
www.manaraa.com

High risk of near-crash driving events following
night-shift work
Michael L. Leea,b, Mark E. Howarda,c, William J. Horreyd, Yulan Liangd, Clare Andersona,b,e, Michael S. Shreevea,
Conor S. O’Briena, and Charles A. Czeislera,b,1

aDivision of Sleep and Circadian Disorders, Departments of Medicine and Neurology, Brigham and Women’s Hospital, Boston, MA 02115; bDivision of Sleep
Medicine, Harvard Medical School, Boston, MA 02115; cDepartment of Respiratory & Sleep Medicine, Institute for Breathing & Sleep, Austin Health, Heidelberg,
VIC 3084, Australia; dCenter for Behavioral Sciences, Liberty Mutual Research Institute for Safety, Hopkinton, MA 01748; and eMonash Institute of Cognitive and
Clinical Neurosciences, School of Psychological Sciences, Faculty of Medicine, Nursing and Health Sciences, Monash University, Clayton, VIC 3800, Australia

Edited by Joseph S. Takahashi, Howard Hughes Medical Institute, University of Texas Southwestern Medical Center, Dallas, TX, and approved November 3,
2015 (received for review May 27, 2015)

Night-shift workers are at high risk of drowsiness-related motor
vehicle crashes as a result of circadian disruption and sleep
restriction. However, the impact of actual night-shift work on
measures of drowsiness and driving performance while operating a
real motor vehicle remains unknown. Sixteen night-shift workers
completed two 2-h daytime driving sessions on a closed driving
track at the Liberty Mutual Research Institute for Safety: (i) a post-
sleep baseline driving session after an average of 7.6 ± 2.4 h sleep
the previous night with no night-shift work, and (ii) a postnight-
shift driving session following night-shift work. Physiological measures
of drowsiness were collected, including infrared reflectance oculogra-
phy, electroencephalography, and electrooculography. Driving perfor-
mance measures included lane excursions, near-crash events, and
drives terminated because of failure to maintain control of the vehicle.
Eleven near-crashes occurred in 6 of 16 postnight-shift drives (37.5%),
and 7 of 16 postnight-shift drives (43.8%) were terminated early for
safety reasons, compared with zero near-crashes or early drive termi-
nations during 16 postsleep drives (Fishers exact: P = 0.0088 and P =
0.0034, respectively). Participants had a significantly higher rate of lane
excursions, average Johns Drowsiness Scale, blink duration, and num-
ber of slow eye movements during postnight-shift drives compared
with postsleep drives (3.09/min vs. 1.49/min; 1.71 vs. 0.97; 125 ms
vs. 100 ms; 35.8 vs. 19.1; respectively, P < 0.05 for all). Night-shift
work increases driver drowsiness, degrading driving performance
and increasing the risk of near-crash drive events. With more
than 9.5 million Americans working overnight or rotating shifts
and one-third of United States commutes exceeding 30 min, these
results have implications for traffic and occupational safety.
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Between 2009 and 2013 in the United States, a drowsy driver
was involved in an estimated 21% of fatal crashes and 13%

of crashes causing severe injury, consistent with earlier estimates
that drowsy driving causes 20% of serious motor vehicle crash
injuries resulting in hospitalization or death, and is associated
with a four- to sixfold increase in crash/near-crash risk (1–4).
These data indicate that drowsiness is likely one of the most
prevalent causes of preventable road crashes worldwide (5).
Most drivers admit to driving while drowsy, with 28% reporting
falling asleep while driving within the past year (6). The nation’s
9.5 million shift workers, comprising 15% of the workforce (7), are
at particular risk of drowsy driving (8). Night-shift work increases
the risk for drowsy driving crashes, especially on the morning
commute home from overnight work (9–11), when elevated ho-
meostatic sleep pressure interacts with the peak of circadian sleep
propensity to create a critical zone of performance vulnerability
(10–12).
Despite the high prevalence of drowsy driving and sleep-related

