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Background and ObjectiveaaPedestrian crashes represent a leading cause of pediatric injury. 
Children have particular risk due to underdeveloped cognitive and executive function skills. Given 
children with excessive daytime sleepiness (EDS) face deficiencies in executive function and cogni-
tive skill that impact cognitive functions necessary for safe pedestrian engagement, this study ex-
amined whether treatment with the stimulant medication modafinil might improve both cognitive 
functioning and pedestrian safety among children with EDS.
MethodsaaTwelve children aged 8–16 years diagnosed with EDS participated in a within-subjects 
experiment. Children completed two laboratory visits, one while treated with modafinil and one 
untreated. During each visit, children completed two self-report sleepiness inventories, two cogni-
tive tests [psychomotor vigilance test (PVT) and Conners’ continuous performance task (CPT; ver-
sion 3.0, Multi-Health Systems, Inc.)], and 20 virtual pedestrian environment street-crossings. Par-
ents completed a sleepiness survey about children. 
ResultsaaRelated samples t-tests found consistent patterns of reduced sleepiness, improved cog-
nitive functioning, and safer pedestrian behavior while children were medicated with modafinil 
compared to unmedicated. Statistically significant differences emerged for parent-reported child 
sleepiness (p < 0.01); PVT false starts, indicating improved attention, vigilance and alertness (p < 
0.10); CPT omissions, signifying failure to respond to stimuli (p < 0.05); and shortest time-to-con-
tact with oncoming virtual traffic (p < 0.05). Chi-square demonstrated children had fewer collisions 
with oncoming virtual traffic while medicated than unmedicated (p < 0.05).
ConclusionsaaMedication with the stimulant modafinil improved multiple aspects of cognitive 
functioning and pedestrian safety among children with EDS. The greatest benefits emerged on 
measures of alertness, attention, and response latency. Results suggest modafinil may improve real-
world functioning in tasks like crossing streets.	 Sleep Med Res 2021;12(1):44-49

Key Wordsaa�Injury and wounds; Excessive daytime sleepiness; Children, street; Modafinil;  
Narcolepsy.

INTRODUCTION

Pedestrian crashes resulted in 15529 nonfatal injuries and 158 deaths among American chil-
dren ages 8–16 in 2018 [1]. Children are particularly susceptible to pedestrian injuries for a va-
riety of reasons, including immature cognitive and executive function skills that lead to inatten-
tion, distraction and inability to judge, process, and act upon traffic risks [2,3]. 

Excessive daytime sleepiness (EDS) impacts many of the same cognitive skills that are critical 
to safe pedestrian functioning [4]. EDS is characteristic of both idiopathic hypersomnia (IHS) 
and narcolepsy, neurological sleep disorders that cause individuals to be excessively sleepy de-
spite adequate sleep at night, naps, or generally positive sleep hygiene. Individuals with EDS ex-
perience a level of sleepiness that is not remedied by napping and that impairs daily activities 
such as exercise, socialization, and work/academic achievement [5].
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Relevant to pedestrian safety, children diagnosed with EDS 
also experience neural functioning deficits that mimic those of 
chronic sleep deprivation [6]. These deficits include deficiencies 
in executive function and cognitive skill, as well as patterns of im-
pulsive, inattentive, and cognitively immature behavior [7,8], all 
skills highly relevant to safe engagement in pedestrian settings.

Individuals with EDS respond well to treatment with psycho-
stimulant medications [9,10]. Thus, just as sleepy adults may self-
medicate to improve functioning with stimulants such as caffeine 
and individuals with diagnosed attention-deficit/hyperactivity 
disorder are prescribed with prescription stimulants, children 
with EDS experience a reduction in symptoms through stimu-
lant medications [9]. Modafinil is one stimulant that has proven 
effective to reduce EDS symptoms, but it is unknown whether 
treatment with stimulants like modafinil also yields positive 
changes in real-world behavior such as risk for injury. 

