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Study Objectives: Many cognitive factors contribute to unintentional pedestrian injury, including reaction time, impulsivity, risk-taking, attention,
and decision-making. These same factors are negatively influenced by excessive daytime sleepiness (EDS), which may place children with EDS
at greater risk for pedestrian injury.

Design, Participants, and Methods: Using a case-control design, 33 children age 8 to 16 y with EDS from an established diagnosis of narcolepsy
or idiopathic hypersomnia (IHS) engaged in a virtual reality pedestrian environment while unmedicated. Thirty-three healthy children matched by
age, race, sex, and household income served as controls.

Results: Children with EDS were riskier pedestrians than healthy children. They were twice as likely to be struck by a virtual vehicle in the virtual
pedestrian environment than healthy controls. Attentional skills of looking at oncoming traffic were not impaired among children with EDS, but
decision-making for when to cross the street safely was significantly impaired.

Conclusions: Results suggest excessive daytime sleepiness (EDS) from the clinical sleep disorders known as the hypersomnias of central origin
may have significant consequences on children’s daytime functioning in a critical domain of personal safety, pedestrian skills. Cognitive processes
involved in safe pedestrian crossings may be impaired in children with EDS. In the pedestrian simulation, children with EDS appeared to show
a pattern consistent with inattentional blindness, in that they “looked but did not process” information in their pedestrian environment. Results
highlight the need for heightened awareness of potentially irreversible consequences of untreated sleep disorders and identify a possible target for

pediatric injury prevention.
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INTRODUCTION

Annually, 5,300 American pedestrians are killed and
85,000 others are injured; more than one-third of injured pedes-
trians are children.! In middle childhood, approximately 60%
of pedestrian injuries and mortalities occur when the child is
crossing a road at or between intersections, typically within a
half-mile of the child’s home.>* Several studies suggest young
children regularly negotiate dangerous street environments
alone when going to and from school.**7 Not surprisingly,
prevention of pediatric pedestrian injury has been targeted as a
national public health priority.?

Many factors contribute to unintentional pedestrian injury.
Among them are cognitive and temperamental traits of the
pedestrian, including reaction time, impulsivity, risk-taking,
attention, and decision-making.”'* These same characteristics
that influence pedestrian safety are negatively influenced by
excessive daytime sleepiness (EDS). Although EDS can result
from sleep deprivation among healthy children, it is the hall-
mark symptom of a category of sleep disorders known as hyper-
somnias of central origin. Hypersomnias include narcolepsy
and idiopathic hypersomnia (IHS), both of which are character-
ized by pathologic levels of EDS despite obtaining sufficient
amounts of sleep of good quality. Patients with hypersomnia
have a primary, chronic complaint of EDS, defined as the
inability to stay awake and alert during the day, with unintended
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lapses into sleep that are not due to disturbed nocturnal sleep,
insufficient sleep time, or misaligned circadian rhythms."
Because this article focused on EDS as a result of narcolepsy
or IHS, EDS refers to sleepiness from those disorders for the
remainder of this article.

Among adult populations, the presence of EDS puts indi-
viduals at high risk for human error, mental inefficiency, and
significant injury.'*!"” Individuals with EDS are likely to behave
impulsively and inattentively, make poor decisions, have slow
reaction times, and take risks.!® Adults with untreated narco-
lepsy are more likely to have daytime sleepiness resulting in
motor vehicle crashes.?

Most pediatric research has focused on the daytime conse-
quences of sleep deprivation from insufficient sleep time in
healthy children or in children with obstructive sleep apnea
syndrome.”"? A few studies document impaired attentional
and learning skills, poor quality of life, and impaired social
skills in children with EDS.?*?*¢ However, the daytime conse-
quences of pathologic EDS in children are poorly understood,
especially in relation to the effects on applied outcomes such
as injury risk.

This study examined whether children with EDS take greater
risks in pedestrian settings compared to matched agemates
without EDS. We hypothesized that children with EDS would
have a greater number of hits or close calls with vehicles
while crossing the street in a virtual pedestrian environment.
We further hypothesized that these dangerous pedestrian situ-
ations would be explained by the facts that children with EDS
would have (1) lower average attention to traffic while crossing
a virtual road and (2) greater temporal delays before entering
a safe traffic gap to cross within. We tested these hypotheses
using a case-control research design. Children with EDS were
tested while off wake-promoting medications and were matched
to controls by age, race, sex, and household income.
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Table 1—Demographic characteristics of children with EDS and controls
Characteristic EDS (n =33) Controls (n = 33) t df P

Narcolepsy diagnosis n=18
IHS diagnosis n=15
Sex ratio, male:female 16:17 16:17 0.002 1 1.00
Age, mean (SD; range), y 12.93 (2.76; 8.03-16.84)  12.74 (2.75; 8.38-17.81) 0.30 64 0.77
Ethnicity, white:African American:Hispanic 16:15:2 18:15:0 2122 2 0.35
Annual income, mean (SD), USD $35,551 ($11,983) $36,849 ($13,905) -0.41 64 0.69
Epworth Sleepiness Scale score 12.33 (5.65) 6.94 (3.82) 4.55 56 <0.0001

aChi-square tests were performed for this categorical variable. EDS, excessive daytime sleepiness; IHS, idiopathic hypersomnia; SD, standard deviation.