crashes, little is known about the characteristics of driver impair-
ment preceding or during a drowsiness-related critical driving
event. Increased weaving in the lane and episodes of lane crossing
occur during prolonged nocturnal driving, similar to behaviors
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Drowsy driving is a major public health issue, particularly
impacting the 9.5 million shift workers in America. Previous re-
ports have assessed the impact of night work on driving in
driving simulators. This real-vehicle driving study demonstrated
increased objective and subjective drowsiness and degraded
daytime driving performance in 16 night-shift workers while
driving after a night of work, deteriorating with drive duration.
No near-crashes occurred during driving after a night of sleep; 11
occurred during driving after night-work; all near-crashes oc-
curred after at least 45 min of driving. Policy makers and night-
workers should consider avoiding/minimizing driving or deploy-
ing effective countermeasures when driving after night-shift
work to reduce drowsy driving and preventable crashes and in-
juries in this high-risk population.
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observed in drivers with elevated blood alcohol concentrations
(13). Small steering corrections are reduced in drowsy drivers, who
make infrequent large steering corrections (14). Physiological signs
of drowsiness identified during night-time driving include brief
sleep episodes and partial eyelid closure with slow eye movements
(15). However, few studies have related these physiological
changes to behavioral signs of impaired driving. After a night shift,
increased out-of-lane events, subjective sleepiness, and blink du-
ration are evident during simulated driving (16, 17).
Drowsiness and crash risk also increase with drive duration (13,

18–23). During simulated driving, sleep-deprived drivers show
increased subjective sleepiness, reaction time, and improper lane
crossings with increasing drive duration (18). Corrective steering
wheel movements (22) and variation in car speed and lateral po-
sition (23) deteriorate over time, with severe driving impairment
during nighttime highway driving after 2 h (13). Although few
studies have evaluated the impact of drive duration on physio-
logical indices of drowsiness, ocular measures of drowsiness ap-
pear to increase during the latter part of the commute home after
the night shift (21). As such, the effects of circadian disruption and
sleep restriction exhibited in night-shift workers are likely to be
exacerbated as the homeward commute becomes prolonged.
The goals of this study were to test the hypotheses that night-

shift work results in increased objective and subjective drowsi-
ness and impaired driving performance, and that drive duration
increases the risk of these events. To test these hypotheses, ac-
tual night-shift workers (Table 1) were recruited to undertake a
2-h drive in an instrumented vehicle on a closed test track fol-
lowing the night shift. The same drivers also completed a sepa-
rate driving session following their usual nocturnal sleep episode.

Results
Participants in the postsleep condition reported obtaining an
average (±SD) of 7.6 ± 2.4 h of sleep during the previous night
(range: 5–12 h). Participants in the postnight-shift condition
reported obtaining an average (±SD) of 0.4 ± 1.1 h of sleep
between the start of their overnight shift and the start of their
postnight-shift drive (range: 0–4.3 h); in three cases this sleep
occurred during the night shift, whereas in one case it occurred
between the end of the night shift and the start of the postnight-
shift drive. During the overnight shift before the postnight-shift
drive, participants worked an average duration of 8.3 ± 4.1 h
(range: 5–20.5 h), with at least 5 of those hours occurring be-
tween 10:00 PM and 8:00 AM. On average, the postsleep and the
postnight-shift drives occurred at approximately the same time of
day for each participant, with the average difference in the time
of day at which each participant’s postsleep and postnight-shift
drives started being 1.0 ± 1.2 h (range: 0.1–5 h). Before the start
of the postsleep-drive session, participants had been awake for
an average of 5.0 ± 1.7 h (range: 3.4–7.5 h) since their last sleep
episode. Before the start of the postnight-shift drive, participants
had been awake for an average of 12.8 ± 4.8 h (range: 3.3–18.9 h)
since their last sleep episode. There was no significant effect of

condition order as measured by lane crossings in either the postsleep
condition (P = 0.58) or the postnight-shift condition (P = 0.68).

