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Sleepiness plays an important role in major crashes of commercial
vehicles. Because determinants are likely to include inadequate
sleep and sleep apnea, we evaluated the role of short sleep durations
over 1 wk at home and sleep apnea in subjective sleepiness (Epworth
Sleepiness Scale), objective sleepiness (reduced sleep latency as
determined by the Multiple Sleep Latency Test), and neurobehav-
ioral functioning (lapses in performance, tracking error in Divided
Attention Driving Task) in commercial drivers. Studies were con-
ducted in 247 of 551 drivers at higher risk for apnea and in 159 of
778 drivers at lower risk. A multivariate linear association between
the sets of outcomes and risk factors was confirmed (p � 0.0001).
Increases in subjective sleepiness were associated with shorter sleep
durations but not with increases in severity of apnea. Increases in
objective sleepiness and performance lapses, as well as poorer lane
tracking, were associated with shorter sleep durations. Associations
with sleep apnea severity were not as robust and not strictly mono-
tonic. A significant linear association with sleep apnea was demon-
strated only for reduced sleep latency. The effects of severe apnea
(apnea–hypopnea index, at least 30 episodes/h), which occurred
in 4.7%, and of sleep duration less than 5 h/night, which occurred in
13.5%, were similar in terms of their impact on objective sleepiness.
Thus, addressing impairment in commercial drivers requires ad-
dressing both insufficient sleep and sleep apnea, the former being
more common.
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In the United States, approximately 5,600 people are killed annu-
ally in crashes involving commercial trucks (1). Falling asleep
while driving is an important factor in serious crashes involving
commercial vehicles (2, 3), prompting the question, why? There
are likely to be at least two mechanisms. The first is chronically
insufficient sleep, that is, excessive sleepiness and performance
impairments from accumulating sleep debt when individuals cur-
tail the duration of their sleep day after day (4–6). Short sleep
durations have previously been described in commercial drivers
(7). The second mechanism is obstructive sleep apnea, which
has been found to be common in commercial drivers (8, 9). This
study was conducted to assess the relative role of these risk
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factors for impairments in commercial driver’s license holders.
Daytime sleepiness and performance were assessed using neuro-
behavioral tests relevant to the driving task. These were evalu-
ated relative to laboratory measures of sleep-disordered breath-
ing and objective estimates of sleep duration at home. There
are currently no published data to guide policy and decision
makers regarding performance assessment, or regarding factors
associated with impaired performance in drivers of commercial
vehicles. The results presented in this article have previously
been reported in abstract form (10, 11). There has also been a
publication, using data collected from this study, that focused
on screening for apnea in this population (12).

METHODS

Sample Studied

Stratified sampling (13) was employed to enrich the sample with respect
to the presence of sleep apnea (see Figure E1 in the online supplement).
Government agencies provided contact information for n � 4,826 ran-
domly selected holders of commercial driver’s licenses living within
50 miles of the Center for Sleep and Respiratory Neurobiology (Univer-
sity of Pennsylvania, Philadelphia, PA). Individuals received, by mail,
the Multivariable Apnea Prediction questionnaire (14) to facilitate
oversampling of drivers at higher risk for sleep apnea. Information
from this questionnaire included age, sex, body mass index (BMI), and
an apnea symptom–frequency index determined from three individual
questions and was used to determine the relative likelihood of apnea
on a scale from 0 to 1. Complete responses were obtained for 1,329 of
4,410 (30.1%) valid contacts. By design we recruited n � 247 of 551
(44.8%) highest risk drivers and then, in randomized order, n � 159
of 778 (20.4%) lower risk drivers. Rationale and additional details for
this design including a schematic diagram (see Figure E1) are provided
in the online supplement. The study was approved by the Institutional
Review Board of the University of Pennsylvania and all subjects gave
written, informed consent.

Impairment Outcomes

The Epworth Sleepiness Scale (15–18) was used to assess subjective
sleepiness (19). The Multiple Sleep Latency Test (MSLT) (20) was
used to objectively determine propensity to fall asleep. A standardized
Psychomotor Vigilance Task (PVT) assessed behavioral alertness (21,
22), defining vigilance lapses as reaction times of 500 ms or more (22).
More than three lapses per 10-min trial (four trials) defined impairment,
based on a dose–response study of the effects of alcohol (23). The
mean (four trials) average tracking error over 30 min on the Divided
Attention Driving Task (DADT) was used to assess driving perfor-
mance (24, 25). Impairment was defined as a mean absolute tracking
error of greater than 250 cm, based on studies of patients with untreated
obstructive sleep apnea and healthy control subjects ingesting alcohol
(25). Additional details regarding this task are provided in the online
supplement.

