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Abstract

We examined the effects of sleep quality on next day driving outcomes in a 3.5-month naturalistic
driving study of 67 OSA and 47 matched control drivers. Sleep quality measures included total
sleep time and sleep fragmentation from actigraphy. The driving outcomes included average speed,
lateral control, longitudinal control, distraction, attention to driving- and non-driving related tasks.
Sleep quality affected next day’s driving performance differently for OSA and control drivers.
Better sleep quality was associated with better lateral and longitudinal control during highway
driving for control drivers. The reverse was true for OSA drivers. Similar effects were also seen in
terms of distractions and attention to the driving task. These effects suggest improved sleep leads
to greater risky driving and “activation’ among OSA drivers. Collectively, the findings suggest
investment in long-term monitoring of sleep quality in commercial vehicle drivers both with and
without sleep disorders may help manage safety risks.
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1 Introduction

Meta-analytic studies indicate that Obstructive Sleep Apnea (OSA) is associated with
increased crash risk [1]. Positive Airway Pressure (PAP), the standard treatment for OSA,
appears to mitigate crash risk [2]. Processes that are associated with increased crash risk pre-
PAP and decreased risk post-PAP are poorly understood [3-5]. One hypothesis is that sleep
quality predicts driver attention and sleepiness which in turn affects driving safety measures
such as improved vehicle control. Sleep quality as might be measured with indices of
fragmentation, such as wake-minutes-after-sleep-onset (WASQO), and adequacy of sleep as
measured by total sleep time (TST) are critical for functioning irrespective of sleep disorders
[6-13]. Importantly, several sleep surveys indicate that chronic partial sleep restriction,
sleeping less than the minimum recommended 7 hours of sleep per night, is the norm in the
general population [12]. Furthermore, experimental studies show that restricting sleep to
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even 6.5 hours for 14 consecutive days in non-sleep disordered healthy populations can
produce performance decrements comparable to total sleep deprivation or 24 hours without
sleep [7]. Importantly, experimental work indicates that there is large individual difference
variation in ability to tolerate disruption to sleep and the sources of these differences are
poorly understood [14,15].

The goal of this study was to examine the day-to-day associations of sleep quality as
measured by actigraphy with next day’s driving outcomes in a 3.5 month naturalistic driving
study in patients with OSA and matched control drivers. Recent work based on this sample
showed that OSA patients continued to experience greater sleep fragmentation as measured
by WASO, lower sleep efficiency despite adequate PAP treatment compared to controls.
Furthermore, both OSA and matched control drivers without sleep disorders showed
evidence of chronic partial sleep restriction [16]. In other work also based on this sample,
we demonstrated that OSA drivers were less alert than controls both pre and post-PAP, and
when vehicle speed was less than 45mph, likely corresponding to city/residential driving
environments, they showed less variability in speed and lateral control than controls
suggesting lackluster reactivity and less risky driving profiles [5]. While these findings with
regard to driving outcomes are consistent with the insidious onset of OSA, possibly
associated with adjustment in risk tolerances over time, they also suggest that the
effectiveness of PAP on improving sleep quality as well as driving outcomes may be limited
when performance is observed in the context of chronic partial sleep restriction.

Because adaptation to both disease and chronic partial sleep restriction is already well-
documented but poorly understood [7,14, 15], it may be important to go beyond the
description of general patterns within sleep, within driving or even the associations between
sleep quality and driving performance. To that end, we adopted a complete individual
differences perspective and quantified the within-person or within-driver bivariate
associations between sleep quality metrics from a given night and driving outcomes
observed the next day. This analytic framework makes minimal assumptions about what is
adequate sleep for any given driver, what is safe with respect to driving outcomes. Rather,
the analytic framework simply quantifies the magnitude of prediction from sleep quality to
driving outcomes for each driver separately. The within-person associations essentially
describe the extent to which changes around the habitual levels of sleep within a given driver
vary with changes around the habitual levels of driving outcome measures for that same
driver. We then asked whether the magnitude of these within-person or within-driver
associations could be predicted by driver characteristics including disease status, cognitive
functioning, and impulsivity.

2 Methods

2.1 Sample

Eighty-five OSA and 50 control drivers were recruited into a naturalistic driving study
lasting 3.5 months. Control drivers were matched with OSA drivers at the group level on age
within 5 years, education within 2 years, and distribution of gender, and county of residence
for rural vs. urban driving. Patients met ICSD-2 clinical criteria for OSA [17] and had a
Respiratory Distress Index (RDI) > 15, while controls had no sleep complaints and an RDI <
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5 as confirmed by overnight polysomnography. Subject drop-out. Twenty-one of these
participants were excluded from the current report for a variety of reasons including: a)
participant’s car was incompatible with the instrumented vehicle data acquisition system
(IV-DAS, aka ‘black-box’), or had technical issues that caused large drop out in either drive
or video data (e.g. < 20 days of useable driving data); b) participants dropped out of study
too early because of other commitments. The final sample in this report had 67 OSA (27
female; mean-age = 44.26; mean-education = 16.21 years) and 47 control (18 female; mean-
age = 45.74 mean-education = 15.45 years) drivers. There were no systematic differences
between those included or excluded in terms of disease severity, age, educational level (min
p = .364). Group/disease status did not increase the likelihood of exclusion from this report
(p = .744 Fisher’s exact).

