MAXIMIZING THE SENSITIVITY OF THE PVT TO SLEEP LOSS

Maximizing Sensitivity of the Psychomotor Vigilance Test (PVT) to Sleep Loss

Mathias Basner, MD, PhD, MSc; David F. Dinges, PhD
Division of Sleep and Chronobiology, Department of Psychiatry, University of Pennsylvania School of Medicine, Philadelphia, PA

Study Objectives: The psychomotor vigilance test (PVT) is among the most widely used measures of behavioral alertness, but there is large varia-
tion among published studies in PVT performance outcomes and test durations. To promote standardization of the PVT and increase its sensitivity
and specificity to sleep loss, we determined PVT metrics and task durations that optimally discriminated sleep deprived subjects from alert subjects.
Design: Repeated-measures experiments involving 10-min PVT assessments every 2 h across both acute total sleep deprivation (TSD) and 5
days of chronic partial sleep deprivation (PSD).

Setting: Controlled laboratory environment.

Participants: 74 healthy subjects (34 female), aged 22-45 years.

Interventions: TSD experiment involving 33 h awake (N = 31 subjects) and a PSD experiment involving 5 nights of 4 h time in bed (N = 43 subjects).
Measurements and Results: In a paired t-test paradigm and for both TSD and PSD, effect sizes of 10 different PVT performance outcomes were
calculated. Effect sizes were high for both TSD (1.59-1.94) and PSD (0.88-1.21) for PVT metrics related to lapses and to measures of psychomotor
speed, i.e., mean 1/RT (response time) and mean slowest 10% 1/RT. In contrast, PVT mean and median RT outcomes scored low to moderate effect
sizes influenced by extreme values. Analyses facilitating only portions of the full 10-min PVT indicated that for some outcomes, high effect sizes could
be achieved with PVT durations considerably shorter than 10 min, although metrics involving lapses seemed to profit from longer test durations in TSD.
Conclusions: Due to their superior conceptual and statistical properties and high sensitivity to sleep deprivation, metrics involving response speed
and lapses should be considered primary outcomes for the 10-min PVT. In contrast, PVT mean and median metrics, which are among the most
widely used outcomes, should be avoided as primary measures of alertness. Our analyses also suggest that some shorter-duration PVT versions
may be sensitive to sleep loss, depending on the outcome variable selected, although this will need to be confirmed in comparative analyses of
separate duration versions of the PVT. Using both sensitive PVT metrics and optimal test durations maximizes the sensitivity of the PVT to sleep
loss and therefore potentially decreases the sample size needed to detect the same neurobehavioral deficit. We propose criteria to better standard-

ize the 10-min PVT and facilitate between-study comparisons and meta-analyses.
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INTRODUCTION

There is extensive evidence that the neurobehavioral con-
sequences of sleep loss can be measured in certain aspects
of cognitive functioning.'? Among the most reliable effects
of sleep deprivation is degradation of attention,>* especially
vigilant attention as measured by the 10-min psychomotor
vigilance test (PVT).>¢ The effects of sleep loss on PVT per-
formance appear to be due to variability in maintenance of the
alert state (i.e., alerting network),’ and can include deficits in
endogenous selective attention,”® but they may also occur in
attention involved in orienting to sensory events (i.e., orient-
ing network), and attention central to regulating thoughts and
behaviors (i.e., executive network).”!" These multidimensional
features of attention suggest it has a fundamental role in a wide
range of cognitive functions, which may be the mechanisms
by which sleep loss affects a range of performances, although
it remains controversial whether impairment due to sleep de-
privation is generic to all cognitive processes subserved by at-
tentional processes.'?

Submitted for publication August, 2010

Submitted in final revised form February, 2011

Accepted for publication February, 2011

Address correspondence to: Mathias Basner, MD, PhD, MSc, Division of
Sleep and Chronobiology, Department of Psychiatry, University of Penn-
sylvania School of Medicine, 1013 Blockley Hall, 423 Guardian Drive,
Philadelphia, PA 19104-6021; Tel: (215) 573-5866; Fax: (215) 573-6410;
E-mail basner@mail. med.upenn.edu

SLEEP, Vol. 34, No. 5, 2011

The PVT>15 has become arguably the most widely used
measure of behavioral alertness owing in large part to the com-
bination of its high sensitivity to sleep deprivation®® and its
psychometric advantages over other cognitive tests. The stan-
dard 10-min PVT measures sustained or vigilant attention by
recording response times (RT) to visual (or auditory) stimuli
that occur at random inter-stimulus intervals (ISI).%!31617 Tt is
not entirely accurate to describe the PVT as merely simple RT.
The latter is a generic phrase historically used to refer to the
measurement of the time it takes to respond to a stimulus with
one type of response (in contrast a complex RT task can require
different responses to different stimuli). A simple RT test as-
sumes no specific number of RTs—in fact, it can be based on
a single RT. Similar to simple RT, the PVT relies on a stimulus
(typically visual) and an RT (typically a button press), but it
also relies on sampling many responses to stimuli that appear at
arandom ISI within a pre-specified ISI range, and that therefore
occur over a period of time (i.e., 10 minutes in terms of the most
commonly used PVT). Therefore, time on task and ISI param-
eterization instantiate the “vigilance” aspect of the PVT. Re-
sponse time to stimuli attended to has been used since the late
19th century in sleep deprivation research'®'*!° because it offers
a simple way to track changes in behavioral alertness caused by
inadequate sleep, without the confounding effects of aptitude
and learning.>*"* Moreover, the 10-min PVT" has been shown
to be highly reliable, with intra-class correlations for key met-
rics such as lapses measuring test-retest reliability above 0.8.°

