine a common approach.

4.1 Limitations

The majority of safety-relevant events we identified occurred on paved streets with no
bicycle facilities among both children and adults. However, our coding scheme for safety-
relevant events in this study limited the comparison between children and adults, as we
focused on events that could be objectively coded (crashes, near crashes, traffic violations,

Accid Anal Prev. Author manuscript; available in PMC 2022 January 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hamann and Peek-Asa Page 12

and errors that lead to evasive action). We were not able to objectively code instances
where legal obligation to stop or yield right-of-way was not clear (e.g., when riding on the
sidewalk or through an uncontrolled intersection). This resulted in a discrepancy between
children and adults in the number of safety-relevant events, with children having far fewer
because they spent more time in areas where there was no legal obligation to stop or yield
(i.e., on sidewalks or areas other than in the roadway). The coding scheme also resulted

in a dominance of traffic violations, given the rarity of crashes, near crashes, and evasive
action-related errors, compared to the high frequency of traffic violations (incomplete stops
and failure to stop or yield) and high exposure to intersections during riding.

Our instrumentation also led to some limitations. We were not able to reliably code lapses,
such as failure to check for traffic at an intersection. Although the cameras were helmet-
mounted, cyclists were inconsistent in how much they turned their head when checking for
traffic and this tended to vary by the visual openness or traffic volume of an intersection.
Therefore, we could not be certain that they really failed to look, versus instance where
visually scanning an open intersection required minimal head movement. The camera’s wide
angle (270 degrees) was also a factor, as it made head movements less obvious.

Future naturalistic bicycling studies would benefit from developing more sophisticated
instrumentation with objective kinematic triggers or additional camera views (especially
a camera view of the rider’s head and upper body).

Additional instrumentation would allow for an enhanced video coding scheme that could
better capture the subtle negotiated behaviors between bicyclists and other road users
(motorists, pedestrians, other cyclists), bicyclist avoiding behaviors (e.g., braking), and
bicycling failure to check for traffic at an intersection. Johnson et al. (2013) [32] were able
to code some of these useful measures of avoidance behavior in cyclist-car door events from
their naturalistic cycling data, including cyclist reaction (veered wide, stopped) and cyclist
head checks.

Additional camera views would also allow for measurement of time-to-collision (TTC)

or post-encroachment time (PET), measures of probability of a collision. The Dutch
Objective Conflict Technique for Operation and Research (DOCTOR) method[33] might
be a useful framework for coding cycling conflicts from naturalistic data. This method has
been successfully used for site-based observational studies of conflicts on bicycle paths to
examine probability of collision and severity[34]. It would also be beneficial to develop
objective coding protocols to capture additional unsafe behaviors that relate to risk, but
which do not require evasive action, such as dart outs into the roadway, unintentional
swerving, or riding up the right side of cars in the same lane.

The generalizability of results is limited, given that this is a small sample of participants
(n=20), in a limited geographical area, and all participants were frequent bicyclists (typically
ride at least four times per week). This small sample size also limited us to a descriptive
analysis, without statistical testing. The high individual variation in event rates from our
sample does suggest, however, that future studies should adjust for clustering at the person
level. Nevertheless, these data and protocol for collection and coding provide unique
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information, not captured in previous studies, and a basis for future naturalistic bicycling
data collection and use. Collecting further data and combining these data with that from
other geographic areas within North America would be beneficial for betting understanding
cycling safety and developing appropriate countermeasures.

5. Conclusions

This study provides the first naturalistic bicycling data comparing children and adults in
the United States. Results reveal interesting differences between children and adults in
terms of safety-relevant events and warrant expanded exploration, particularly among the
understudied child population. Children had more handling-related errors, while adults
had more traffic violations. On-street bicycling facilities had low rates of safety-relevant
events, supporting their use as effective countermeasures. Intersections were problematic
for both children and adults, indicating an area of high potential for impact and need of
countermeasures.