The present study recruited 12 children ages 8–16 diagnosed 
with EDS by meeting International Classification of Sleep Dis-
orders (ICSD)-2 diagnostic criteria for a hypersomnia of central 
origin (narcolepsy with or without cataplexy, or IHS). A within-
subjects research design was implemented to test the children’s 
pedestrian safety and behavior in a virtual pedestrian environ-
ment under two conditions, while untreated with medication and 
following their prescribed treatment with modafinil. We also 
evaluated cognitive skills relevant to pedestrian safety during 
both visits. We hypothesized the children would demonstrate 
safer pedestrian behaviors, plus score higher on assessment of 
relevant cognitive skills and lower on measures of sleepiness, 
while medicated with the stimulant modafinil. 

METHODS

Participants and Recruitment
Twelve children [mean (M) = 13.35 years, standard deviation 

(SD) = 2.03 years, range = 9–16 years] diagnosed with IHS or 
narcolepsy participated. The sample included 7 boys (58%) and 
5 girls (42%), was 50% White, 33% African American, and 16% 
multiracial/other race, and families reported a median household 
income of $20000–$39999 (range < $20000 to > $100000). 

Participants were recruited from a Pediatric Sleep Disorders 
Center at major children’s hospital in the United States. Eligible 
children met ICSD-2 diagnostic criteria for a hypersomnia of cen-
tral origin (narcolepsy with or without cataplexy, or IHS) based 
on diagnostic assessments that included overnight polysomnog-
raphy followed by multiple sleep latency tests the following day, 
drug screening, and thorough clinical evaluation. Exclusion cri-
teria were minimal and included only sensory or intellectual im-
pairments that would prevent the child from understanding or 
participating in the study protocol. No eligible children were ex-
cluded for these reasons.

The study protocol was approved by the Institutional Review 

Board at the University of Alabama at Birmingham (IRB no. 
140228005). Informed consent was obtained from participants’ 
parents/legal guardians, and informed assent from participants. 
Families were compensated for their time. 

General Protocol
Following informed consent processes, children completed 

study procedures twice, with visits separated by an average of 
10.21 days (SD = 5.55 days). One visit occurred while the child 
had been unmedicated by all stimulant and other wakefulness 
medications to treat their sleep disorder for at least 6 days. The 
other visit occurred while the child was treated with modafinil, 
as prescribed by their physician, for at least the prior 6 days. Visits 
were otherwise identical, and visit order was randomized across 
participants. In both cases, participants completed the follow-
ing procedures during a 1.5-hour laboratory visit: two comput-
er tasks assessing cognitive skills relevant to pedestrian safety 
[psychomotor vigilance test (PVT) and Conners’ continuous 
performance task (CPT)], two brief self-report surveys on sleep-
iness (Epworth Sleepiness Scale and Stanford Subjective Sleepi-
ness Scale), and 20 crossings within a virtual reality pedestrian 
environment. Demographic surveys were also collected.

Measures
Participants completed two cognitive tasks during each exper-

imental visit. First, the PVT [11] was administered to evaluate 
reaction time, vigilance and alertness. During the test, partici-
pants responded to a red light flashing across a black computer 
screen. Three outcome scores were collected from this computer 
assessment: 1) hit reaction time, which measures the amount of 
time in seconds between the response stimulus appearing on 
the screen and the participant responding via the computer key-
board; 2) lapse count, which provides a numerical score indicat-
ing the number of times the stimulus appeared without a par-
ticipant response; and 3) false starts, which refers to a numerical 
count of how many times the participant responded to the in-
dicated stimuli without the stimuli appearing on the screen. 

Children also completed the Conners’ CPT (version 3.0, Multi-
Health Systems, Inc., Toronto, Canada) to evaluate attention and 
response inhibition. During this 14-minute computer test, par-
ticipants were instructed to hit the spacebar when any letter aside 
from “X” appeared. For the purpose of this study, four scores were 
collected from this measure: 1) percentage of omissions, which 
refers to the number of times during the test that the participant 
failed to press the spacebar when they should have; 2) percent-
age of commissions, which refers to the number of times during 
the test that the participant correctly pressed the spacebar; 3) per-
severations, which is a measure of random or anticipatory space-
bar responses; and 4) hit reaction time score, which represents 
an average measure of time between the stimulus appearing on 
the screen and the participant pressing the spacebar. 