PVT performance also has ecological validity in that it can
reflect real-world risks, because deficits in sustained atten-
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Table 1—Frequency of PVT outcome metrics reported in 141 journal
publications published since 1986'

Outcome Frequency
Number of Lapses? 66.7%
Mean RT? 40.4%
Mean 1/RT 30.5%
Fastest 10% RT 29.8%
Median RT 28.4%
Slowest 10% RT 19.9%
Slowest 10% 1/RT 12.8%
Number of False Starts 9.2%
Fastest 10% 1/RT 5.0%
Lapse Probability* 4.3%
Other 23.4%

The 141 articles are the result of a Thomson ISI search on “psychomotor
vigilance” in ftitle, abstract, or keywords of peer-reviewed articles
published since 1986 performed on 30 April 2010.

% apses were most commonly defined as response times > 500 ms or =
500 ms, although individual studies used different definitions.

°RT = response time

“Lapse probability is usually calculated as the number of lapses divided
by the number of valid stimuli.

tion and timely reactions adversely affect many applied tasks,
especially those in which work-paced or timely responses are
essential (e.g., stable vigilant attention is critical for safe per-
formance in all transportation modes, many security-related
tasks, and a wide range of industrial tasks). Lapses in at-
tention as measured by the PVT can occur when fatigue is
caused by either sleep loss or time on task,'®?*?! which are
the two factors that make up virtually all theoretical models
of fatigue in real-world performance. There is a large body of
literature on attentional deficits having serious consequences
in applied settings.?*%*

Sleep deprivation induces reliable changes in PVT perfor-
mance, causing an overall slowing of response times, a steady
increase in the number of errors of omission (i.e., lapses of
attention, historically defined as RTs > twice the mean RT or
500 ms), and a more modest increase in errors of commission
(i.e., responses without a stimulus, or false starts).?**” These ef-
fects can increase as task duration increases,”® and they form
the basis of the state instability theory.>®!>!5!8 According to this
theory, several competing systems influence behavior during
periods of sleep loss, 2 of the most important being the involun-
tary drive to fall asleep and a counteracting top-down drive to
sustain alertness.’ The interaction of these sleep-initiating and
wake-maintaining systems leads to unstable sustained attention
as manifested in longer RTs occurring stochastically through-
out each PVT performance bout.>'> Neuroimaging studies re-
veal that slowed responses on visual attention tasks—including
the PVT—during sleep deprivation are associated with changes
in neural activity in distributed brain regions that can include
frontal and parietal control regions, visual and insular cortices,
cingulate gyrus, and the thalamus.®2%!

The 10-min PVT>%" has been shown to be sensitive to both
acute total sleep deprivation (TSD)'>*"3? and chronic partial
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sleep deprivation (PSD)'42732-3%; to be affected both by sleep ho-
meostatic and circadian drives**’; to reveal large inter-subject
variability in the response to sleep loss**; to demonstrate the
effects of jet lag and shift work*'; and to reveal improvements
in alertness after wake-promoting interventions**** and recov-
ery from sleep loss,*“® and after initiation of CPAP treatment in
patients with obstructive sleep apnea (OSA).¥

There are many published reports on PVT performance rel-
ative to sleep quantity, quality and circadian placement, but
there is considerable variability among these reports in (1) the
specific PVT performance metrics used as outcomes, (2) the
duration of the PVT task,” and (3) the platform on which the
PVT is administered and timed (i.e., various computer-based
PVTs," and handheld devices such as the PVT-1924! and the
Palm PVT*?). An analysis of 141 journal manuscripts reporting
PVT results, published in the past 25 years (since 1986), shows
great variability in the use of PVT outcome metrics—the most
commonly reported PVT outcomes from these studies are li-
sted in Table 1.

PVT performance metrics likely differ widely in their sta-
tistical properties and therefore in their capability to differenti-
ate sleep deprived from alert subjects. However, we are not
aware of any systematic comparison of the sensitivity of dif-
ferent PVT metrics to sleep loss. We therefore determined the
extent to which 10 PVT performance metrics were sensitive to
both acute TSD and chronic PSD. Our goal was to recommend
a small set of PVT outcome metrics with superior statistical
properties that should be routinely used and reported in stud-
ies. We also evaluated the sensitivity of each outcome for dif-
ferent portions of the full 10-min PVT to determine feasibility
of shorter duration PVT versions for detecting deficits in alert-
ness relative to sleep deprivation. Performance on the PVT
deteriorates faster in sleep deprived than in alert subjects with
time on task (see Figure 1). However, due to marked inter-indi-
vidual differences in the vulnerability to sleep loss,*® between-
subject variability in PVT performance increases with time on
task at the same time. As the power of the PVT to detect a
statistically significant difference between alert and sleep de-
prived states increases with larger performance differences be-
tween states but decreases with increasing variability of these
differences, it is unclear whether PVT sensitivity will always
increase with increasing PVT duration. More likely, there will
be a test duration with an optimal ratio of size and variability
of the differences. Maximizing the power of the PVT to dif-
ferentiate sleep deprived and alert subjects by choosing opti-
mal test durations and outcome metrics would allow detecting
the same difference in cognitive performance degradation with
smaller sample sizes.