Overall, results from this study support the future expansion of naturalistic bicycling
research in the United States and worldwide, given the unique and useful risk exposure and
risky behavior data it provides, which are not readily available in existing datasets. As the
field continues to grow, larger datasets and refined instrumentation and coding definitions
and protocols will allow for examination of trends, behavior, risk exposure, and how these
vary by person, traffic environment, and geographic subgroups. This study, in particular,
demonstrates the importance of looking at age differences in bicycling behavior and risk
exposures. Naturalistic bicycling research has great potential for understanding behavior and
use of infrastructure, developing interventions, and supporting policy change.
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Highlights

. First naturalistic bicycling study in North America with children and adults
. Most safety-relevant events occurred on roads without bicycle facilities

present
. There were large variations in adult and child bicycling behaviors and

exposure
. Additional risk-relevant data could be captured with enhanced

instrumentation
. Naturalistic cycling studies would benefit from standard coding and

definitions
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Fatalities

Injury Pyramid (adapted from
Near misses Heinrich triangle)

Unsafe acts & conditions

Heinrich Safety Triangle

Figure 1.
Heinrich Triangle and Injury Pyramid
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Figure 2.
GPS-enabled camera mounted on helmet for data collection
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Graphical user interface used for data coding with example trip and typical camera view
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261 adult and child
bicycling trips

190 crashes, near crashes. errors
and traffic violations:

-10 near crashes
-2 crashes
-178 errors or traffic violations

5 combined events

(e.g., near crash and
error)

185 independent
safety-relevant events
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-3 video to dark to code
-3 recorded in trip diary, but

not found in video/GPS

179 safety-relevant
— events included in
analysis

Figure 4.
Flow chart of safety-relevant events included in analysis
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Child participant (N=10) bicycle trips geographic boundary and event distribution, Johnson
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Adult participant (N=10) bicycle trip geographic boundary and event distribution, Johnson

County, lowa
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Table 1.
Participant characteristics
Children (N=10)

Age, Mean(SD) 12.0 (0.8)
Sex, N(%)

Male 5(50.0)

Female 5 (50.0)
Taken a bicycle riding class, N(%0)

Yes 2(20.0)

No 8(80.0)
Ride Bike to School, N(%)

Yes 8(80.0)

No 2 (20.0)
Miles of recorded riding, 1 week, Mean (SD) 12.8 (7.5)
Hours of recorded riding, 1 week, Mean (SD) 1.5(0.6)
Safety-relevant events, 1 week, Mean (SD) 21(1.8)

Adults (N=10)

Age, Mean (SD) 38.4 (13.6)
Sex, N(%)

Male 5 (50.0)

Female 5 (50.0)
Education, N(%)

Post high school 2(20.0)

4-year college degree 7 (70.0)

Master’s or doctorate 1(10.0)
Marital Status, N(%)

Married 2(20.0)

Single, Never Married 7 (70.0)

Widowed 1(10.0)
Annual Household Gross Income (before taxes), N(%)

< $20,000 2(20.0)

$20,000 to $39,999 3(30.0)

$40,000 to $59,999 1(10.0)

>$59,999 3(30.0)

Refused 1(10.0)
Taken a bicycle riding class, N(%6)

Yes 4 (40.0)

No 6 (60.0)
Ride bike to work, N(%0)

Yes 8 (80.0)

No 2(20.0)
Miles of recorded riding, 1 week, Mean (SD) 54.1(29.9)
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Children (N=10)

Hours of recorded riding, 1 week, Mean (SD) 42(1.6)
Safety-relevant events, 1 week, Mean (SD) 16.9 (11.7)
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Table 3.

Safety-relevant event trip and environmental characteristics by age (N=179)