Figure 1—Screenshot of virtual reality pedestrian environment.

METHODS

Participants and Recruitment

Sixty-six children participated in the study (see Table 1 for
demographic characteristics). In 33 children, EDS was diag-
nosed. Diagnosis and recruitment occurred at the Pediatric
Sleep Disorders Center at Children’s of Alabama. Children
met International Classification of Sleep Disorders, Second
Edition (ICSD-2) diagnostic criteria for a hypersomnia of
central origin (narcolepsy with or without cataplexy, or idio-
pathic hypersomnia) based on diagnostic assessments that
included overnight polysomnography followed by multiple
sleep latency tests the following day, drug screening, and thor-
ough clinical evaluation from two attending board-certified
sleep specialists. In all children with EDS, the diagnosis was
made within 3 y of the study date and wake-promoting medi-
cation (modafinil) was prescribed. Exclusion criteria were
minimal and included cognitive or physical disabilities that
prevented full participation in the experimental protocol (e.g.,
mental retardation, blindness, use of a wheelchair); comorbid
medical or neurologic conditions; or antipsychotic medication
use. Only one child was excluded, based on recent diagnosis
of traumatic brain injury. To verify diagnosis of sleepiness,
we sampled level of sleepiness as measured by Epworth
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Sleepiness Scale-modified for children.?! Children with EDS
were clinically sleepy (mean = 12.33, standard deviation
[SD] =5.65).

Thirty-three healthy children were recruited from the
community using a laboratory database of community resi-
dents interested in participating in research. The same exclu-
sion criteria used in the case sample were applied; no children
were excluded. The samples were matched by age, sex, race,
and average income in the ZIP code of residence. Thus, demo-
graphic characteristics of this control sample of healthy chil-
dren were quite similar to those in the sample of children with
EDS (Table 1). The control sample was adequately alert with a
mean Epworth Sleepiness Scale score of 6.94 (SD = 3.82).

The study protocol was approved by the Institutional Review
Board at the University of Alabama at Birmingham. Informed
consent was obtained from participants’ parents or legal guard-
ians, and informed assent from participants. Families were
compensated for their time.

Protocol

Prior to the visit, caregivers of children with EDS refrained
from giving children their prescribed wake-promoting medi-
cation (modafinil) for 3 days prior to the research appoint-
ment and for the morning of the appointment. This timeline
was based on the half-life of the medication. Caregivers were
asked to continue administering medication for cataplexy if
prescribed. Caregivers of children in both samples prohib-
ited caffeine intake for children the morning of the research
appointment and were instructed to keep children awake after
their routine wake time and during the drive to the appoint-
ment. All sessions were conducted within a 3-h time weekday
morning time window.

Once the family arrived at for the appointment and consent
processes were completed, children participated in the virtual
reality pedestrian environment while the parent completed
demographic questionnaires. The research session lasted
approximately 1 h.

Virtual Reality Pedestrian Environment

Details of the virtual reality pedestrian environment (VRPE),
including validation data demonstrating behavior in the virtual
world that corresponds with behavior in real pedestrian envi-
ronments, are available elsewhere.' Briefly, children stand
on a wooden simulated curb while viewing the virtual pedes-
trian environment on three consecutive monitors arranged in a
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Pedestrian risk outcome measure
Attention to traffic (Looks per min)
Latency to start crossing (Decision-making time; sec)

Table 2—Independent samples t-tests between children with EDS and controls
EDS, Mean (SD)

26.30 (8.70)
125 (0.50)

Raw means with outliers removed are shown. Attention to traffic was transformed to meet normality assumptions prior to analysis. Data were occasionally
missing due to technical failure. EDS, excessive daytime sleepiness; SD, standard deviation.