Finally, many factors other than test duration and outcome
metric (e.g., hardware, programming of the PVT, and defini-
tions for calculating PVT outcome metrics) influence PVT
performance.” These factors differ widely between different
versions of the PVT. Hence, the PVT is not very well stan-
dardized, which complicates meta-analyses of studies using
the PVT. Therefore, we provide definitions and list the criteria
we have been using for many years for our 10-min PVT (see
Table 3). We hope that researchers will adopt these criteria in
future research and therefore enhance standardization of the
10-min PVT.
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METHODS

A 30 -O— Sleep deprived (SDP)

Subjects and Protocol 25 - —@— Non-sleep deprived (NSDP)
Acute total sleep deprivation (TSD) protocol § 20

TSD data were gathered in a study on the effects of night 2
work and sleep loss on threat detection performance on a simu- = 15
lated luggage screening task (SLST). A detailed description of g 10 4
the study is published elsewhere.®® This analysis is based on =
data gathered on N = 31 subjects (mean age + SD =31.1 + 7.3 § 5
y, 18 female). Study participants stayed in the research lab for z
5 consecutive days, which included a 33-h period of TSD. The 0
study started at 08:00 on day 1 and ended at 08:00 on day 5.
A 33-h period of total sleep deprivation started either on day S -
2 (N =22) or on day 3 (N = 9) of the study. Except for the 1 2 3 45 6 7 8 910
sleep deprivation period, subjects had 8-h sleep opportunities Minutes
between 00:00 and 08:00. The first sleep period was monitored
polysomnographically to exclude possible sleep disorders. B 18

16 -

Chronic partial sleep deprivation (PSD) protocol 14 -

PSD data were obtained from N = 43 healthy adults (16 fe-

12 A

males) who averaged 30.5 = 7.3 y (mean = SD) and were part
of a laboratory protocol involving 5 consecutive nights of sleep
restricted to 4 h per night (04:00 to 08:00). A detailed descrip-
tion of the experimental procedures is published elsewhere.*
In both TSD and PSD experiments, subjects were free of
acute and chronic medical and psychological conditions, as es-
tablished by interviews, clinical history, questionnaires, physical
exams, and blood and urine tests. They were studied in small
groups (4-5) while they remained for days in the Sleep and
Chronobiology Laboratory at the Hospital of the University of 1 2 3 45 6 7 8 9 10
Pennsylvania. Throughout both experiments subjects were con-

AN

10 A /

Number of Lapses SDP-NSDP

o N B~ OO
1

tinuously monitored by trained staff to ensure adherence to each Minutes
experimental protocol. They wore wrist actigraphs throughout C 30
each protocol. Meals were provided at regular times throughout
the protocol, caffeinated foods and drinks were not allowed, and é 25 |
light levels in the laboratory were held constant during sched- B
uled wakefulness (< 50 lux) and sleep periods (< 1 lux). Ambi- 8.3
ent temperature was maintained between 22°and 24°C. 8 2.0

In both TSD and PSD experiments subjects completed 30- é
min bouts of a neurobehavioral test battery (NTB) that included = 15
a 10-min PVT every 2 h during scheduled wakefulness. Be- §
tween neurobehavioral test bouts, subjects were permitted to 'g 10
read, watch movies and television, play card/board games and 3~
interact with laboratory staff to help them stay awake, but no
naps/sleep or vigorous activities (e.g., exercise) were allowed. 0.5

All participants were informed about potential risks of the 1 2 3 45 6 7 8 9 10
study, and a written informed consent and IRB approval were Mi

. . inutes
obtained prior to the start of the study. They were compensated
for their participation, and monitored at home with actigraphy, | Figure 1—The analyses shown in A, B, and G are based on the TSD
sleep-wake diaries, and time-stamped phone records for time study and were restricted to the first 1, 2, 3,4, 5,6, 7, 8,9, and 10 min of
to bed and time awake during the week immediately before the the 10-min PVT (abscissa) (A) The number of lapses and their standard
PSD study. deviation are shown for the sleep deprived and the non-sleep deprived
state. (B) The within-subject differences between sleep deprived and

PVT non-sleep deprived states of the number of lapses and their standard

deviations are shown. (C) Effect sizes calculated as the within-subject
differences between sleep deprived and non-sleep deprived states
divided by their standard deviation are shown for lapses including 95%
nonparametric bootstrap confidence intervals.

To avoid problems of uncertainty regarding the accuracy
of timing of the test platform, we utilized a precise comput-
er-based version of the 10-min PVT. Subjects were instructed
to monitor a red rectangular box on the computer screen, and
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press a response button as soon as a yellow stimulus counter ap-
peared on the CRT screen, which stopped the counter and dis-
played the RT in milliseconds for a 1-s period (see Table 3). The
inter-stimulus interval, defined as the period between the last
response and the appearance of the next stimulus, varied ran-
domly from 2-10 s. The subject was instructed to press the but-
ton as soon as each stimulus appeared, in order to keep the RT
as low as possible but not to press the button too soon (which
yielded a false start warning on the display).

Outcome metrics

A PVT response was regarded valid if RT was > 100 ms.
Responses without a stimulus or RTs < 100 ms were counted as
false starts (errors of commission). Pressing the wrong button
or failing to release the button for 3 s or longer were counted as
errors and excluded from the analysis. Lapses (errors of omis-
sion) were defined as RTs > 500 ms. The millisecond counter
timed out after 30 s without a response, and a sound was played
back to alert the subject. The following PVT outcome metrics
were assessed and included in our analyses: (1) median RT, (2)
mean RT, (3) fastest 10% RT, (4) mean 1/RT (also called re-
ciprocal response time or response speed), (5) slowest 10% 1/
RT, (6) number of lapses, (7) lapse probability (i.e., number of
lapses divided by the number of valid stimuli, excluding false
starts), (8) number of false starts, (9) number of lapses and false
starts, and (10) performance score, defined as 1 minus the num-
ber of lapses and false starts divided by the number of valid
stimuli (including false starts).