Risk Factors for Impairment

Average sleep duration. Mean sleep duration at home was assessed over
1 wk by actigraphy (Ambulatory Monitoring, Ardsley, NY). Daily sleep
diary data were collected and used in the interpretation of actigraphy
data but were not systematically assessed on their own. Mean sleep
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duration was estimated as the mean cumulative duration of relative
inactivity during the main sleep bout. Sleep duration among apneics
might be underestimated because some movements associated with
apnea events during sleep might be interpreted as wakefulness (26).
Therefore, Bland-Altman (27) agreement analyses were performed,
comparing actigraphy-based sleep estimates collected during in-labora-
tory polysomnography with simultaneously recorded EEG-determined
sleep. The mean bias was 0.31 h (95% confidence interval, 0.16–0.47 h)
and the standard deviation of differences was 1.30 h. Additional details
of the validation analyses are provided in the online supplement, includ-
ing an agreement analysis for an alternative measure of sleep duration
based on a bias-adjusted length of the main sleep bout (see Table E2).
Primary analyses assessed mean sleep duration as a continuous risk
factor. In supporting analyses, mean sleep duration was assessed in
simple categories (� 5, 5 to � 6, 6 to � 7, 7–8, and � 8 h). Multivariable
analyses using the alternative measure of sleep duration are also pro-
vided (see Table E3).

Sleep apnea. Full overnight in-laboratory polysomnography using
multichannel recordings of sleep, based on EEG/EMG recordings and
breathing, was performed in all subjects with airflow measured with
thermistors (12). The apnea–hypopnea index (AHI; number of apneas
plus hypopneas per hour of sleep) was defined on the basis of current
criteria (12, 28) and assessed as a continuous risk factor in primary
analyses. In secondary and complementary analyses, the effects of sleep
apnea severity on sleepiness and performance outcomes were assessed
in terms of suggested categories (28): mild (AHI, at least 5 and � 15
events/h), moderate (� 15 but � 30 events/h), and severe (� 30 events/h).
The online supplement includes details regarding variables measured
during in-laboratory polysomnography.

Statistical Approaches

Weighted analyses designed to account for stratified random sampling
(29) were used only when describing the pooled sample of higher and
lower risk drivers to provide summaries relevant to the target popula-
tion. Because the sampling frame was constructed to ensure that the
sample consisted of participants with a range of apnea, and the target
population for inferential statistics is not the higher and lower risk strata,
multivariate and multivariable regression analyses did not incorporate
sample weights. An omnibus test of the overall study hypothesis that
there is an association between at least one of the impairment outcomes
with either sleep duration or sleep apnea severity was based on canoni-
cal correlation analysis (� � 0.05). Vigilance lapses and mean tracking
error were transformed (loge[1 � x]) to better fit parametric assumptions
in all analyses with results presented on the original scales to improve
clinical interpretability. The AHI was transformed in the multivariate
canonical correlation analysis but not when used as a predictor variable
in regression models. Primary multivariable regression models for each
outcome expressed risk factors as continuous variables to maximize
statistical power to detect hypothesized monotonic associations. Statisti-
cal interactions between the two continuous risk factors were assessed
by adding a cross-product term to each model. None of these interac-
tions was statistically significant and so results are not further discussed.
To assess nonlinear associations and for simplicity of exposition, sleep
apnea severity and average sleep duration at home were also expressed
as categorical variables in secondary multivariable models. All regres-
sion models simultaneously included factors for apnea severity and
sleep duration and also simultaneously controlled for age, sex, and
obesity in terms of BMI as covariates. Statistical comparisons across
apnea severity categories and sleep duration categories were performed,
controlling for this same set of variables. Nominal significance levels
(unadjusted for multiple comparisons) were reported only for planned
contrasts versus reference categories (� 5 events/h for AHI and 7–8 h
for mean sleep duration). A sleep duration reference of 7–8 h rather
than longer durations was chosen because of the relative small number
of drivers with mean duration exceeding 8 h (n � 17), and also out of
concern that mean durations exceeding 8 h might be associated with
poorer rather than better health status as observed by Kripke and
coworkers (30). Significance levels were also determined for both
planned contrasts as well as the remaining pair-wise (unplanned) con-
trasts, adjusting for multiple comparisons by using the simulation
method of Edward and Berry (31). This method has greater statistical
power than alternative methods such as the Bonferroni adjustment.

Least-squares adjusted mean values were determined by setting each
covariate to its respective sample mean.

RESULTS

Description of Sample Demographics

Table E1 summarizes the sample; 93.3% of the sample were
male and the mean age was 45.4 yr. In addition, 81.6% were
employed as drivers of a commercial vehicle at the time of study
enrollment. Of these, 9.3% reported exclusively long-distance
driving, 65.5% reported local driving, and 25.2% reported both.
Primary analyses were based on the total sample because those
not working as commercial drivers at the time of the study had
the capacity to do so. Similar results were obtained when analyses
were repeated for the 81.6% currently working as commercial
drivers. These results are not presented here but are summarized
in the online supplement (see Table E4).

Description of Sleep Apnea and Sleep Durations

The percentages of drivers with mild, moderate, or severe sleep
apnea are summarized in Table 1. It was found that 28.2% had
at least mild sleep apnea by conventional criteria, and 4.7% had
severe sleep apnea. The percentages of drivers with different
durations of mean cumulative duration of relative inactivity are
also shown in Table 1. The (weighted) group mean was 6.33 h
(SD, 1.34). Table 2 provides a summary of the outcomes for
Epworth Sleepiness Scale score and objective impairments. Ad-
ditional details including summaries by apnea risk strata are
included in Table E1.