Controls, Mean (SD) t df P
27.64 (14.30) 1.02 62 0.31
1.00 (0.44) 2.05 60 0.04

semicircle in front of the child (Figure 1). The child is immersed
in the virtual environment as they watch vehicles pass bidirec-
tionally on the screen and hear environmental and traffic noise
through speakers in the room. After deciding it is safe to cross,
the child steps off of the curb onto a pressure plate connected to
the computer and a sex-matched avatar is then activated to cross
the street. The avatar’s walking speed in the VRPE is matched to
the child’s walking speed, which is evaluated prior to the VRPE
task in a separate location. If the avatar safely reaches the other
side, the child hears one of two positive messages such as “Yes!
Great job!” If the child makes it across safely but was close to
being hit by a car, the child hears, “Whoa! That was close!” If
the child is struck by one of the cars, they hear, “Uh oh, you
should try that again!” Thus, the child is immersed into a virtual
world while deciding when it is safe to cross. After choosing to
cross, the world becomes third-person, and the child witnesses
the safety (or danger) of the crossing.

During the experimental visit, children performed 10 practice
trials to reduce learning effects and then engaged in 12 virtual
street crossings. Behavior in the 12 crossings was used for
analysis.

Pedestrian Safety Measures

We considered three outcome measures based on behavior
in the VRPE. First, we looked at simulated injury, assessed via
hits or close calls while crossing. We also considered three risk
factors involved in street crossings that may be influenced by
fatigue, attention to traffic, and decision-making.

(1) Simulated injury (collisions/near-collisions with virtual
vehicles): The sum of hits and close calls assessed pedestrian
injury risk. Hits were any direct collisions between the virtual
pedestrian and a vehicle. Close calls were instances when the
pedestrian was within 1 sec of being struck by a virtual vehicle.

(2) Attention to traffic: To evaluate attention to traffic,
looks toward traffic were tallied by head-tracking equipment
(Trackir4:Pro, NaturalPoint Inc, Corvallis, OR) that monitored
participants’ visual attention to traffic from the left and right,
a critical aspect of safe pedestrian behavior. We summed the
number of times participants looked left plus the number of
times they looked right while waiting to cross, divided by the
average wait time in sec.

(3) Decision-making: To assess the cognitive decision-
making aspects of pedestrian safety, we considered average
latency to start crossing. This value was computed as the time, in
millisec, between the traffic gap the child chose to cross within
emerging and the child initiating movement into that gap. Prior
research suggests this measure may represent the pedestrian’s
skill and speed of cognitive processing and decision-making
before initiating street-crossing.?’
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Figure 2—Percent of total sample with hits/close calls in virtual reality
pedestrian environment. EDS, excessive daytime sleepiness.

RESULTS

Descriptive statistics were considered first (Table 1). As
expected based on recruitment of matched samples, the two
groups were very similar in terms of age, race, sex, and house-
hold income.

The primary hypothesis was that children with EDS would
have higher risk of pedestrian injury than the matched group
of healthy control children. A Poisson regression analysis,
with hits/close calls as the dependent variable and group as
the independent variable, was statistically significant, Wald
¥* = 6.45 (P < 0.05). The number of hits/close calls for children
with EDS (mean = 1.22, SD = 1.26) was twice that of controls
(mean = 0.61, SD = 0.79); odds ratio = 2.01, 95% confidence
interval = 1.17-3.45. In addition, 60.6% of children with EDS
were hit by a virtual vehicle compared to 39.4% of children in
the control group. Thus, as seen in Figure 2, children with EDS
were not only at higher risk of getting hit by a car, but also had
greater percentages of multiple hits during the assessment in
the VRPE.

We next considered whether attention to traffic or slow deci-
sion-making might explain the increased incidence of virtual
pedestrian injuries among children with EDS compared to the
control group. Shapiro-Wilk tests suggested both the attention
to traffic and the decision-making constructs were non-normal.
Outliers were removed = 2 SD from the mean, correcting the
normality of decision-making after removing three outliers. For
attention to traffic, one outlier was removed but the variable
remained non-normal and was transformed using the square
root of absolute value transformation. As detailed in Table 2,
independent samples #-tests comparing the EDS versus control
groups yielded significant differences on decision-making
(EDS raw mean = 1.25, SD = 0.50; control mean = 1.00,
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SD = 0.44; #(60) = 2.05, P < 0.05; Cohen d = 0.53) but not
attention to traffic (EDS raw mean = 26.30, SD = 8.70; control
mean = 27.64; SD = 14.30; t(62) = 1.02, not significant; Cohen
d=0.11).

DISCUSSION

Children with EDS were more likely to get hit or nearly
hit by a virtual vehicle than a group of children matched by
age, sex, race, and housechold income. This finding extends
previous reports documenting the harmful effect of sleep depri-
vation on transportation safety of adults and adolescents.'>"” In
particular, this study provides initial evidence to suggest that
untreated EDS may be associated with increased injury risk to
children in pedestrian settings, as children with EDS experi-
enced collisions and near-collisions on over 10% of crossings
in the virtual street environment, and at a rate twice that of
matched controls.