2.2 Study Procedures

The protocol called for observing OSA drivers with the IV-DAS for 2-weeks before
beginning PAP-therapy and for 3-months after. Control drivers were evaluated on the same
schedule to assure comparable data acquisition. Participants were given wrist actigraphy
(Actiwatch Spectrum Plus, Philips Respironics, Murrysville, PA) throughout 3.5 month
study period.

Procedures Pertinent to Driving Data Collection—IV-DAS contained four devices:
an internal camera cluster, a GPS, OBD-II, and accelerometers. Two cameras were located
beneath the rear view mirror. One pointed forward toward the road (i.e. driver’s eye view).
The other aimed at the driver face and upper body and car interior. Electronic drive files and
associated video clips were transmitted to a remote server daily. Video data collection was
triggered based on accelerometer exceedances (at least .35g’s) and a baseline data collection
schedule [18]. Only data generated during trigger clips were used in this report. OBD speed,
lateral, and longitudinal g’s sampled at 1Hz in each ignition on to off cycle were used in this
report.

2.3 Measures

Driving measures—In order to contextualize the electronic sensor data into likely-
highway versus non-highway driving, each drive file was first segmented into consecutive
sections where the OBD speed was below 45mph or 45 mph and above. In each of these
sections within a drive, mean OBD speed (in mph), standard deviation in lateral and
longitudinal acceleration (in g units) were computed prior to producing averages across trips
within a day as the primary vehicle-based performance measures. Clips were evaluated in
20-second segments in three broad domains: safety, exposure, and driver state [18] based on
prior work [19-21]. Table 1 provides examples of coded dimensions used in this report.
Coders were trained on sample clips illustrating the range of behaviors in each of the
dimensions listed in Table 1 until they achieved the minimum inter-rater reliability of
Kappa=.61. All coders were blind to actigraphy data. Percentage of 20-second segments in
which the driver made driving related gaze movements and rate of distractions (total number
of distractions per 20-second segment) in trigger clips were computed for each driving day.
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Cognitive Function and Impulsivity—Extensive battery of cognitive function
assessments tapping processing speed (Grooved pegboard, Useful Field of View, Trail-
Making-Part-A), memory (Controlled Oral Word Association, Complex Figure-Recall,
Auditory Verbal Learning-30 minute Recall, Benton Visual Retention Test), visuospatial
construction (Complex Figure-Copy, Line Orientation, Block Design), and executive
function (Stroop Interference, Wisconsin Card Sort, Trail-Making-Part-B) were
administrated prior to PAP and at the end of the study. Administration and scoring details for
cognitive function assessments are described elsewhere [22-23]. Following prior work, the
raw scores from each test were standardized and averaged to form a composite scores
quantifying participants relative standing in all of these four domains [24]. Participants also
completed Zuckerman’s Impulsivity scale, and Dula Dangerous Driving Index [25,26]. The
subscale scores were standardized and averaged to form a composite of Impulsive-Risky
driving.

Sleep Quality—Actigraphy data were analyzed using the manufacturer's proprietary
software set at low threshold [16]. In this report, we used Total Sleep Time (TST) and Wake
Minutes After Sleep Onset (WASO) an index of sleep fragmentation (high values indicate
restless sleep quality).

Data Reduction and Analysis—Each night’s actigraphy data were linked with the
following day’s driving data from both video (e.g. relative frequency of driving related gaze
movements) and electronic vehicle sensors (e.g. mean lateral control when speed <45mph).
These daily measures were then used to compute Pearson correlations between the sleep
metric and driving metric separately for each driver. The driver specific Pearson correlations
were then r-to-z transformed and used as outcome measures in multiple regressions with
disease status, cognitive function, and impulsivity as predictors.

The within-person (or driver) correlations showing the effect of two sleep quality metrics,
TST and WASO, on next day’s driving outcome measures (both video and vehicle measures)
are listed in the left-most column of Table 2. These within-person correlations served as the
outcome measure in multiple regressions and each driver’s disease status, impulsivity, and
cognitive function served as predictors. The table provides the standardized regression
coefficients obtained from these models. The possibility of interactions among the predictors
was also evaluated but these were non-significant in every case, hence are not shown in
Table 2. Fig 1 and Fig 2 depict the direction of effects from key findings in Table 2. For
example, Fig 1 shows the differences in the magnitude of the within-person associations
between sleep quality metrics and next day’s driving outcome separately for OSA and
control drivers. The first contrast indicates that lateral control in high speed segments had
positive associations with TST the night before for OSA drivers but this association was
negative for control drivers. This effect indicates that greater TST predicts smaller standard
deviations in lateral g’s in high speed segments for control drivers consistent with more
sleep being associated with improved lateral control. However, the reverse was true for OSA
drivers. Similarly, following nights of greater WASO or sleep fragmentation, control drivers’
showed larger variability in longitudinal g’s in high speed segments consistent with poorer
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performance. However, the reverse was true for OSA drivers. Similar patterns were also
observed for driver state measures. Longer sleep time was associated with greater distraction
rates and greater non-driving related attentional focus the next day for OSA drivers than
control drivers. The direction of effects suggests that better sleep quality was associated with
an increase in alertness and activity for OSA drivers.