Driving Events. Over one-third of postnight-shift drives (37.5%)
required a safety observer to initiate emergency braking maneuvers
in response to a near-crash event to ensure the safety of the par-
ticipant and study staff, compared with none of the postsleep drives
(Fisher’s exact test: P = 0.0088) (Table 2). A total of 11 emergency
braking maneuvers were executed in response to a near-crash event
during postnight-shift driving sessions compared with zero during
postsleep driving sessions (Fig. 1, Left). Seven of the 16 postnight-
shift drives (43.8%) were terminated prematurely because of failure
to maintain adequate control of the vehicle (six identified by the
investigator, one identified by the participant), compared with none
of the postsleep drives (log-rank test: P = 0.00308) (Fig. 1, Right)
(Fisher’s exact test: P = 0.0034) (Table 2). Among these 16 par-
ticipants, all of the emergency brake maneuvers, near-crash
events, and drive terminations occurred 45 min or more after the
start of the postnight-shift drive (Fig. 1), although objective
measures of driving performance impairment and drowsiness
were evident during the first 15 min of driving (Fig. 2).
Lane excursions, slow eye movement intrusions, and microsleep

episodes were significantly more frequent during the postnight-
shift drives than during the postsleep drives (Table 2). Ocular
measures of drowsiness [interevent duration (IED) and John’s
Drowsiness Scale (JDS) (24)] were significantly higher on post-
night-shift drives compared with postsleep drives. Percent of time
with eyes closed and blink time duration did not show a significant
difference, whereas the differences in condition for positive
amplitude-velocity ratio (AVR) and average maximum JDS
showed trends that were not quite statistically significant.

Time on Task. Evidence of impairment of objective measures of
driving performance and drowsiness during the postnight-shift
drives compared with the postsleep drives was apparent within
the first 15 min of driving (Fig. 2). The risk of microsleep epi-
sodes (>3 s of any stage of sleep) across all drives increased after
driving for >30 min (Student’s t test, P = 0.04), increasing from
0.13 to 1.31 episodes of microsleep episodes per hour. Frequency
of slow eye movements and lane-crossing events increased as a
function of driving duration (z = 8.41, P < 0.001) and a condition
by driving block (15-min segment) (see Materials and Methods)
interaction was observed (z = 4.07, P < 0.001) (Fig. 2); however,
driving condition did not have a significant effect with the in-
teraction term included (z = −1.69, P = 0.091). Similar effects
were evident for ocular measures of drowsiness: IED, JDS, blink
time duration, and positive AVR all significantly increased
across the driving block (z = 10.41, 9.91, 6.60, and 8.28, re-
spectively; P < 0.001 for all) and condition by driving block in-
teraction (z = −5.01, −4.26, −4.48, and −4.57, respectively; P <
0.001 for all), showing a time-on-task effect that impacts post-
night-shift drives greater than postsleep drives. Subjective
sleepiness (Karolinska Sleepiness Scale, KSS) increased in the
postnight-shift drive (z = −3.34, P = 0.001) and by driving block
(z = 5.45, P < 0.001), but there was no significant interaction
effect. However, subjective indices of drowsiness increased with
driving block and there was an interaction effect of condition and
driving block (”struggling to keep eyes open”: z = 7.45 and −4.27,
respectively; “difficulty keeping to the middle of the road”: z =
8.13 and −4.97, respectively; P < 0.001 for all) (Fig. 2).

Discussion
We found a high risk of dangerous driving and near-crash events
during actual driving by night-shift workers following overnight
work, when physiological markers of drowsiness were signifi-
cantly increased. Our data indicate that prolonged driving may
be especially hazardous during the homeward commute follow-
ing night-shift work. During daytime driving following the night

Table 1. Demographic and anthropometric summary (n = 16)

Variable Mean (SD) Range

Age (y) 48.7 (14.8) 19–65
Driving experience (y) 27.4 (16.5) 3–50
Weight (lbs) 184.3 (32.0) 151–245
Height (inches) 62.9 (17.2) 61–76
Body mass index 29.1 (6.0) 19.2–40.7
Chronotype Morning type (n = 2)