We also administered three brief written surveys. First, a brief 
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demographic survey was completed by parents during the first 
visit. Second, the Epworth Sleepiness Scale (completed indepen-
dently by parent and child) [12] and the Stanford Sleepiness Scale 
(completed by child only) [13] were collected at each visit. The 
Epworth Sleepiness Scale consists of eight questions on a scale of 
zero to three and provides a general level of daytime sleepiness 
through self-ratings of how likely respondents feel they (or their 
children) are to fall asleep in a range of situations. Test-retest re-
liability and item analysis indicate high levels of consistency with 
clinical and non-clinical populations [14]. The Stanford Sleepi-
ness Scale is a single item consisting of an eight-point scale to 
quantify a participants’ immediate current level of sleepiness [13]. 
This scale has strong reliability with other sleep scales and estab-
lished reliability and validity [15,16]. 

Finally, children completed multiple crossings in a validated 
virtual reality pedestrian environment [17]. This environment 
simulates a real world street crossing by allowing children to 
watch and hear virtual street traffic on three consecutive moni-
tors arranged around the child to create a semi-immersive envi-
ronment. While watching traffic, participants stepped down off 
a wooden curb onto a pressure plate connected to the computer. 
This step indicated a crossing, during which a gender- and race-
matched avatar walked across the virtual crosswalk at the aver-
age walking pace of the participant (as measured earlier). Traffic 
speed for each crossing was set at a moderate speed of 32.5 miles 
per hour with an average traffic density of 12 vehicles per minute. 

Three pedestrian safety outcome measures were derived. First, 
we considered collisions (“hits”), which refers to the number of 
times the participant was struck by a virtual vehicle across the 20 
pedestrian crossings. Second, we assessed time to contact, or 
the average gap in seconds between the virtual pedestrian ava-
tar and the nearest oncoming vehicle at any point in the cross-
walk. Third, we examined missed opportunities, which were cal-
culated as a count of times across the 20 trials there was a gap in 
traffic large enough for the participant to safely cross the street 
without the participant initiating a crossing. This count was quan-
tified as a gap in traffic 1.5 times the required time for the partic-
ipant to cross the street, based on their average walking speed. 

Data Analysis Plan
Demographic statistics were examined first. Inspection of nor-

mality prior to inferential analyses revealed five outliers ± 2 SD 
from the mean, one datapoint each from PVT mean reaction 
time medicated, PVT mean reaction time unmedicated, CPT 
perseverations medicated, CPT perseverations unmedicated, 
and pedestrian safety missed opportunities unmedicated. These 
variables were removed from the dataset prior to conducting in-
ferential analyses. Hits in the virtual pedestrian crossing showed 
a non-normal distribution even after outliers were removed, so 
it was transformed into a binary categorical variable of any hits 
versus no hits across the 20 virtual crossings at each visit. 

To assess the primary hypotheses, paired samples t-tests were 

conducted to examine differences between the within-subjects 
groups on the sleep, cognitive, and pedestrian outcome measures. 
Hits in the virtual pedestrian environment was compared across 
conditions using chi-square. All analyses were conducted using 
IBM SPSS Statistics for Windows (IBM Corp., Armonk, NY, USA).

RESULTS

We first considered parent and child reports of sleepiness in 
both conditions. Table 1 lists descriptive data as well as results 
from paired samples t-tests. As shown, children reported no sig-
nificant change on the Epworth Sleepiness Scale in their self-re-
ported general level of sleepiness while medicated (M = 11.00, 
SD = 3.07) versus not medicated (M = 12.00, SD = 4.05), t(11) = 
0.84. However, parents reported that their children’s sleepiness 
improved significantly while the children were medicated (M = 
12.75, SD = 4.59) compared to not medicated (M = 16.17, SD = 
3.43), t(11) = 4.87, p < 0.01. Results from the self-reported Stan-
ford Sleepiness Scale measuring the immediate level of sleepi-
ness decreased slightly while children were medicated (M = 2.50, 
SD = 1.62) versus non medicated (M = 2.79, SD = 1.30), indi-
cating a lower degree of sleepiness at the time of assessment 
while medicated, but this result was not statistically significant, 
t(11) = 0.47. 