Test of Overall Study Hypothesis

The multivariate linear association between outcomes and risk
factors was significantly different (Wilks’s lambda F[8, 594] � 5.7;

TABLE 1. SUMMARY OF SLEEP APNEA SEVERITY AND
SLEEP DURATION

Percentiles
n Median (IQR)† (5th, 95th)

AHI, events/h 406 1.6 (0.4, 6.1) 0, 29.4
Actigraphy-estimated sleep duration, h 340 6.6 (5.6, 7.3) 3.9, 8.1

Percentage of
Weighted

n* Sample‡ (95% CI )§

Apnea severity category
AHI, � 30 28 4.7 3.5, 5.9
AHI, 15 to � 30 32 5.8 4.2, 7.3
AHI, 5 to � 15 86 17.7 14.7, 20.7
AHI, � 5 (reference category) 260 71.8 68.6, 75.1

Actigraphy: Mean cumulative duration
of relative inactivity

� 5 h 55 13.5 10.5, 16.4
5 to � 6 h 75 21.8 17.8, 25.8
6 to � 7 h 104 29.8 25.3, 34.2
7 to 8 h (reference category) 89 28.7 24.1, 33.2
� 8 h 17 6.2 3.6, 8.9

Definition of abbreviations: AHI � apnea–hypopnea index; CI � confidence
interval; IQR � interquartile range.

All estimates are adjusted for stratified sampling by risk group.
* n � number of subjects within the specified sleep apnea severity category or

mean cumulative duration of relative inactivity.
† (25th percentile, 75th percentile). The IQR is defined as the difference between

the 25th and 75th percentile values.
‡ The weighted percentage is computed as (0.415 	 higher risk [%]) � (0.585 	

lower risk [%]).
§ Numbers represent lower and upper bounds of 95% confidence intervals for

percent values, accounting for stratified sampling.
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TABLE 2. SUMMARY OF IMPAIRMENT OUTCOMES

Percentiles
n Median (IQR)* (5th, 95th)

Epworth Sleepiness Scale, total score 386 8.0 (6.0, 12.0) 2.0, 17.0
Multiple Sleep Latency Test, min 406 7.5 (4.9, 11.1) 2.1, 15.2
Psychomotor Vigilance Task, lapses/trial 402 1.8 (0.8, 3.6) 0.0, 6.2
Divided Attention Driving Task, mean tracking error 379 213.5 (164.3, 292.0) 102.2, 528.2

n Percent† 95% CI‡

Psychomotor Vigilance Task, lapses/trial
� 3 lapses 111 29.2 25.1, 33.4
� 3 lapses 291 70.8 66.6, 74.9

Divided Attention Driving Task, mean tracking error
� 250 cm 142 36.9 32.5, 41.4
� 250 cm 237 63.1 58.6, 67.5

Multiple Sleep Latency Test
� 5 min 111 25.7 21.9, 29.4
� 5 min 295 74.3 70.6, 78.1

Number of impairments
3 22 5.3 3.3, 7.3
2 80 19.6 16.1, 23.2
1 138 34.6 30.3, 38.9
0 166 40.5 36.1, 44.9

Definition of abbreviations: n � number of subjects with complete data for specified outcome.
All estimates are adjusted for stratified sampling by risk group.
* The IQR is defined as the difference between the 25th and 75th percentile values.
† (25th percentile, 75th percentile). The weighted percentage is computed as (0.415 	 higher risk [%]) � (0.585 	 lower

risk [%]).
‡ Lower and upper bounds, respectively, of 95% confidence intervals for percent values, accounting for stratified sampling.

p � 0.0001), revealing 14.2% shared variance between the two
sets of variables.

Results from Primary Continuous Risk Factor Models

Details of the primary continuous risk factor models for the
associations between sleep apnea severity and mean sleep dura-
tion and each of the four measures of sleepiness and performance
are summarized in Table 3. Details of comparisons between
unadjusted results and those presented in Table 3 are provided
in the online supplement. Before covariate adjustment, increases
in sleep apnea severity were significantly associated with in-
creased objective sleepiness (MSLT) (estimated slope, –0.88;
p � 0.0002) and tracking error on the DATD (estimated slope,
0.10; p � 0.001). After adjusting for covariates only the associa-
tion with MSLT remained significant (Table 3). Each increase
of 11.5 events/h (the standard deviation for this variable) in the
AHI was associated with a 0.54 (SE, 0.27)-min reduction in the
expected value of the MSLT (p � 0.05), controlling for mean
sleep duration at home, age, sex, and BMI.

In contrast, reduced sleep durations were significantly associ-
ated with increases, with or without adjustment, in subjective
sleepiness (p � 0.01), increases in objective sleepiness (p �
0.008), increases in vigilance lapses (p � 0.0001), and increases
in tracking error (p � 0.0001) (all p values after covariate adjust-
ment). For each 1.34-h decrease in estimated mean sleep time
(the standard deviation for this variable), there was a 0.72 (SE,
0.28)-point increase in the predicted Epworth Sleepiness Scale
total score, a 0.75 (SE, 0.28)-min reduction in the predicted value
of MSLT, a 0.18 increase in the predicted value of the log of 1
plus the number of vigilance lapses per 10-min trial, and a 0.11
increase in the predicted value of log of 1 plus mean absolute
tracking error on the DADT.