When we investigated whether inattention to traffic, delayed
decision-making, or both, might explain the higher rate of colli-
sions with vehicles in the virtual pedestrian environment among
children with EDS, we found decision-making time varied
across groups but attention to traffic did not. Crossing streets
safely requires simultancous processing of several pieces of
information, and previous research suggests young children
are slower and less skilled at perceiving and processing those
stimuli, and then deciding how to act compared to older chil-
dren.?° Latency to enter a safe traffic gap is considered a proxy
for ability and speed in perceiving, processing, and deciding
how to act based on pedestrian environment stimuli.?”?® Chil-
dren tend to make decisions more quickly when tasks are
well within their ability, and require more time to determine
the safety of tasks that are more ambiguous and just beyond
their ability.***? Our results suggest that, as hypothesized, chil-
dren with EDS might take longer to determine the safety of
crossing ambiguous traffic gaps than children without EDS.
Longer delays in determining whether to cross could jeopardize
children’s safety because they enter a safe traffic gap at a later
time, thus creating a smaller traffic gap and less time before
oncoming vehicles reach the crosswalk.

Future research should investigate exactly what factors may
lead children with EDS to make slower and riskier decisions
to enter traffic gaps while crossing a street. Decision-making
is a complex, higher-order cognitive task that involves several
subcomponents. It may be that just one primary subcomponent,
such as reaction time, was deficient in the sample and led to
slower decision-making processes. Reaction time is delayed in
adults with sleep disorders such as narcolepsy.**** It may also
be that other or multiple subcomponents of street-crossing are
affected by side effects of EDS.

We did not find that attention to traffic was impaired among
children with EDS. A possible explanation for this finding is
that when sleepy, children are able to follow simple and rote
rules such as looking both ways before crossing, but they may
not fully process cognitively the complex environment they
perceive. This possibility is consistent with the adult driving
literature. In simulated adult driving research, drivers distracted
with a cell phone scan the driving environment in front of them
appropriately, but appear not to process the information they
see fully or accurately, resulting in what is sometimes called
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inattentional blindness.*>* For example, in one study drivers
distracted by cell phone conversations processed up to 50% less
information in their environment than nondistracted drivers.
They were more likely to overlook traffic signals, took longer
to react to detected traffic signals, and drove through red lights
and stop signs at a higher rate.* Distracted and sleepy drivers
show similar behavior patterns.?**

The current findings may have implications for both injury
prevention and sleep medicine practice. Unintentional inju-
ries are the leading cause of death in children younger than
18 y. Identifying risk factors for injury, such as sleep disor-
ders, is an important early step to move toward development of
prevention programs. In this particular case, we might consider
two broad solutions: counseling about pedestrian injury risk
by sleep professionals and increased community awareness
to highlight the effect of sleepiness on children’s pedestrian
injury risk.

Frequent screenings for symptoms of sleep disorders and
heightened awareness of the daytime consequences of sleepi-
ness are needed. Hypersomnias of central origin often persist
up to 10 y before proper diagnoses.?”*® Although up to half of
patients retrospectively recall symptoms well before age 15 vy,
diagnosis is rarely made prior to this age.*® However, it appears
that sleepy children may be at risk of injury—including pedes-
trian injury—well before they reach the age of driving. Injury
risks from sleepiness should be discussed with any pediatric
patient complaining of sleep problems. Community interven-
tions may also reduce risk. Such interventions include road
and traffic engineering to improve safety of children, including
sleepy children, in street-crossing environments. Two possible
interventions include safer walking zones near schools and
increased supervision of children in pedestrian settings by
parents and school officials.

This study had limitations. First, pedestrian behavior is
multifaceted. The virtual reality environment evaluates pedes-
trian behavior at a bidirectional midblock crossing. We did not
investigate pedestrian behavior at signalized or one-way cross-
ings, patterns of route selections when more than one crossing
option is available, or perception of acceleration/deceleration
in vehicles, for example. We also did not investigate lower-
level underlying cognitive processes involved in pedestrian
safety-making such as reaction time or visual perceptual skills.
Pedestrian safety is a highly complex and multifaceted cogni-
tive-perceptual task. Future research might continue to break
down the larger process of crossing streets safely into subcom-
ponents, evaluating how each subcomponent is influenced by
disorders such as EDS. Further, because EDS diagnoses are
rather rare, findings may be limited due to small sample size.
Findings are limited to pedestrian injury, as we did not evaluate
other injury risk situations. For example, the effect of EDS on
playground behavior, sports injuries, and other potentially risky
situations has not been tested carefully. Future research might
also consider whether treatments aiming to attenuate or remedy
sleepiness (such as wake-promoting medication) successfully
reduce injury risk.
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