Table 1 also lists descriptive data and paired sample t-test re-
sults from the cognitive measures. As shown, results from the 
PVT indicate the number of false starts decreased while chil-
dren were medicated (M = 4.00, SD = 2.53) versus not medicat-
ed (M = 11.45, SD = 12.70), t(10) = 2.07, p < 0.10, suggesting 
increased attention, vigilance, and alertness while treated with 
modafinil. The two other PVT outcomes, mean reaction time 
and lapses in attention, showed trends toward better performance 
while medicated, but these differences were not statistically sig-
nificant. 

Scores on the Conners’ CPT also improved while children 
were medicated. In particular, the number of omissions—or fail-
ures to respond to stimuli—decreased significantly when par-
ticipants were medicated (M = 6.58, SD = 5.24) compared to not 
medicated (M = 10.96, SD = 8.63), t(11) = 2.58, p < 0.05. Scores 
on the other three measures—the percentage of commissions, 
number of perseverations, and hit reaction time—all improved 
in the hypothesized direction while participants were medicat-
ed, but at non-significant levels (Table 1). 

Last, we examined the influence of treatment with modafinil 
on children’s pedestrian safety. Results of a chi-square analysis 
indicate the number of collisions between participants and vir-
tual cars improved significantly while children were treated 
with modafinil (25% of participants experienced a virtual colli-
sion) compared to when they were not treated (50% experienced 
a collision; χ2 = 4.00, p < 0.05). There was also significantly great-
er safety in time to contact, or the amount of time between the 
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pedestrian and the next approaching vehicle while medicated 
(M = 4.31, SD = 0.74) versus not medicated (M = 3.94, SD = 0.72), 
t(11) = -2.74; p < 0.05. The number of missed opportunities to 
cross safely showed minimal change in response to the treatment 
with modafinil. 	

DISCUSSION

Use of the stimulant medication modafinil improved several 
aspects of cognitive functioning and pedestrian safety among 
children with EDS. Other aspects of functioning improved some-
what based on quantitative trends and effect sizes, although at 
non-significant levels among the small sample size of patients re-
cruited for the study.

Results from the cognitive testing suggest children who were 
medicated experienced increased performance on measures of 
awareness, vigilance, and response latencies. On the PVT, the 
strongest result emerged on the false start count, a measure of 
children responding to stimuli that they should not have. The 
score decreased from a mean of over 11 incorrect responses to 
just 4 when children were medicated. On the CPT, similarly, chil-
dren experienced the greatest benefit on the measure of omis-
sions—times when they should have responded to a stimuli but 

did not respond. That count decreased from an average of 10.96% 
of the time to an average of 6.58% of the time when medicated. 
There also were substantial but non-significant changes (effect 
sizes > 0.35) on the CPT for the percent of commissions (correct 
responses to stimuli) and to the hit reaction time, a measure of 
how quickly children responded to stimuli.

The findings from the cognitive tests largely replicated in the 
results from the virtual reality pedestrian crossings. Half the chil-
dren experienced a virtual collision in the simulated environment 
while unmedicated, but that number reduced to just one-quar-
ter of children when they were medicated. This result indicates 
a 50% drop in highly-dangerous pedestrian crashes for children 
medicated with modafinil. We also detected a change in time to 
contact, or the shortest time between the child pedestrian in the 
crosswalk and an oncoming vehicle from either direction. Time 
to contact reflects efficient processing and entry into a safe pe-
destrian gap; when it is short, the child may be choosing a risky 
time to cross. Thus, just as responses to the PVT and CPT while 
unmedicated and sleepy reflect deficiencies in cognitive skill and 
executive function, behavior in the virtual environment while 
unmedicated indicate riskier decisions. While medicated, chil-
dren responded more quickly to the cognitive tasks and made 
safer pedestrian decisions, indications that they may have been 
experiencing increased attention and superior cognitive process-

Table 1. Results of repeated measures t-test analyses for sleepiness, cognitive, and pedestrian measures (n = 12)

  Unmedicated mean (SD) Medicated mean (SD) t* Cohen’s d
Sleepiness      

Self-report Epworth Sleepiness Scale 12.00 (4.05) 11.00 (3.07) 0.84 0.24
Parent-report Epworth Sleepiness Scale 16.17 (3.43) 12.75 (4.59) 4.87§ 1.41
Stanford Sleepiness Scale 2.79 (1.30) 2.50 (1.62) 0.47 0.14