Assessment of Risk Factors in Categories for
Different Outcomes

Subjective sleepiness. Results of the categorical risk model are
also summarized in Table 3. Least-squares estimates of mean

Epworth Sleepiness Scale scores by sleep apnea severity category
were as follows: no apnea, 8.9; mild apnea, 8.5; moderate apnea,
9.4; and severe apnea, 9.3. Differences among adjusted means
were not statistically significant (F[3, 313] � 0.3; p � 0.81).

In contrast, adjusted mean values for Epworth Sleepiness
Scale scores among sleep duration categories were as follows:
10.0, 9.9, 8.6, 7.9, and 8.7 for mean durations of less than 5, 5
to less than 6, 6 to less than 7, 7 to 8, and more than 8 h,
respectively, which did vary significantly (F[4, 313] � 2.5; p �
0.05). Planned contrasts versus the reference category of 7 to
8 h achieved nominal statistical significance and also appeared
clinically significant in magnitude (� 2 Epworth points) relative
to less than 5 h and 5 to less than 6 h of sleep. However, after
adjustment for multiple comparisons, none of the pair-wise compar-
isons among sleep duration categories was statistically significant.

Objective sleepiness. Least-squares estimates for mean MSLT
(minutes) by sleep apnea severity category were as follows: no
apnea, 8.8; mild apnea, 9.3; moderate apnea, 7.9; and severe
apnea, 6.3 min (F[3, 329] � 2.4; p � 0.07). Category differences
are illustrated in Figure 1A. Nominal p values for planned con-
trasts versus reference category of fewer than 5 events/h are
provided in Table 3. The difference in expected MSLT values
between those with severe sleep apnea and those with no sleep
apnea was –2.46 min (SE, 1.15; p � 0.03), controlling for all
other variables in the model. However, after adjustment for
multiple comparisons, only the difference between moderate
and severe apnea categories remained statistically significant
(p � 0.05).

Adjusted mean values for the MSLT among sleep duration
categories were as follows: 6.3, 7.9, 7.8, 8.6, and 9.9 for mean
durations of less than 5, 5 to less than 6, 6 to less than 7, 7 to 8,
and more than 8 h, respectively (F[4, 329] � 2.5; p � 0.04).
These are illustrated in Figure 1B. Nominal significance relative
to reference (7–8 h) was found for less than 5 h (p � 0.007).
After controlling for multiple comparisons, the differences in
means between those with less than 5 h versus the reference
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TABLE 3. SUMMARY OF MULTIPLE LINEAR REGRESSION MODEL RESULTS

Epworth Sleepiness Multiple Sleep Performance DADT Tracking
Scale Latency Test Lapses† Error†

Variable Slope SE p Value Slope SE p Value Slope SE p Value Slope SE p Value

Continuous risk factor model
Apnea–hypopnea index

(SD � 11.5/h) 0.01 0.27 0.96 –0.54 0.27 0.05 0.03 0.04 0.45 0.06 0.03 0.08
Sleep duration (SD � 1.34 h) �0.72 0.28 0.01 0.75 0.28 0.008 –0.18 0.04 0.0001 –0.11 0.03 0.0001

Categorical risk factor model
Apnea–hypopnea index category* 0.81 0.07 0.007 0.10

� 30 vs. � 5 0.39 1.19 0.74 –2.46 1.15 0.03 0.22 0.16 0.18 0.27 0.13 0.04
15–30 vs. � 5 0.46 0.94 0.62 
0.88 0.96 0.36 
0.07 0.14 0.64 0.09 0.10 0.38
5 to � 15 vs. � 5 
0.40 0.66 0.54 0.58 0.66 0.38 –0.26 0.09 0.005 
0.05 0.07 0.46

Sleep duration category* 0.05 0.04 0.005 0.05
� 5 vs. 7–8 h 2.05 0.85 0.02 –2.29 0.85 0.007 0.39 0.12 0.001 0.26 0.09 0.003
5 to � 6 vs. 7–8 h 1.95 0.74 0.009 
0.66 0.74 0.38 0.18 0.10 0.08 0.10 0.08 0.20
6 to � 7 vs. 7–8 h 0.65 0.66 0.33 
0.80 0.67 0.23 0.11 0.09 0.23 0.10 0.07 0.13
� 8 vs. 7–8 h 0.72 1.21 0.55 1.31 1.25 0.29 
0.23 0.17 0.18 
0.02 0.12 0.88

Definition of abbreviations: DADT � Divided Attention Driving Task; SE � standard error of the associated estimate.
Note: Slope refers to estimated model parameters. Slopes or sets of slopes as indicated (p � 0.05) are set boldface to highlight

patterns of statistical significance. All multiple linear regression models included age, sex, and body mass index as well as either
categorical factors for apnea–hypopnea index (AHI) category and sleep duration category or continuous variables for AHI and
sleep duration. Sleep duration was estimated as the mean cumulative duration of relative inactivity as determined by actigraphy
over 1 wk. Continuous variables were divided by estimated population standard deviation values so that linear slopes reflected
the expected effects of a 1-SD increase. The SD values used were 11.5 for AHI and 1.34 for mean sleep duration as determined
by actigraphy over 1 wk at home as the cumulative duration of relative inactivity.