The reciprocal transform (1/RT) was one of the first PVT
outcomes found to be sensitive to total and partial sleep loss.** It
emphasizes slowing in the optimum and intermediate response
domain and it substantially decreases the contribution of long
lapses, which is why the slowest 10% of RTs are usually re-
ciprocally transformed. For calculating mean 1/RT and slow-
est 10% 1/RT, each RT (ms) was divided by 1,000 and then
reciprocally transformed. The transformed values were then
averaged. False starts were investigated as they were shown to
increase in number during sleep deprivation and show the same
pattern of circadian modulation as lapses."”” As the duration of
the PVT is fixed, long lapses will reduce the number of stimuli
and therefore also the maximum possible number of lapses.
Calculating lapse probability (i.e., expressing lapses relative to
the number of stimuli) potentially corrects for this reduction in
the number of stimuli.

Data Analyses and Statistical Procedures

To investigate the power of different PVT outcome metrics
and test durations to differentiate sleep deprived from alert sub-
jects, in the TSD study test bouts 1 to 7 (09:00 to 21:00) were
averaged within subjects to reflect the non—sleep deprived state
and test bouts 8 to 17 (23:00 to 17:00 on the next day) were
averaged within subjects to reflect the sleep deprived state. This
decision was based on visual inspection of the data and on re-
ports that PVT performance decreases after 16 h of wakeful-
ness.”” After excluding one subject that dropped out after 26 h
awake, the data for the remaining 31 subjects were complete.
For the PSD study, daily averages of outcome variables were
computed within subjects over the test bouts administered at
12:00, 16:00, and 20:00. The 08:00 test bout was not used be-

SLEEP, Vol. 34, No. 5, 2011

cause of possible sleep inertia effects. Average performance on
baseline day 2 (BL2) reflected the non—sleep deprived state,
while average performance on the day after sleep restriction
night (R5) reflected the sleep deprived state. Only test bouts
that existed in both conditions (non-sleep deprived and sleep
deprived) were used for averaging to exclude differential ef-
fects of circadian modulation on PVT performance. For exam-
ple, if the 16:00 test bout was missing for a subject in RS, the
16:00 test bout was also not used for averaging in BL2 for that
subject, even if it existed. Overall, 23 out of 903 scheduled test
bouts (2.5%) were missing.

Within subject comparisons are very common in sleep (de-
privation) research. They control for some of the variance asso-
ciated with inter-individual differences, and therefore the same
effect can usually be found with smaller sample sizes. A paired
t-test would be a valid method to investigate whether there is a
statistically significant difference between non-sleep deprived
and sleep deprived conditions. In the paired #-test, differences
of outcome values between non-sleep deprived and sleep de-
prived conditions are calculated within subjects, and these dif-
ferences are tested with a one-sample t-test against zero. With
a given type I error rate o and a fixed number of subjects, the
power of the paired #-test (i.e., the probability to detect a differ-
ence between conditions if there is a difference) depends only
on the effect size. Effect size is calculated as the average of
within-subject differences divided by the standard deviation of
within-subject differences (i.c., the average of within-subject
difference is expressed in standard deviation units). Effect size
therefore increases with the magnitude of within-subject differ-
ences and decreases with increasing variability (i.e., the stan-
dard deviation) of the differences.

The one-sample #-test is the most powerful test available
(i.e., it outperforms nonparametric tests that could be used al-
ternatively) when its test assumptions are met. It requires (a)
random sampling from a defined population, (b) interval or ra-
tio scale of measurement, and (c) normally distributed popula-
tion data (note that differences of two samples may be normally
distributed even if the original samples are not). However, the
one-sample f-test is relatively robust in terms of violations of
the above assumptions. Also, it requires the distribution of sam-
ple means to be normal, not the sample itself. According to the
Central Limit Theorem, the distribution of sample means will
be normal even if the sample itself is not if sample size is large
(usually N > 30). The samples of both the TSD (N = 31) and
the PSD (N =43) study were large enough for the Central Limit
Theorem to apply.

Based on the above definitions of sleep deprived and non—
sleep deprived states, we calculated the unit-less effect size for
the 10 PVT outcome metrics both for the TSD and PSD studies,
for the full 10-min PVT, and restricting the analyses to the first
1,2,3,4,5,6,7,8,and 9 min of the 10 min PVT. As a measure
of effect size precision, we calculated 95% nonparametric boot-
strap confidence intervals based on 1,000,000 samples accord-
ing to Efron and Tibshirani.* In contrast to standard confidence
intervals, bootstrap confidence intervals have the advantage
that they are range preserving (i.e. intervals always fall within
the allowable range of the investigated variable) and do not en-
force symmetry. Effect sizes for slowest 10% 1/RT and fastest
10% RT were not calculated for the 1-min test duration, be-
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Figure 2—Effect sizes (ES) and 95% nonparametric bootstrap confidence intervals are shown for 10 outcome metrics of the PVT for both partial (open
circles) and total (black squares) sleep deprivation depending on the analyzed portion of the 10-min PVT. Effect sizes of Mean 1/RT, Slowest 10% 1/RT, and
the Performance Score were multiplied by -1 to facilitate comparisons.