Some of the models in Table 2 indicated cognitive functioning emerged as a predictor of
these associations instead of disease. For example, Fig 2 shows the effects of sleep
fragmentation on average speed in low speed segments varied as a function of driver’s
cognitive functioning but not disease status. Drivers with higher cognitive function tended to
show more positive correlations between fragmentation and average speed. In contrast to
drivers with lower cognitive functioning tended to show negative correlations between
fragmentation and average speed. Similar patterns were evident in the association between
TST and attention to the driving task the next day. Longer sleep was associated with better
attention to the driving task and this was particularly true for drivers with higher cognitive
function. Impulsivity also predicted the effects of fragmentation on longitudinal control in
low speed segments and distraction rate. For example, greater fragmentation was associated
with a greater tendency to be distracted during trigger events but this was particularly true
for more impulsive than less impulsive drivers.

4 Discussion

The findings showed that sleep quality affected next day’s driving performance differently
for OSA and control drivers. While longer and more restful sleep was associated with
improved performance for control drivers such as lower variability in lateral and longitudinal
g’s in high speed segments, the reverse was true for OSA drivers. Similar patterns were also
observed for driver state measures. Longer sleep time was associated with greater distraction
rates and greater attention to non-driving related tasks the next day for OSA drivers than
control drivers. These effects suggest improved sleep leads to greater risky driving and
‘activation” among OSA drivers for whom good quality sleep is a rare, welcome experience
despite adequate treatment with PAP [24].

When the effects of sleep on driving performance was similar for OSA and control drivers,
cognitive function emerged as a predictor of the association between sleep quality and next
day’s driving outcome measures. For example, longer sleep was associated with better
attention to the driving task particularly for drivers with higher cognitive function. Similarly,
greater fragmentation was associated with lower average speed in low speed segments (city/
residential driving) especially for drivers who scored low in cognitive functioning. Those
effects suggest that cognitive function can mitigate the adverse effects of sleep quality on
driving performance.

The findings together with earlier work from this same naturalistic study have implications
for commercial vehicle industry in terms of managing safety risks. The effectiveness of PAP
on improving sleep quality as well as driving outcomes may be limited especially when
driving performance is observed in the context of chronic partial sleep restriction. The
findings thus encourage long-term tracking of sleep quality, specifically fragmentation and
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total sleep time, in all drivers in addition to compliance with PAP among those with sleep
disorders. The findings also suggest driver’s cognitive function and impulsivity may be
relevant to gauging how changes in sleep are likely to influence their driving performance.
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Fig 1.

Within-person associations of driving outcomes with sleep quality the night before on
vehicle control and driver state variables for OSA and control drivers.
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Fig 2.

Higher WASO was associated with lower average speed in low speed drive segments among
drivers with low cognitive function. In contrast higher WASO was associated with higher
average speed among drivers with high cognitive function.
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Table 1

Coded dimensions in 20-second segments from each video clip in two domains of interest

Driver State Examples

Attention to the Driving Task  Driving related gaze (e.g., checking mirrors, scanning the road ahead)
Non-driving related attention ~ Gaze movements to side of the of the road, inside the vehicle

Distraction Hyagiene, cell phone, cognitive, in-vehicle, passenger, eating/drinking, smoking
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Table 2

Standardized regression coefficients for predicting the effects of sleep quality on driving outcomes given
person-factors: disease status, impulsivity, and cognitive function

Outcomes: Predictors: Disease status Impulsivity  Cognitive Function

Within-per son effect of TST on:

Lateral control (<45mph) .07 .07 -.04
Longitudinal control (<45mph) .05 -.01 -.04
Average Speed (<45mph) .16 13 .06
Lateral control (>=45mph) 22* .02 -.05
Longitudinal control (>=45mph) .00 -.09 .01
Average Speed (>=45mph) .01 -.15 -.07
Distraction Rate 8% -.08 .07
Attention to the driving task 197 -.02 23*
Non-driving related attention 3% .08 14

Within-per son effect of WASO on:

Lateral control (<45mph) -.05 -.16 .07
Longitudinal control (<45mph) .02 —20* -.02
Average Speed (<45mph) .02 -.13 26"
Lateral control (>=45mph) -.18% -.13 14
Longitudinal control (>=45mph) _o5* -.13 -.10
Average Speed (>=45mph) -.08 -.02 -.14
Distraction Rate _20* 197 -.01

Attention to the driving task -.01 -.05 -.09

Non-driving related attention -.06 .01 .05

"p<.10,

*
p <.05 or better.

Abbrv. TST = Total Sleep Time, WASO = Wake Minutes After Sleep Onset
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