* p Value is for the overall categorical factor (degrees of freedom � 3 for apnea severity category and degrees of freedom �

4 for sleep duration category).
† Psychomotor vigilance lapses (performance lapses) and DADT mean tracking error were transformed according to the function

loge(x � 1) before analysis.

category of 7 to 8 h remained significant (p � 0.05). The multiplicity-
adjusted p value comparing less than 5 h with greater than 8 h
was p � 0.06. None of the other category differences adjusted
for multiple comparisons was statistically significant. There was
an estimated –2.29 (SE, 0.85)-min reduction in sleep latency
among those with sleep durations less than 5 h compared with
the reference group with 7 to 8 h. Thus, the magnitude of the
group difference between less than 5 h of average sleep com-
pared with 7 to 8 h was similar in magnitude to that for severe
sleep apnea compared with no apnea.

Although sleep latency was reduced in those with severe sleep
apnea compared with no sleep apnea, evidence of differential
effects of sleep apnea on objective sleepiness was observed
among individuals. When we categorized subjects into those with
pathologic sleepiness (MSLT, � 5 min), in the “gray zone”
(MSLT, at least 5 and � 10 min), or normal (� 10 min), we
found that 77% of those with mild sleep apnea (5 to � 15 events/h),
and 56% with moderate sleep apnea (15 to � 30 events/h) did

Figure 1. Least-squares estimates of mean Multiple
Sleep Latency Test (MSLT) with standard errors con-
trolling for apnea severity category, sleep duration
category, age, sex, and body mass index. (A) Apnea–
hypopnea index category. (B ) Mean length of cumu-
lative duration of relative inactivity.

not have pathologic sleepiness. Approximately 4% of those with
severe apnea (� 30 events/h) had completely normal MSLT
values of 10 min or more (Figure 2). There was also evidence
of substantial differential susceptibility to the effects of short
sleep duration on MSLT values (Figure 3).

Behavioral alertness. There were statistically significant differ-
ences among apnea severity categories for performance lapses
(F[3, 325] � 4.0; p � 0.007). Comparisons among categories are
illustrated in Figure 4A after back-transformation to the original
scale. Pair-wise contrasts are expressed in terms of the ratio of
expected values as a consequence of the log transformation. The
regression-adjusted ratios comparing those with 30 or more, 15
to fewer than 30, and 5 to fewer than 15 events/h with those
with fewer than 5 events/h were 1.24 (1.17), 0.98 (1.15), and 0.76
(1.09; mean [SE]), respectively. The only significant planned
contrast versus the reference category of less than 5 events/h
was for AHI at 5 to fewer than 15 events/h (p � 0.005). Unexpect-
edly, as seen in Figure 4A, those with mild apnea (AHI, 5 to
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Figure 2. Percentages of subjects with MSLT values of less than 5 min,
5 to less than 10 min, and 10 min or more in different categories of
severity of sleep apnea. Percentages were determined on the basis
of weighted data. The line connects the percentages with pathologic
sleepiness, that is, MSLT � 5 min.

fewer than 15 events/h) performed better than those with no
apnea. Comprehensive analyses resulted in no evidence of con-
founding as a cause of this finding. These analyses are briefly
described below, with further detail in the online supplement.
After adjustment for multiplicity, significant pair-wise contrasts
were observed between those with at least 30 events/h versus 5
to fewer than 15 events/h (p � 0.02) and between those with 5
to fewer than 15 events/h versus those with fewer than 5 events/h
(p � 0.02).

Least-squares adjusted mean values back-transformed to the
original scale are shown across sleep duration categories in
Figure 4B. Sleep duration category differences were highly statis-
tically significant (F[4, 325] � 3.8; p � 0.005). There was a
significant difference between those with less than 5 h mean
sleep duration relative to the reference category of 7 to 8 h (p �
0.0001). After adjustment for multiple comparisons, a significant
contrast remained between those with less than 5 h mean sleep
duration and those with 7 to 8 h (p � 0.01), as was also observed
on comparing those with less than 5 h and those with more than
8 h (p � 0.009).

Figure 3. Percentages of subjects with MSLT values of less than 5 min,
5 to less than 10 min, and 10 min or more in different categories of
cumulative duration of relative inactivity (hours). The line connects the
percentages in each group with MSLT � 5 min.

DADT. Least-squares adjusted mean absolute DADT
tracking errors back-transformed to the original scale are com-
pared across sleep apnea severity categories in Figure 5A and
among sleep duration categories in Figure 5B. Sleep apnea cate-
gory differences were not statistically significant (F[3, 309] �
2.1; p � 0.10), although the planned contrast between those with
severe apnea and no apnea was significant (p � 0.04). None of
the pair-wise contrasts was statistically significant after adjust-
ment for multiplicity (p � 0.05).

In contrast, sleep duration category differences were statisti-
cally significant (F[4, 309] � 2.4; p � 0.05). The planned contrast
between less than 5 h relative to the 7- to 8-h reference group
also was significant (p � 0.003). After multiplicity adjustment,
the significance of this contrast remained (p � 0.03). No other
pair-wise comparison was significant.