Table 2—Rank order of effect sizes of 10 PVT outcome metrics for the 10-min PVT in both acute total and chronic partial sleep deprivation

Acute Total Sleep Deprivation Chronic Partial Sleep Deprivation

Rank Outcome Metric Effect Size (95% Cl) Outcome Metric Effect Size (95% Cl)
1 Number of Lapses and False Starts 1.94 (1.53; 2.69) Mean 1/RT 1.21(0.94; 1.59)
2 Mean 1/RT 1.93 (1.55; 2.65) Fastest 10% RT 1.13 (0.87; 1.51)
3 Number of Lapses 1.86 (1.45; 2.59) Slowest 10% 1/RT 1.11(0.78; 1.57)
4 Slowest 10% 1/RT 1.86 (1.54; 2.58) Median RT 0.96 (0.74; 1.29)
5 Performance Score 1.68 (1.34; 2.28) Number of Lapses 0.91(0.71;1.18)
6 Lapse Probability 1.59 (1.27; 2.16) Number of Lapses and False Starts 0.90 (0.69; 1.17)
7 Fastest 10% RT 1.54 (1.22; 2.08) Performance Score 0.88 (0.69; 1.13)
8 Number of False Starts 1.29 (0.98; 1.78) Lapse Probability 0.88 (0.69; 1.13)
9 Mean RT 0.64 (0.53; 1.23) Mean RT 0.43(0.35; 0.91)

10 Median RT 0.38 (0.33; 1.83) Number of False Starts 0.39 (0.14; 0.76)

RT, response time; ClI, confidence interval; Effect sizes of Mean 1/RT, Slowest 10% 1/RT, and the Performance Score were multiplied by -1 to facilitate
comparisons. Nonparametric 95% bootstrap confidence intervals are shown in parenthesis.

cause the first min contained only 9 stimuli on average. Effect
sizes for mean 1/RT, slowest 10% 1/RT, and the performance
score were multiplied by -1 to facilitate comparisons between
outcome metrics.

Graphs showing the evolution of the effect size for each of
the 10 outcome metrics during 33 h of TSD (relative to the av-
erage of bouts 1-7, i.e., the non—sleep deprived state) and across
the 7 days (BL1 to R5) of the PSD protocol (relative to BL2)
were generated for the full 10-min PVT only. Finally, we per-
formed retrospective power calculations for the outcome met-
rics mean 1/RT and number of lapses, for the full 10-min PVT,
and for both total and partial sleep deprivation.

RESULTS

The evolution of the number of lapses and their standard de-
viation is shown as an example for the sleep deprived and the
non-sleep deprived state in Figure 1 A. Both the mean difference
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between conditions and the standard deviation of these differ-
ences increased with time on task (see Figure 1B). For lapses,
the increase in the average differences outweighed the increase
in the standard deviation of the differences, and hence the effect
size increased with increasing PVT duration (see Figure 1C).
However, this is not true for all outcome metrics. Effect siz-
es of the 10 outcome metrics depending on PVT duration are
shown in Figure 2 for both the TSD and the PSD study. Except
for median RT and mean RT, TSD effect sizes exceeded those
observed during PSD. There were substantial differences in the
ability of the different outcome metrics to differentiate sleep
deprived from alert subjects. In general, the reciprocal metrics
mean 1/RT and slowest 10% 1/RT scored the highest effect siz-
es, matched or closely followed by outcomes involving number
of lapses and the fastest 10% RT (see Table 2 for a compari-
son of effect sizes for the full 10-min PVT). Lapse probability
and the performance score performed somewhat worse than the
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Table 3—Criteria for the analysis of the 10-min PVT

Standard outcomes Mean 1/RT" and number of lapses

Stimulus Visual millisecond counter in rectangular box

Test duration 10 min (the tests stops with the last response
after an elapsed total time of 10 min)

Inter-stimulus interval 2-10 s (defined as the period between the
last response and the appearance of the next
stimulus)?

Feedback The response time is displayed for 1 s. This

period is part of the next inter-stimulus interval.

Errors of commission Responses without a stimulus or response

(false starts)* times < 100 ms.3 ,FS* is displayed for 1 second
(this period is part of the next inter-stimulus
interval).

Errors of omission (lapses) Response times = 500 ms?

Time out The millisecond counter times out after
30,000 ms without a response. “OVERRUN”
is displayed for 1 second (this period is part of
the next inter-stimulus interval) and a sound is
played back to alert the subject. The stimulus
is counted as valid, i.e., as a lapse with a
response time of 30,000 ms.

Button fail-to-release* “BUTTON" is displayed after the response
button has not been released for 3 s and a
signal is continuously played back until the
button is released. The new inter-stimulus
interval starts once the button is released.

Wrong key press* “ERR" is displayed for 1 s if the wrong
response key is pressed (this period is part of
the next inter-stimulus interval). If the wrong
key was pressed prematurely “FS/ERR” is
displayed instead of “ERR.”

RT, response time.

'Individual raw RTs [in ms] are first transferred to response speed by calculating
1000/RT. These response speeds are then averaged.

%In the PVT used in the total and partial sleep deprivation studies, we randomly
drew full second inter-stimulus intervals (ISI), i.e., 2, 3, 4, 5,6, 7, 8, 9, or 10 s.
This completely random process may introduce variance in the number of stimuli
between test bouts, where bouts with a low number of stimuli will be biased towards
longer ISIs. In a revised version of the test, a block randomization technique is used
that guarantees that the number of stimuli is similar between bouts without losing
the random component of ISls.

*For auditory stimuli, this threshold would have to be lower.