PVT†      
Mean reaction time 488.38 (251.33) 417.32 (144.93) 0.75 0.25
Lapse count 24.00 (19.62) 22.55 (21.68) 0.23 0.07
False start count 11.45 (12.70) 4.00 (2.53) 2.07‖ 0.62

Conners’ CPT      
Percent of omissions 10.96 (8.63) 6.58 (5.24) 2.58** 0.74
Percent of commissions 54.78 (19.79) 63.76 (23.63) -1.25 -0.36
Perseverations 1.64 (2.15) 0.93 (1.29) 1.59 0.50
Hit reaction time 458.09 (133.93) 422.34 (77.88) 1.53 0.44

Pedestrian behaviors      
Hits 0.77 (0.93) 0.50 (1.00) 4.00‡** p = 0.046
Time to contact 3.94 (0.72) 4.31 (0.74) -2.74** -0.79
Missed opportunities 2.00 (1.79) 2.55 (2.46) -0.73 -0.22

*One outlier ± 2 SD from the mean was removed from analysis for each of the following variables: PVT mean reaction time medicated, PVT 
mean reaction time unmedicated, CPT perseverations medicated, CPT perseverations unmedicated, and pedestrian safety missed opportuni-
ties unmedicated. †Data for one participant were unavailable on this test due to technical issues, so n = 11 for this measure. ‡Chi-square test 
performed for this variable, which was transformed to hits versus no hits across the 20 virtual pedestrian crossings for analysis. §p < 0.01. ‖p < 
0.10. **p < 0.05.
SD: standard deviation, PVT: psychomotor vigilance test, CPT: continuous performance task.
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ing while medicated. 
Our results concerning pedestrian behavior should be inter-

preted with two caveats in mind. First, the sample ranged in age 
from 8 years to 16 years. We might expect the youngest partici-
pants to still be developing safe pedestrian skills; the American 
Academy of Pediatrics suggests children under age 10 should 
not engage independently in street-crossing behavior [18]. The 
few young children in the sample, therefore, may have made fre-
quent errors in their pedestrian crossings even when medicated, 
as healthy and typically-developing 8- and 9-year-old children 
would be expected to make poor decisions in pedestrian settings 
[3]. The oldest children in the sample, contrarily, may engage 
safely in traffic rather automatically, and therefore may suffer 
relatively little from their EDS symptoms. Second, children in 
our sample may have lived with symptoms of excessive sleepi-
ness for many years and may therefore have developed coping 
skills to handle cognitively complex tasks such as street-crossing 
in bursts of attentive energy [19]. There is additional evidence 
for maturational differences when examining an increase of ho-
meostatic sleep pressure following a full night of sleep depriva-
tion. Older adolescents may have a higher biologic threshold to 
tolerate sleep deprivation symptoms than children and young-
er adolescents [20,21].

Study limitations include a small sample size with a wide age 
range. This is not unusual for research with clinically-diagnosed 
children with EDS given the low base rate of relevant disorders, 
but results should be interpreted cautiously and effect sizes con-
sidered along with statistical significance due to the available sta-
tistical power to detect differences. The wide range of ages among 
recruited participants also limits the study given the rapid cog-
nitive development that occurs during the pre-teen and teen years. 
We examined functioning after at least six days of treatment with 
modafinil, which should be sufficient to induce full neurocog-
nitive effects of the stimulant medication [22], but it is possible 
that longer-term results would differ if we assessed functioning 
repeatedly or after several weeks of administration. Finally, we 
conducted a substantial number of statistical tests without con-
trolling for Type I error risk. Future research might consider ways 
to assess outcomes through alternative measures and recruit a 
larger sample size that provides sufficient statistical power to bet-
ter control for Type I error risk.

Despite these limitations, we observed significant and trend-
ing patterns indicating the positive influence of the stimulant 
medication modafinil among children experiencing EDS. We 
attribute the positive changes to increased alertness, vigilance, 
attention, and response time and conclude treatment of EDS with 
stimulants like modafinil may yield improved functioning, includ-
ing in life-threatening daily situations such as crossing a street. 
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