Investigation of Nonmonotonicity between Outcome
Measures and Sleep Apnea Severity

There was a consistent nonmonotonicity in the associations be-
tween sleep apnea severity and the sleepiness and performance
outcomes. We examined the following factors and found no
evidence of confounding that could explain this nonmonoton-
icity: sleep duration, lifetime and current reports of specific medi-
cal conditions, medication use, age, BMI, systolic and diastolic
blood pressure, and self-reported sleep quality. However, it is
possible that confounding arose because of factors not assessed
in this study. Additional details about these analyses are pro-
vided in the online supplement (see Tables E6 and E7).

Likelihood of Impairment

Objective criteria were used to dichotomize the outcomes into
impaired or nonimpaired; for psychomotor vigilance lapses we
used more than three lapses per 10-min trial and, for tracking
error on the DADT, a mean absolute deviation greater than 250
cm per 30-min trial. These criteria were derived from previous
studies evaluating impairments produced by alcohol use (23, 25).
The impairment criterion for MSLT was the commonly used
clinical threshold (� 5 min) (20). Results are summarized in
Table 2. The weighted percentages with these impairments were
29.2, 36.9, and 25.7%, respectively. Only 5.3% of drivers had all
three impairments. If impairment is defined as having at least
one of these, then 59.5% of drivers would be considered im-
paired. The risk of multiple impairments was larger for those
with severe sleep apnea. Among these drivers 60.7% had two
or three impairments. Multiple impairments were also common
among those drivers with the shortest sleep duration. The per-
centages of drivers with two or three impairments among those
with less than 5 h was 49.5% compared with 24.3, 22.4, 17.2, and
10.2% in those drivers with 5 to less than 6, 6 to less than 7, 7
to 8, and more than 8 h, respectively.

DISCUSSION

In this study, we showed that both subjective and objective
sleepiness, as well as performance impairments, are common in
our sample of commercial driver’s license holders. Our analyses
reveal that chronic short sleep duration is a risk factor for subjec-
tive sleepiness, objectively measured sleepiness, and perfor-
mance impairments. The results for sleep apnea are less clear.
Although increases in sleep-disordered breathing were associ-
ated with reduced sleep latency, corresponding associations with
subjective sleepiness and performance lapses were not con-
firmed. Increased tracking error was statistically significant only
without covariate adjustment. In complementary analyses
expressing risk factors in categories, severe sleep apnea relative
to fewer than 5 events/h and short sleep durations of less than
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Figure 4. Predicted mean Psychomotor Vigilance
Task (PVT) lapses per trial, controlling for apnea
severity category, sleep duration category, age,
sex, and body mass index. Statistical comparisons
were performed on transformed data. Predicted
values are reexpressed on the original scale to en-
hance interpretability. The magnitudes of the stan-
dard error bars are proportional to the ratio of the
standard error to predicted value on the trans-
formed scale to provide an accurate assessment
of statistical precision. (A ) Categories of severity
of sleep apnea, as measured by apnea–hypopnea
index. (B ) Categories for sleep duration at home
(mean cumulative duration of relative inactivity).

5 h relative to 7 to 8 h had similar magnitudes of effect for
objective sleepiness as measured by the MSLT (average reduc-
tions of 2.5 and 2.3 min, respectively). Durations of sleep of less
than 5 h were more common than severe sleep apnea (weighted
percentages, 13.5 compared with 4.7%, respectively).

Our study design involved a random sample of persons with
commercial driver’s licenses, avoiding bias that might have oc-
curred if drivers had been selected from only one company or had
been selected on the basis of some other common characteristic.
Moreover, the stratified sampling that we employed improved
statistical precision of estimates, whereas sampling in clusters
across several companies has the potential for greatly reducing
statistical precision (32). A disadvantage of our approach was
the expected low response rate, which strictly limits statistical
inference to a “theoretical” population of drivers that would
respond to surveys such as ours. However, the age, sex, and
zip code distributions of respondents and nonrespondents were
essentially identical, providing some evidence of minimal re-
sponse bias. The respondents to our mail questionnaire knew
that the study was about sleep but not the specific hypothesis
being tested. Although the response rate was relatively low,
response bias would have affected estimated relationships be-
tween risk factors and impairment outcomes only had there been
differential recruitment of individuals with respect to one of the
risk factors, that is, sleep apnea and short sleep duration and if
the relationship between that risk and the impairment outcome
differed between those responding and not responding. This
seems unlikely. The issue of potential response bias means, how-
ever, that our estimates of the percentages of drivers with sleep
apnea and short sleep durations need to be interpreted with
caution. The percentage of subjects that we found with any sleep
apnea (28.2%) is similar to that in other general population

Figure 5. Predicted mean absolute tracking
errors on the Divided Attention Driving Task con-
trolling for apnea severity category, sleep dura-
tion category, age, sex, and body mass index,
and expressed on the original scale (centimeters).
Statistical comparisons were performed on trans-
formed data. Predicted values are reexpressed
on the original scale to enhance interpretability.
Magnitudes of the standard error bars are propor-
tional to the ratio of the standard error to pre-
dicted value on the transformed scale to provide
an accurate assessment of statistical precision. (A )
Categories of severity of sleep apnea as judged by
apnea–hypopnea index. (B ) Categories of sleep
duration at home (mean cumulative duration of
relative inactivity).

studies (33–35) but less than that in other studies of commercial
drivers (8, 9). This difference could be related to one or all of
the following: (1) differences in response rate in different studies,
with our study having the lowest response rate; (2) different
sampling strategies—a population-based random sample in our
study and a cluster-based sampling scheme across many compa-
nies in the study by Howard and coworkers (8); a nonrandom
sample of drivers from a single company in the study by Stoohs
and coworkers (9); (3) different definitions of respiratory events;
and (4) different technologies used to estimate the degree of
sleep-disordered breathing, with a simplified method (MESAM)
used in the study by Stoohs and coworkers (9). The differences
in estimated percentages with apnea are particularly large among
studies in those with mild to moderate apnea, whereas the per-
centages with severe sleep apnea are more similar, that is, 4.7%
in our study, 10.6% in the study by Howard and coworkers (8),
and 10.0% in the study by Stoohs and coworkers (9).