“These events do not count as valid stimuli, and thus they do not contribute to the
calculation of mean 1/RT.

especially during TSD. For all other outcome metrics, the
maximum effect size was observed with shorter than 10-
min test durations during both TSD and PSD. For PSD,
maximum effect size was reached with PVT duration <
10 min for all outcome variables. Also, the effect size
curves depicted in Figure 2 generally involved saturat-
ing profiles (i.e., effect size did not substantially increase
further after a certain PVT duration was reached). This
especially applies to the PSD study, where effect sizes
did not increase substantially after the third minute of the
test for the fastest 10% RT, mean 1/RT, and all outcome
measures based on lapses.

For the full 10-min PVT and TSD, the highest overall
effect size was observed for number of lapses and false
starts (1.94), followed by mean 1/RT (1.93), and number
of lapses and slowest 10% 1/RT (both 1.86, see Table
2). Mean RT and median RT, 2 commonly reported PVT
performance outcomes (see Table 1), had the lowest ef-
fect sizes in the TSD experiment. On closer inspection
of the raw data, this appeared to be caused by 2 extreme
observations: median RT and mean RT differed by 2217
ms and 3066 ms, respectively, between sleep deprived
and non-sleep deprived states in one subject, and by 408
ms and 2307 ms in another subject. The average differ-
ence in the remaining subjects was 67 ms for median
RT and 264 ms for mean RT. The effect size calcula-
tions were therefore repeated for all outcome metrics
without these 2 extreme observations (for the TSD con-
dition and for the full 10-min PVT only). Effect sizes
for median RT (1.62 vs. 0.38) and mean RT (1.09 vs.
0.64) increased markedly compared to the initial analy-
ses, although they still ranked in position 8 (median RT)
and 10 (mean RT) relative to the other PVT outcome
metrics. At the same time, excluding the two extreme
observations reduced effect sizes of 5 of the other 8 out-
come metrics (mean 1/RT, slowest 10% 1/RT, number
of lapses, number of false starts, and number of lapses
and false starts). Additionally, we repeated the analysis
(including the extreme observations) with a base e log-
transformation of median RT and mean RT. Again, ef-
fect sizes increased for both median RT (0.82 vs. 0.38)
and mean RT (1.33 vs. 0.64), but they still ranked in
position 8 (mean RT) and 10 (median RT) relative to the
other PVT outcome metrics.

Figures 3 and 4 show the evolution of effect sizes of
the different outcome metrics during 33 h of TSD and
across the 7 days (BL1 to R5) of the PSD protocol for the
full 10 min PVT. In the TSD study (Figure 3), there was
a steep increase of effect sizes after 15 h to 17 h awake
(corresponding to 23:00 and 01:00 on the first day of
sleep restriction). The highest effect sizes were observed

generic metrics they are based on (number of lapses and num- either after 25 h or after 27 h awake (corresponding to 09:00 or
ber of lapses plus false starts). Mean RT, median RT, and the 11:00 on the second day of sleep restriction). The lowest effect
number of false starts scored the lowest effect sizes, especially sizes (indicating high alertness) were observed after 11 h awake
during TSD (although they would still be classified as small to in 8 out of 10 outcome measures (corresponding to 19:00 on the
medium according to Cohen‘s criteria™). first day of restriction). In the PSD study (Figure 4), effect sizes

Maximum effect sizes were not always observed after the generally increased across the days of restriction, less clear for
full 10 min PVT duration, although outcomes involving lapses median RT, mean RT, and the number of false starts, with the
and/or false starts seemed to profit from longer test durations, highest effect sizes after restriction night RS.
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Retrospective power calculations for the outcome metrics
mean 1/RT and number of lapses for the 10-min PVT and for
both total and partial sleep deprivation are shown in Table 4.
These can be used by other researchers for prospective power
calculations.

DISCUSSION

To our knowledge, this is the first study systematically inves-
tigating the effects of PVT duration and performance outcome
metrics on the power to discriminate sleep deprived and alert
subjects in both total and chronic partial sleep deprivation ex-
periments. With fixed sample size and type I error rate o, power
only depends on effect size, which differed considerably among