Total Children Adults
#SREs % #SREs % #SREs %
Infrastructure type
Paved street, no bicycle facility 143 79.9 12 66.7 131 81.4
Paved street, with on-street painted bicycle facility 3 17 0 0 3 1.9
Sidewalk or side path 15 8.4 5 27.8 10 6.2
Off-street bicycle path 15 8.4 0 0 15 9.3
Gravel road 0 0 0 0 0 0
Other (parking lot, grass, dirt, etc.) 3 1.7 1 5.6 2 1.2
Site configuration
4-way intersection 92 51.4 6 333 86 53.4
T-intersection 58 324 8 44.4 50 311
Non-intersection 27 151 2 111 24 14.9
Other 2 11 2 111 1 0.6
Visual obstruction
No 162 90.5 17 94.4 145 90.1
Yes 17 9.5 1 5.6 16 9.9
Traffic controls present
Stop sign 155 86.6 12 66.7 143 88.8
Traffic light 8 45 0 0 8 5.0
Unregulated/no traffic controls 12 6.7 5 27.8 6 3.7
Other 4 2.2 1 5.6 4 25
Primary land use in area
Education 10 5.6 0 0 10 6.2
Farmland/Agriculture 5 2.8 0 0 5 31
Residential/Housing 115 64.2 17 94.4 98 60.9
Recreation 16 8.9 0 0 16 9.9
Commercial 28 15.6 1 5.6 27 16.8
Other 5 2.8 0 0 5 3.1
On-street parked vehicles
Same and opposite side as bicyclist 11 6.2 2 111 9 5.6
Same side as bicyclist 19 10.6 2 111 17 10.6
Opposite side of bicyclist 13 7.3 3 16.7 10 6.2
None or Not applicable 136 76.0 11 61.1 125 77.6
Trip Purpose
Commute 99 55.3 11 61.1 88 54.7
Errand (Non-commute utilitarian) 22 12.3 0 0 22 13.7
Recreation/Social 58 324 7 38.9 51 317
Time of Day
05:00-07:59 11 6.2 0 0 11 6.8
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Total Children Adults
#SREs % #SREs % #SREs %
08:00-10:59 56 313 7 38.9 49 30.4
11:00-13:59 27 15.1 3 16.7 24 14.9
14:00-16:59 34 19.0 4 22.2 30 18.6
17:00-19:59 35 19.6 4 22.2 31 19.3
20:00-22:59 11 6.2 0 0 11 6.8
23:00-4:59 5 2.8 0 0 5 3.1

SRE = safety-relevant event
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Bicyclist, motorist, and pedestrian lane position and actions at safety-relevant events

Table 4.

Total Children Adults
Characteristic # % # % # %
Bicyclist lane position/location
left 3 17 0 0 3 1.9
Center 26 145 0 0 26 16.2
Right 132 737 12 66.7 120 745
Sidewalk/sidepath/not applicable 18 101 6 333 12 75
Bicyclist Action
Forward, with traffic 82 458 9 50.0 73 453
Forward, against traffic 2 1.1 2 111 0 0
Turning right 56 313 3 16.7 53 329
Turning left 39 218 4 22.2 35 217
Motorist Action
Forward, with bicyclist 2 11 0 0 2 1.2
Forward, against bicyclist 3 1.7 0 0 3 1.9
Turning left, opposite bicyclist 1 06 0 0 1 0.6
Stopping, right and perpendicular to bicyclist 2 11 0 0 2 1.2
Stopping, center and perpendicular to bicyclist 2 11 0 0 2 1.2
Motorist present, no interaction with bicyclist 17 9.5 0 0 17 106
Not applicable, no cars present 152 849 18 100.0 134 832
Pedestrian Action
Forward, against bicyclist riding on sidewalk 1 0.6 1 5.6 0 0
Crossing perpendicular in front of bicyclist 1 0.6 0 0 1 0.6
Pedestrian present, no interaction with bicyclist 4 2.2 1 5.6 3 1.9
No pedestrian present 173 966 16 833 157 975
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Table 5.

Safety-relevant event rates per 100 minutes of bicycling by infrastructure and trip purpose

Total Children Adults

Infrastructure Type

Paved street, no bicycle facility 7.8 7.2 8.6
Paved street, with on-street painted bicycle facility 1.6 0 1.7
Sidewalk or side path 1.9 1.9 3.9
Off-street bicycle path 3.9 0 4.9
Gravel road 0 0 0
Other (parking lot, grass, dirt, etc.) 18 11 22

Trip Purpose

Commute 6.7 2.4 8.7
Errand (Non-commute utilitarian) 5.6 0 75
Recreation/Social 3.7 2.2 4.1

*
Rates were calculated using denominator time totals separately tabulated for each infrastructure type and trip purpose
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Traffic volumes and driveway exposure prior to safety-relevant event occurrence by trip purpose

Table 6.

Commute Errands Recreation/Social
Children Adults Children Adults Children Adults
Characteristic Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Number of driveways passed 15 1.0 11 14 -- - 11 11 0.3 0.5 11 1.3
Bicycle volume 0.4 0.7 0.2 0.9 - - 0.1 0.4 1.9 2.3 0.3 0.9
Pedestrian volume 0.8 2.7 0.3 1.6 - - 0.5 11 0 0 0.1 0.3
Motor vehicle volume 0.1 0.3 0.6 11 - - 1.6 2.8 13 34 0.7 13

Counts taken for the 15 seconds leading up to the event.
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