In our study, we measured sleep durations at home by actigra-
phy and demonstrated associations between sleep duration and
self-report sleepiness; physiologic sleepiness by MSLT, with vigi-
lance lapses indicated by PVT; and tracking error by the DADT.
We considered two potential metrics of sleep duration derived
from actigraphy. The first was the cumulative duration of relative
inactivity during the sleep bout, thereby removing periods of
movement as part of sleep. The second was the overall duration
from the beginning to the end of the main sleep bout and continu-
ing to count periods of movement as sleep. To validate these
measurements, we performed simultaneous analyses of actigra-
phy during full sleep studies with sleep duration being assessed
by EEG in a large convenience sample of drivers being studied
(n � 277); 69.2% of the higher risk group and 63.9% of the
lower risk group. Validation analysis, as described in the online
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supplement, revealed that the duration of cumulative inactivity
gave a closer approximation to actual sleep time (average differ-
ence, 0.31 h) than the total duration of the sleep bout, which
overestimated sleep by 1.33 h, on average. However, this latter
metric had a reduced standard deviation relative to the former,
indicating a potential for improved agreement with the “gold
standard” EEG in this population. We therefore repeated analy-
ses, using this alternative metric after removing constant bias.
The associations of sleep apnea with performance lapses and
with tracking error become statistically significant (p � 0.05 and
p � 0.005, respectively) and that with MSLT retained significance
(p � 0.02) in the multivariable continuous risk factor models.
We attribute the strengthening of these associations to better
separation between estimates of sleep apnea severity and sleep
duration, because activity due to termination of apneic events
is eliminated from sleep duration estimates. These results are
described in the online supplement (see Table E3).

In our sample, only 81.6% of the drivers studied were working
as commercial drivers at the time of this study although all had
the capacity to do so. Analyses were performed by restricting
attention to currently employed drivers. These results are pre-
sented in Tables E4 and E5. The associations between outcomes
and the primary measure of sleep duration were all somewhat
stronger when restricting attention to drivers currently employed
at the time of our study. However, the AHI linear slope for the
MSLT was reduced in absolute value from –0.54 (p � 0.05, all
drivers) to –0.44 (p � 0.16, currently employed drivers).

To identify important nonmonotonic associations, sleep ap-
nea severity and average sleep duration at home were expressed
as categorical variables in secondary multivariable models.
Planned contrasts revealed significantly increased objective
sleepiness (MSLT; p � 0.03) and tracking error (DADT; p �
0.04) for those with severe sleep apnea (AHI, at least 30 events/h)
relative to no sleep apnea (� 5 events/h), but not for PVT
performance lapses. Although sleep apnea severity category was
significantly associated with performance lapses (p � 0.007), the
relationship was nonmonotonic and greatly influenced by drivers
with AHI values less than 5 events/h performing worse than
those with values between 5 and 15 events/h. Although particu-
larly marked for performance lapses, this nonmonotonic rela-
tionship with apnea severity was present for all four outcome
variables. Therefore, we investigated potential causes of con-
founding to explain this. We examined differences in sleep dura-
tion, presence of medical conditions, and use of medications that
could cause sleepiness and did not find any obvious reason. Thus,
confounding due to group difference in medical status did not
explain this nonmonotonicity. Although we cannot rule out con-
founding from other unobserved factors, random sampling varia-
tion is as likely an explanation as is confounding for these results.
Details are provided in the online supplement (see Tables E6
and E7).

Although sleep duration was found not to be a confounding
factor for sleep apnea severity, there remains the potential for
sleep duration to serve as an effect modifier, that is, the effect
of increasing sleep apnea severity may result in different levels
of impairment depending on mean sleep duration. We tested
for interaction but found no statistically significant interaction
in any of the multivariable models. However, the statistical power
for detection of an interaction effect between sleep duration and
apnea severity is low because of the low power of interaction tests
generally, and specifically because of the relatively small sample
sizes in some of the cells in the cross-tabulation of sleep duration
and apnea severity categories.

Another factor that needs to be considered in interpretation
of our results is obesity. Obesity has been shown to be associated
with subjective and objective sleepiness independent of sleep
apnea (36). In our study, there were no statistically significant
associations between outcomes and BMI. But because only
11.3% of our sample had a BMI less than 25 kg/m2 our study is
limited in its ability to detect associations between obesity and
performance.