Intermediate type (n = 11)
Evening type (n = 2)

Risk of sleep apnea 5 of 16
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shift, drivers were more likely to experience lane excursions.
Importantly, all of the emergency near crashes (when safety
observers intervened to stop the vehicle) and drive terminations
that occurred in this study did so during the postnight-shift drive;
none occurred during the postsleep drive. Nearly 40% of the
postnight-shift daytime drives required the execution of emer-
gency braking maneuvers for near-crash driving events (versus
0% in the postsleep condition), consistent with a prior study
comparing day and night driving, in which 44% of night drives
were terminated because of excessive sleepiness by an expert
driving instructor compared with none of the day drives (25).
These data are also consistent with laboratory simulation of
driving performance, which is significantly worse after night work
than after a night of sleep, with reduced time to first accident and
increased lane excursions, eye closure duration, and subjective
sleepiness (16). Our data reveal that actual daytime motor

vehicle driving is profoundly degraded by drowsiness related to
the sleep deprivation and circadian misalignment associated with
night-shift work.
Workers driving home after night-shift report increased sub-

jective sleepiness and more hazardous driving events, including
crashes (11, 21). Increased objective measures of drowsiness,
including blink duration and percent of time with eyes closed,
have also been reported during the postnight-shift commute
(21). Our results extend these previous findings, to our knowl-
edge demonstrating for the first time a substantially increased
risk of objectively measured drowsiness, impaired driving per-
formance, and critical driving incidents when driving during the
daytime following a night shift in actual night-shift workers. We
found that drivers frequently exhibited indicators of drowsiness
while driving following night shift that became worse as the drive
progressed. Increases in blink duration, the frequency of slow eye

Table 2. Comparison of driving performance, EEG and ocular measures on postnight-shift drives compared with postsleep drives

Variable Postnight-shift (n = 16) Postsleep (n = 16) P value

Driving performance
Drives with emergency brake maneuvers 6 (37.5%)* 0 (0%) P = 0.0088
Drive terminations 7 (43.8%) 0 (0%) P = 0.0034
Rate of lane excursions (overall) 3.09/min 1.49/min P < 0.0001 rate ratio = 2.08 (95% CI:1.98, 2.19)
Rate of lane excursions (straight) 0.59/min 0.19/min P < 0.0001 rate ratio = 3.11 (95% CI:2.72, 3.55)

EEG
Microsleep episodes 1.00/h 0.47/h P = 0.0368 rate ratio = 2.09 (95% CI: 1.05, 4.18)

Ocular measures
Slow eye movements 20.1/h 10.6/hour P < 0.0001 rate ratio = 1.89 (95% CI: 1.63, 2.19)
IED, mean (SD) (s) 0.12 (0.04) 0.10 (0.02) P = 0.0192†

Time with eyes closed, mean (SD) (%) 0.36 (0.13) 0.32 (0.12) P = 0.21‡

Blink time duration, mean (SD) (s) 0.18 (0.10) 0.13 (0.07) P = 0.18‡

Positive AVR, mean (SD) 0.50 (0.32) 0.36 (21) P = 0.0684†

JDS, mean (SD) 1.71 (1.32) 0.97 (0.90) P = 0.0209†

Average maximum JDS, mean (SD) 3.77 (1.77) 2.80 (1.49) P = 0.0658†

*Within these six sessions, there were a total of 11 braking maneuvers.
†Student’s t-test.
‡Signed test.