SLEEP, Vol. 34, No. 5, 2011

PVT outcome metrics. High effect sizes were observed for the
reciprocal metrics mean 1/RT and slowest 10% 1/RT in both the
total and the partial sleep loss experiments. This can most likely
be attributed to the superior statistical properties of these met-
rics. The reciprocal transform emphasizes even small changes
in the optimal and intermediate response domain (fast and very
fast RTs). At the same time, it de-emphasizes the influence of
long lapses, which still markedly affect these outcome metrics
without operating as extreme values. In contrast, median RT
and especially mean RT performance are very prone to being
affected by single extreme values, which diminishes their abil-
ity to detect differences between sleep deprived and alert states.
Further evidence stems from the highly asymmetrical bootstrap
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Table 4—Retrospective power calculation for the outcomes mean 1/RT and number of lapses for differences between sleep deprived (SDP) and non-sleep
deprived (NSDP) states in total and partial sleep deprivation for the 10-min PVT
Mean 1/RT Number of Lapses
Standard Required Standard Required
Difference Deviation Sample Difference  Deviation Sample
SDP-NSDP  SDP - NSDP Size? SDP - NSDP SDP - NSDP Size?
[1/s] [1/s] Effect Size' [N] [N] [N] Effect Size [N]
Total Sleep Deprivation
23 h TSD? -0.627 0434 144 6 10.73 8.54 1.26 8
(-0.775;-0.475) (0.331;0.516) (1.03;2.13)  (4;12) (7.79;13.70) (6.45;10.20) (0.90;1.80)  (5;12)
33 h TSD* -0.659 0.341 1.93 5 11.07 5.94 1.86 5
(-0.779; -0.543) (0.250; 0.414) (1.55;2.65)  (4;6) (9.00; 13.11)  (4.58;6.99)  (1.45;2.59) (4; 6)
Partial Sleep Deprivation
1 Night of 4 h TIB® -0.125 0.212 0.59 25 1.21 3.30 0.37 61°
(-0.188;-0.063) (0.162; 0.254) (0.32;0.92)  (12; 81) (0.36;2.29) (1.65;4.93) (0.18;0.62) (23;262)
2 Nights of 4 h TIB® -0.248 0.306 0.81 14 2.38 5.01 047 37t
(-0.339;-0.158) (0.239;0.363) (0.54;1.17)  (8;29) (0.93;3.90) (3.42;6.35) (0.20;0.79)  (15; 205)
3 Nights of 4 h TIB® -0.314 0.385 0.82 14 347 5.18 0.67 208
(-0.430;-0.202) (0.304;0.452) (0.55;1.15)  (9; 28) (2.02;5.09) (3.52;6.78) (0.48;0.92)  (12;37)
4 Nights of 4 h TIB® -0.440 0.464 0.95 1" 5.57 7.95 0.70 198
(-0.580; -0.306) (0.363; 0.544) (0.71;1.25)  (8;18) (3.36;8.05) (5.22;10.15) (0.53;0.92)  (12;30)
5 Nights of 4 h TIB® -0.545 0.452 1.21 8 7.82 8.58 0.91 12
(-0.680;-0.413) (0.373;0.515) (0.94;1.59)  (6; 11) (5.36;10.43)  (6.82;9.90) (0.71;1.18)  (8;18)
Nonparametric 95% bootstrap confidence intervals are given in parenthesis. 'These values were multiplied by -1 to facilitate comparisons between effect
sizes of both outcome metrics. 2Sample size was calculated with Proc Power (SAS, Version 9.2) for a two-sided one-sample t-test with a set to 0.05 and 1-B
set to 0.8. For the calculation of sample size confidence intervals, corresponding values for Difference and Standard Deviation of SDP-NSDP were extracted
from the 2.5" and 97.5" percentile of the empirical bootstrap distribution of the effect size. Sample sizes were rounded to the next highest integer. Test
bouts performed at 15-23 h awake represented the SDP state and those performed at < 13 h awake represented the NSDP state. “Test bouts performed at
15-33 h awake represented the SDP state and those performed at < 13 h awake represented the NSDP state. *Daytime PVT performance after the respective
restriction night(s) was contrasted to daytime PVT performance after baseline night 2. 8Visual inspection and statistical tests indicated that the distribution of
this sample was non-normal. RT, response time; TSD, total sleep deprivation.

confidence intervals for median and mean RT presented in Fig-
ures 2, 3, and 4. They suggest there is a high probability that
the population effect sizes for median and mean RT are higher
than our study specific point estimates. However, effect sizes
would still rank low relative to the other outcomes, which we
demonstrated with sensitivity analyses log-transforming the
data (which changes the measurement scale from ratio to or-
dinal) or excluding the extreme values. We intentionally avoid
the expression “outliers” here, as the observations that were ex-
cluded in the sensitivity analysis likely represent two subjects
very vulnerable to the effects of sleep deprivation that by no
means should be excluded from the analysis only because of the
statistical properties of the outcome variable.

The number of PVT performance lapses also scored high
effect sizes both during total and chronic partial sleep loss.
Although the number of false starts was not a very sensitive
outcome to partial sleep deprivation, the combination of num-
ber of lapses and number of false starts was among the more
discriminating measures, and scored the highest effects size in
TSD. Taking false starts into account may also help to identify
noncompliant subjects and those who try to prevent lapses (i.e.,
longer RTs as errors of omission) by biasing toward false starts
(i.e., premature responses as errors of commission). Although
the PVT performance score performed somewhat worse com-
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pared to both the number of lapses and the number of lapses and
false starts in the TSD study, it still scored high effect sizes. The
appeal of the performance score is its easy interpretability, with
100% indicating perfect performance and 0% indicating worst
possible performance. The performance score also takes false
starts into account.

PVT performance is affected by many factors other than the
characteristics of the subject performing the test.”> These in-
clude, among others, hardware, programming of the PVT, and
definitions for calculating PVT outcome metrics. In this re-
spect, the PVT is not very well standardized, which complicates
comparisons between different studies and systematic meta-
analyses. In Table 3, we list the criteria we used to program the
10-min PVT and to calculate outcome metrics. We encourage
other researchers to adopt these criteria in future research to
increase standardization of the 10-min PVT.

Based on the findings of these analyses, we suggest that mean
1/RT (i.e., response speed) and the number of lapses serve as
PVT primary outcomes. Due to its superior statistical properties
and robustness to extreme values, mean 1/RT scored the highest
effect sizes (rank #2 in TSD and rank #1 in PSD), indicating
its peak sensitivity to sleep loss among PVT measures. Laps-
es are an appropriate primary outcome as well, because they
(a) reflect state instability*®'*; (b) have high ecological valid-
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ity that relates to risk in attention-demanding, real-world tasks
(e.g., driving); and (c) are the most common outcome metric in
the peer-reviewed literature (see Table 1). However, PVT users
should still explore ways to improve sensitivity and specificity
of the PVT, especially in experimental designs or interventions
that differ from the ones investigated here, very much like we
did in this manuscript (i.e., the standards proposed here are not
intended to restrict researchers in any way).