Other aspects of this study are also worthy of comment. We
used thermistors to assess airflow. This study started before
results conclusively showing the superiority of nasal pressure
measurements to assess flow had been presented (37). In our
study, performance tests were done on the day after the over-
night sleep study in the laboratory. Because the duration of
sleep during the overnight polysomnography was not limited it
is possible that some subjects obtained more sleep than was their
usual habit. Consequently, our findings on objective sleepiness
and performance in the laboratory will likely underestimate the
effect of reduced sleep duration.

We found that a high proportion of subjects (32.6%) had an
Epworth Sleepiness Scale score in the range compatible with
self-report excessive sleepiness. Thus, in our sample, self-report
sleepiness was extremely common. It is arguable that this may
be the result of response bias, that is, that individuals with self-
report sleepiness were more likely to respond to our survey.
But, as noted, the proportion of subjects in our study with sleep
apnea is less than in other studies of commercial drivers (8, 9).
Moreover, self-report excessive sleepiness was also extremely
common and similar (29.0%) in the only other study of commer-
cial drivers to assess this (8). We found in multivariable modeling
that when assessed as a continuous variable, reductions in sleep
duration did increase the expected level of self-reported sleepi-
ness. A 1-SD decrease in sleep duration (1.34 h) was associated
with an expected increase of 0.75 points (p � 0.01) on the Epw-
orth Sleepiness Scale. However, sleep apnea was not associated
with self-report sleepiness. This is unlike the results of Howard
and coworkers (8), who found a weak association between Epw-
orth Sleepiness Scale scores and sleep apnea severity in a sample
of commercial drivers. The basis for this lack of association in
our study is unknown but appears to limit the usefulness in
commercial drivers of self-report sleepiness in determining
who is likely to have sleep apnea. Whereas sleep apnea was
not associated with self-report sleepiness, it was associated with
objective sleepiness as measured by the MSLT in the primary
continuous risk factor model (p � 0.05). In our categorical model
it was found that this association was particularly evident among
individuals with severe apnea relative to those no apnea (reduc-
tion in mean equal to 2.5) and also relative to those with mild
apnea (5 to 15 events/h; reduction in mean, 3.0 min). (Previous
studies of commercial drivers [8, 9] have not assessed objective
tests of sleepiness or performance.) Simultaneously, average
sleep duration at home was associated with objective sleepiness,
with sleep durations less than 5 h associated with the most severe
sleepiness (reduction in mean equal to 2.3 min). Thus, multivari-
able modeling revealed that severe sleep apnea and sleep dura-
tion at home of less than 5 h had similar effects on objective
sleepiness as determined by MSLT. However, the percentage
of subjects in this sample with durations less than 5 h was nearly
triple that of subjects with severe sleep apnea.

Our data are consistent with studies showing that performance
is differentially susceptible to the effects of sleep deprivation (38,
39). The performance of some subjects is quite impacted by sleep
deprivation whereas other subjects are relatively resistant (38, 39).
We see evidence to support similar differential susceptibility to
the effects of both chronic short sleep duration at home and the
degree of sleep apnea (see Figures 2 and 3). However, it is possible
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that measurement error regarding apnea severity and mean sleep
duration has contributed to our observations.

When we examined definitions of impairment for PVT perfor-
mance lapses and DADT tracking error based on data comparing
results with those produced by alcohol intoxication, we found
that 29.2% (for lapses) and 36.9% (for mean tracking error) had
performance decrements comparable to that induced in control
subjects, albeit in different populations, after alcohol intoxica-
tion. Moreover, 25.7% had a mean sleep latency in the range
(� 5 min) considered pathologic. This is an issue of concern.
However, we found considerable discordance among these ob-
jective impairment outcomes. The proportion of individuals with
such performance impairments in our society is unknown, and
there are no data that currently show an association between
impairments in the tests we performed and crash risk in commer-
cial drivers. Also, there are currently limited data on the associa-
tion between, for example, the presence of sleep apnea and crash
rates among commercial drivers. In the study by Stoohs and
coworkers (40), no association was found between sleep apnea
severity and crash risk, as was the case for the group described
in the study by Howard and coworkers (8), who performed full
sleep studies. The latter result is likely to be related to the small
sample size (n � 161) because, in the larger questionnaire sample
(n � 2,343) in this study, the multivariable apnea prediction
index, a surrogate for apnea (14), was weakly related to the risk
of a single vehicle accident but not to the total crash history (8).
This topic has been more extensively studied, however, in drivers
of passenger cars, where a clear association has been shown
between crashes and obstructive sleep apnea (41–48). There is
a need for more in-depth studies of crashes involving commercial
drivers and the role of sleep apnea and insufficient sleep. In
particular, there is a need for a case-control study focusing on
the role of sleep apnea, and potentially sleep duration, in major
crashes of commercial vehicles.

In conclusion, there are daytime neurobehavioral perfor-
mance impairments that are found commonly in commercial
drivers, and these are more likely among those with durations
of average sleep less than 5 h/night and those with severe obstruc-
tive sleep apnea. These results suggest that strategies employed
by the Federal Motor Carrier Safety Administration to reduce
sleepiness, and potentially crash risk, in commercial drivers in-
clude plans to (1) develop and implement approaches to identify
“impaired” drivers by objective testing, (2) implement and en-
sure quality programs to identify and treat individuals with se-
vere sleep apnea as well as monitor adherence to therapy, and
(3) introduce approaches to assess and promote increased sleep
durations among commercial drivers.
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