Fig. 1. Near-crash driving events and drive terminations occurred only in postnight-shift drives. (Left) Cumulative histogram of 11 near-crash driving events
across time since drives began in each condition. (Right) Kaplan–Meier survival curve of the seven drive terminations since drives began in each condition (P =
0.00308). None of the drivers in the postsleep driving sessions had a near-crash driving event or drive termination, whereas 6 of the 16 participants had a near-
crash driving event and 7 of the 16 participants had the drive terminated in the postnight-shift driving sessions (P = 0.0088 and P = 0.0034, respectively). Tick
marks on both panels indicate driving breaks that occurred every 15 min to complete sleepiness assessment surveys.
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movements/attentional failures that herald the transition from
wakefulness to sleep (26–29), and the occurrence of microsleep
episodes indicate that drivers were much more drowsy when
driving after the night shift than when driving after a night of
sleep, consistent with laboratory data (30). We found that
postnight-shift drivers were much sleepier, and noticed in-
creasing difficulty keeping their eyes open and maintaining lane
position, particularly when driving for more than 15–30 min,
which has been related to slowing on EEG (increased θ power),
lane drifting and severe driving impairment during simulated
driving, and increased crash risk (2, 31–33). Our findings on the
controlled driving track were comparable to a study of nurses
driving home after night shift, which showed that the maximum
total blink duration was increased after the night shift and was
associated with a greater incidence of subjective sleep-related
events, such as “resting your eyes,” or “falling asleep at the stop
light” (21). Although objective measures of drowsiness have
been measured in simulated and real-world driving, the present
study uniquely demonstrated an increase in objective EEG and
ocular drowsiness measures in parallel with objectively impaired
driving performance and safety critical driving events in a real-
world vehicle. Driving duration interacts with other factors that
cause drowsiness, with crash risk increasing with hours driven (34),
although individual crash reports reveal that there is no safe driving
duration for drivers with drowsiness-related impairment (35).
In the present study, drivers had increasing drowsiness over the

course of the driving session. This time-on-task effect appeared to
interact with night-shift work, given the rates of deterioration in
driving performance; both ocular and subjective measures of
drowsiness were significantly higher following a night of shift work.
A time-on-task effect on subjective and objective measures has
been reported during prolonged night driving in real-world and

driving simulators (16, 18). In our study, both subjective reports
and objective indices of drowsiness became prominent within the
first 15–30 min of driving, with a marked increase in the rate of
slow eye movements and ocular measures of drowsiness after
30 min. All of the critical driving events that we recorded in this
group of 16 participants occurred after 45 min, suggesting that
driving for more than 45 min after a night shift is likely to increase
the risk of drowsiness-related impairment greatly. This accelerated
deterioration after night shift was paralleled in most of the driver’s
subjective measures of impairment.
The present study had several limitations. The driving sessions

were conducted following a night of sleep or a night of shift work
to recreate conditions commonly experienced by night-shift
workers, including prolonged wakefulness. Although the study
controlled for the time of the driving sessions to avoid confounding
from time-of-day effects, the length of time awake differed be-
tween the two conditions. The driving session was interrupted
approximately every 15 min for a short break to administer surveys,
which may have a brief alerting effect (36). Drivers would not
typically experience such frequent breaks in a real-world commute.
Nevertheless, drivers had increasing drowsiness and impaired
driving performance despite these breaks. Additionally, the driving
session was carried out on a closed track with a relatively simple
geometry, no navigation requirement and the absence of a rumble
strip, vehicle traffic, or pedestrian traffic. It is possible that in a
real-world commute, rumble strips, vehicle traffic, and pedestrian
traffic would serve to increase driver attention and alertness. On
the other hand, the presence of the study team in the vehicle and
their continuous monitoring of alertness, performance, the elec-
troencephalogram via EEG electrodes and infrared oculography
through specially fitted glasses, and the breaks scheduled every
15 min to assess sleepiness may have increased driver attention,

Fig. 2. Drowsiness progressively increased across driving sessions. Driving performance, ocular, and survey measures of drowsiness are shown by drive
condition and drive duration. Mean values with SE bars. For each of these variables except the KSS, there was a significant interaction effect of driving duration
(driving block 1–7) by condition (P < 0.05). Condition alone had a significant effect on the KSS (P < 0.05). Tick marks indicate driving breaks, as in Fig. 1.
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alertness, and awareness of sleepiness, compared with that of a
worker driving home alone and without observation after the night
shift. Nonetheless, our findings are consistent with field research
demonstrating that drowsiness following night-shift work in real-
world driving situations increases risk of vehicle crashes (8, 11). As
previous studies have shown task-specific local changes in the EEG
during prolonged wakefulness (37), future studies are needed to
expand on these findings by monitoring electrical brain activity
using high-density EEG to assess the impact of night-shift work on
specific brain regions.
Driving following night-shift work puts drivers as well as other