Another important result of the study is that it evaluated the
growing practice of using increasingly briefer versions of the
PVT (i.e., PVT durations < 10 min). We found that with the ex-
ception of performance metrics that relied on lapse frequency in
TSD, many of the PVT performance metrics reached maximum
effect sizes before the full 10 min on the test, or showed satu-
rating profiles. Importantly, this observation was not restricted
to the sensitivity of the outcome metrics, but it applied to the
ability of these metrics to discriminate sleep deprived from
alert subjects in the two experiments. We believe this reveals
the influence of time on task on size and variability of within-
subject differences (between alert and sleep deprived states);
and for some outcome metrics their ratio (i.e., effect size) seems
to be optimal for shorter than 10-min PVT durations. This find-
ing also demonstrates the potential feasibility of implementing
briefer versions of the PVT in clinical and operational contexts.
The fact that the maximum effect size was observed in TSD
with the slowest 10% 1/RT using data of the first 3 minutes of
the 10-min PVT suggests that versions shorter than the 5-min
version that is already in use could probably be applied success-
fully.**>! This would likely increase practicality and user accep-
tance of the PVT compared to the current standard 10-min PVT.

Limitations

Several limitations have to be taken into account when inter-
preting the results of these analyses. First, instead of separate
tests of different duration, we analyzed portions of the same
10-min PVT. However, knowledge of test duration may affect
test performance. It is, for example, likely that subjects ration
their effort over the test period, and that they would therefore
perform differently if they knew a test is going to last for, e.g.,
only 3 minutes. The results on PVT sensitivity and test duration
are therefore preliminary—that is, they have to be confirmed by
comparisons of shorter versions of the PVT with the standard
10-min PVT, preferably in a controlled crossover design. For
the same reason, our suggestions regarding outcome metrics
primarily relate to the 10-min PVT. Second, our results may be
somewhat unique to the specific PVT hardware and software
used in our experiments, which had an exceptionally high mea-
surement accuracy. Different hard- and software with different
stimulus presentation and response characteristics may yield
different results. Unless there is a way to effectively calibrate
different systems, our analysis would need to be repeated for
other setups, although certainly the basic findings may still be
valid for other PVT platforms (e.g., the restricted value of me-
dian and mean RT outcome metrics). Third, we did not investi-
gate and the findings may therefore not extend to PVT versions
longer than 10 minutes. The same is true for other modalities
(e.g., auditory stimuli). Fourth, it is unclear whether the results
are valid for experimental designs or interventions other than
the two investigated here (e.g., longer than 33 h of TSD or
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chronic PSD with a different number of restricted nights and/
or with different amounts of sleep per night). Fifth, the findings
in a strict sense only apply to the paired #-test investigated here,
not to the independent sample #-test, nonparametric tests (which
should be used instead of the paired #-test in small samples that
are not normally distributed) or regression models. However,
it is likely that, because of the basic statistical properties of
the different outcome metrics, some of the findings extend to
other forms of statistical analysis. Also, paired -tests are very
common in sleep research in general and sleep deprivation re-
search specifically, and they are often also performed post hoc
in ANOVA contexts. Therefore, we believe that our results will
be relevant for a wide body of sleep research using the PVT.
On the same note, we acknowledge that there are other ways
to compare different PVT outcome metrics that may be more
appropriate from a statistical point of view (e.g., the nonpara-
metric bootstrap approach mentioned in Balkin et al.),** but less
appropriate from an applied point of view (i.e., these forms of
analysis are not frequently used). Sixth, this paper deals specifi-
cally with the PVT that, according to a comparative study by
Balkin et al.,* “was among the most sensitive to sleep restric-
tion, was among the most reliable with no evidence of learn-
ing over repeated administrations, and possesses characteristics
that make it among the most practical for use in the operational
environment.” However, we acknowledge that there are other
neurobehavioral tests that, in specific contexts, may outperform
the PVT or deliver additional relevant information. Naturally,
we were not able to assess these tests in this study. Finally,
the investigated subjects were healthy and had a restricted age
range. The results may therefore not generalize to non-healthy,
older, or younger groups of subjects.

CONCLUSIONS

This study investigated the effect of PVT task duration and
performance outcome metric on the power of the paired #-test
to discriminate sleep deprived and alert subjects. Due to its
superior statistical properties, the reciprocal metric mean 1/
RT (response speed) scored very high effect sizes and should
therefore preferably be used as a primary outcome metric. The
number of lapses also scored high effect sizes that in total sleep
deprivation were further improved by including the number
of false starts in the outcome metric. Because of the high op-
erational validity of lapses, they should also be considered a
primary outcome metric. Our results suggest that using these
PVT performance metrics increases the likelihood of finding
differences between sleep deprived and alert states with small-
er sample sizes. In contrast, the widespread practice of using
PVT mean RT and median RT performance metrics should be
avoided, as these outcomes were prone to bias from extreme
observations and, even without extreme observations, scored
only moderate effect sizes.

Analyses facilitating only portions of the full 10-min of the
PVT showed that, for some outcomes, high effect sizes were
achieved with PVT task durations considerably shorter than
10 min. Shorter PVT versions would increase acceptance of
the test in settings where the 10-min PVT is considered im-
practical. However, these results need to be confirmed with
direct comparisons of separate versions of the PVT with dif-
ferent test durations.
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