road users at elevated risk of motor vehicle crashes. The results
from the present study, using actual night-shift workers and
carried out in an instrumented vehicle, demonstrate the contri-
bution of sleep-related impairment of neurobehavioral function
to the increased crash risk found in drivers commuting home
after overnight work (11) and contribute new and compelling
evidence of these risks. The abundance of emergency braking
maneuvers required to avoid crashes for drivers in the postnight-
shift condition highlights the safety hazards in this vulnerable
group, with impairment becoming severe after 45 min. Impor-
tantly, deficits in driving performance outcomes (lane crossings)
and physiological measures indicative of drowsiness were also
evident from the outset of the drive, indicating that impairment
among these night-shift workers occurred within the first 15 min
of postnight-shift driving. These data therefore indicate that even
night-shift workers with a relatively brief commute are vul-
nerable to fatigue-related driving incidents. Such measure-
ments may provide the basis for real-time, in-vehicle technological
countermeasures to reduce the risk of drowsy driving and near-
crash events. These results have important implications for public
policy and road safety (38). The average commute time in the
United States is 25 min each way, with 15% of United States
workers commuting more than 45 min each way (39). Because
our results indicate that the risk of sleep-related near-crash in-
cidents increases steeply with drive duration, night-shift workers
should be advised to limit their drive duration or seek alternate
forms of transportation after night-shift work. Given that drivers
were aware of drowsiness and indicators of impaired performance,
education about the hazards of driving after night-shift work and
the need to heed the warning signs of increased drowsiness could
help prompt drivers to minimize driving after night work and to
stop driving when their performance is impaired by drowsiness.

Materials and Methods
Participant Screening and Recruitment. Sixteen night-shift workers (nine
women and sevenmen) between the ages of 18 and 65 y (Table 1), whoworked
regular night shifts [at least 5 continuous hours between 10:00 PM and 8:00 AM
(mean = 3.1 nights per week)], held a valid United States or International driver’s
license for a minimum of 2 y, and reported normal or corrected-to-normal visual
acuity participated in a cross-over driving study that was approved by the Part-
ners Human Research Committee and conducted between July and December of
2011. The study obtained ethics approval from the Brigham and Women’s In-
stitutional Review Board #2011P000370. Participants provided written informed
consent and were compensated. Participants completed the Horne-Östberg
Morningness-Eveningness questionnaire to assess chronotype (40) and the Berlin
questionnaire to assess risk of sleep apnea (41).

Protocol. Participants completed two 2-h driving sessions in an instrumented
vehicle on a closed driving track in each of two conditions: one following a
night of at least 5 h of sleep, before which participants had not worked a
night shift (5 h or more of work between the hours of 10:00 PM and 8:00 AM)
for 30 continuous hours before the driving session and had at least two sleep
episodes during that interval (postsleep drive), and one following night-shift
work, before which participants had worked an overnight shift with at least
5 continuous hours of work occurring between 10:00 PM and 8:00 AM
(postnight-shift drive). Participants in the postnight-shift driving condition
were instructed not to sleep between the end of the prior night shift and the
start of the drive. Driving orderwas determined by participant’s work schedule;
4 participants first completed the postsleep drive followed by postnight-shift

drive, 12 participants first completed the postnight-shift drive followed by
postsleep drive. Post hoc analysis did not reveal a significant effect of drive
order on driving performance outcomes. Lane crossings for each driving con-
dition were stratified by driving order and compared using Student’s t-test.
Sleep and wake times, medication use, and caffeine intake were recorded via
diary and wrist activity monitor for the week before each driving session
(Actiwatch-L; Mini Mitter). Participants were provided transportation to and
from the test facility and monitored en route to ensure they remained awake
during transport and did not consume caffeine for at least 2 h before the
drive. The drive sessions began between 9:30 AM and 2:30 PM. Each partici-
pant’s postsleep and postnight-shift drives were time-matched to control for
potential time-of-day effects. Participants completed a brief self-reported
sleepiness survey before starting the drive and during short 1- to 2-min breaks
scheduled every 15 min.
Electroencephalography and electrooculography. Continuous EEG and electro-
oculography (EOG) recordings were made using the Vitaport 4 system
(Temec). EEG electrodes were fixed to the participant’s scalp in the frontal,
parietal, central, and occipital positions (Fz, Cz, Pz, Oz, referenced to the
contralateral mastoid process). EOG electrodes were placed 2 cm above and
lateral to the right eye and 2 cm below and lateral to the left eye. EEG/EOG
parameters for assessment are detailed in Table S1.
Infrared reflectance oculography. Eye blink measures were quantified by
monitoring eyelid movements via infrared reflectance oculography (Opta-
lert) using a small infrared transducer mounted on an open-lens glasses frame
that emits and detects infrared light (IR-A band: 760–1,400 nm) (Table S1).
Indices of driving performance. Driving sessions were conducted on a 0.8-km
closed-loop continuous-driving track with both curved and straight sections
of road surrounded by a safety guard rail. A 2002 FordWindstarminivan (Ford
Motor Company) was equipped with a passenger brake and instrumented
with multiple sensors and computers that collected driving performance data
at 30 Hz. After a practice lap to orient participants with the instrumented
vehicle, participants began a 2-h driving session. Drivers were instructed not
to drive at excessive speeds and to keep the vehicle positioned in the center of
the lane. A safety observer (W.J.H. or Y.L.) in the front passenger seat, blind to
condition, monitored driving performance, recording lane crossings. The
safety observer initiated emergency braking maneuvers if the participant
entered a near-crash situation to ensure the safety of the participant and
study staff. Driving parameters for assessment are detailed in Table S1.
Self-reported sleepiness. Participants completed the Karolinska Sleepiness Scale
(9) and sleepiness symptoms questionnaire (31, 42) before starting the drive
and every 15 min thereafter.

Driving sessions were carried out under clear or overcast daytime
weather conditions. One session was terminated 30 min early because of
inclement weather.

Statistical Analysis. We examined the impact of condition and drive duration
on driving performance, subjective sleepiness, and physiological measures of
drowsiness in a two-drive condition (postsleep; postnight-shift) by duration
[seven-driving blocks (15-min segments), ordered 1 through 7] analysis. Table S2
contains all of the de-identified data from individual participants during the
postsleep and postnight-shift drives that were used to construct the tables
and figures in this manuscript.
Missing data. Some sessions were terminated prematurely, resulting in missing
data that were not random, as early termination was usually because of poor
vehicle control, yielding a potential survivor effect. Missing data were thus
accounted for by using the last value carried forward technique (i.e., data for
an absent 15-min driving block was replaced using data from the preceding
15-min driving block for that participant). Using this technique resulted in the
conservation of 11 driving blocks, ∼4% of the total 256 driving blocks.
Condition analysis. A contingency table analysis using a Fisher’s exact test was
used to examine the effect of night-shift work on emergency brake ma-
neuvers and drive terminations. In addition, drive terminations were ana-
lyzed using a log-rank test to compare Kaplan–Meier survival probability for
each driving condition. Log-linked Poisson model rate ratios and 95% con-
fidence intervals (CI) were calculated to examine the effect of condition on
rates of lane excursions, microsleep episodes, and SEM intrusions.
Time on task analysis. Linear mixed models were used to examine the fixed
effects of condition (postsleep and postnight shift), time on task (driving
block), and their interaction on driving performance, subjective sleepiness,
and physiological measures of drowsiness, with the participant as a random
intercept assumed to be constant, fitted using restricted maximum-likeli-
hood, and using an autoregressive covariance structure to adjust for serial
correlation across time (xtmixed; STATA software, v11; StataCorp).
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