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1. Introduction

ABSTRACT

The Psychomotor Vigilance Test (PVT) objectively assesses fatigue-related changes in
alertness associated with sleep loss, extended wakefulness, circadian misalignment, and
time on task. The standard 10-min PVT is often considered impractical in applied
contexts. To address this limitation, we developed a modified brief 3-min version of the
PVT (PVT-B). The PVT-B was validated in controlled laboratory studies with 74 healthy
subjects (34 female, aged 22-45 years) that participated either in a total sleep
deprivation (TSD) study involving 33 h awake (N=31 subjects) or in a partial sleep
deprivation (PSD) protocol involving 5 consecutive nights of 4 h time in bed (N=43
subjects). PVT and PVT-B were performed regularly during wakefulness. Effect sizes of 5
key PVT outcomes were larger for TSD than PSD and larger for PVT than for PVT-B for all
outcomes. Effect size was largest for response speed (reciprocal response time) for both
the PVT-B and the PVT in both TSD and PSD. According to Cohen’s criteria, effect sizes
for the PVT-B were still large (TSD) or medium to large (PSD, except for fastest 10% RT).
Compared to the 70% decrease in test duration the 22.7% (range 6.9-67.8%) average
decrease in effect size was deemed an acceptable trade-off between duration and
sensitivity. Overall, PVT-B performance had faster response times, more false starts and
fewer lapses than PVT performance (all p <0.01). After reducing the lapse threshold
from 500 to 355 ms for PVT-B, mixed model ANOVAs indicated no differential
sensitivity to sleep loss between PVT-B and PVT for all outcome variables (all
P> 0.15) but the fastest 10% response times during PSD (P < 0.001), and effect sizes
increased from 1.38 to 1.49 (TSD) and 0.65 to 0.76 (PSD), respectively. In conclusion,
PVT-B tracked standard 10-min PVT performance throughout both TSD and PSD, and
yielded medium to large effect sizes. PVT-B may be a useful tool for assessing
behavioral alertness in settings where the duration of the 10-min PVT is considered
impractical, although further validation in applied settings is needed.

© 2011 Elsevier Ltd. All rights reserved.

[1,2]. Nevertheless, large parts of the population engage in
acute or chronic partial sleep loss, suggesting that sleep is

Undisturbed sleep of sufficient length on a regular basis
is of paramount importance for recuperation and the main-
tenance of behavioral alertness and cognitive performance
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perceived as a flexible commodity that can be exchanged for
waking activities considered more essential or of greater
value [3]. In a recent analysis of time use in the US [4], work
time was the waking activity most strongly reciprocally
related to sleep time. At the same time the prevalence of
shift work, requiring employees to both work and sleep at
adverse times relative to their circadian phase, has increased
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over the past years [5]. Therefore, sleep disorders, lifestyle
and work related curtailments of sleep, and working during
unfavorable circadian times all may reduce neurobehavioral
alertness to levels that increase the risk of errors and
accidents [6,7]. Prevention of these outcomes through
detection of fatigue (i.e., loss of alertness, sleepiness)
remains a high priority in many safety-sensitive areas of
human activity, and is also crucial for mission success in
space flight.

Objective and quantitative assessments are necessary
to evaluate the presence of fatigue-related deficits and to
develop strategies for fatigue mitigation, especially as
self-reports of sleepiness and self-assessments of perfor-
mance capability have been shown to be unreliable [8,9].
In this context, neurobehavioral tests for fatigue assess-
ment not only need to be operationally and conceptually
valid, reliable, sensitive, specific, generalizable, and easy
to use [10,11], but also brief enough to be acceptable for
the target population and to allow for repeated adminis-
tration in operational environments.

Many performance tests have been developed to
objectively assess the degree of cognitive performance
deterioration related to sleep loss. Among these, the
Psychomotor Vigilance Test (PVT) is widely used [12,13].
It is based on simple reaction time (RT) to stimuli that
occur at random intervals and therefore measures vigilant
attention [14]. Auditory and visual reaction time tests
have been used since the late 19th century in sleep
research [15], but the PVT in its current version (i.e.,
10-min duration with random inter-stimulus intervals
(ISI) between 2 and 10s) was proposed by Dinges and
Powell in 1985 [16]. When appropriate PVT outcomes are
used with precision timing of RT, the standard 10-min
PVT has proven to be very sensitive to the dynamics of
acute total sleep deprivation (TSD) and chronic partial
sleep deprivation (PSD) [12].

Sleep deprivation causes both an overall slowing of
PVT response times and an increase in the number of
PVT errors of omission (i.e. lapses, usually defined as
RTs > 500 ms), as well as a smaller increase in errors of
commission (responses without a stimulus) [14,17]. These
effects increase with time on task [18]. An advantage the
PVT has over nearly all other cognitive tests is that it is
virtually unaffected by either aptitude (inter-individual
variability) or learning (intra-subject variability)—that is,
PVT performance does not improve as a function of
repeated administration [19]. The test has high reliability,
with intra-class correlations measuring test-retest relia-
bility above 0.8 [13].

The 10-min PVT has been shown to be a valid tool for
assessing behavioral alertness and vigilant attention perfor-
mance in a large number of experimental, clinical, and
operational paradigms. In addition to being sensitive to both
TSD [17,20] and PSD [21,22], the PVT has demonstrated
sensitivity to other perturbations of sleep homeostatic and
circadian drives; [23,24] to inter- and intra-subject varia-
bility in the response to sleep loss; [9] to the effects of jet lag
and shift work; [25] and to improvements in alertness
following initiation of CPAP treatment in obstructive sleep
apnea (OSA) patients; [26] administration of wake-promot-
ing drugs; [27,28] and following naps. [29] Balkin et al. [30]

assessed the utility of a variety of instruments for monitoring
sleepiness-related performance decrements and concluded
that the PVT “was among the most sensitive to sleep
restriction, was among the most reliable with no evidence
of learning over repeated administrations, and possesses
characteristics that make it among the most practical for
use in the operational environment.”

The standard 10-min PVT with 2-10s ISI is most
commonly used, although both longer [18,31] and shorter
[32] duration versions have been evaluated. Test duration
is an important aspect of the PVT because even severely
sleep deprived subjects may be able to perform normally
for a short time by increasing compensatory effort. How-
ever, in a systematic analysis of PVT duration, we showed
that the ability of the PVT to differentiate alert and sleepy
subjects was, depending on the outcome variable, only
marginally lower (and at times higher) for shorter than 10-
min test durations [12]. Therefore, optimal PVT duration
may be shorter than 10-min for some outcome variables,
demonstrating feasibility of shorter versions of the PVT.
Accordingly, a 5-min handheld version of the PVT already
exists [32-36]. However, both 2-min [32] and 90s [34]
versions of the PVT were deemed to be too insensitive to be
used as valid tools for the detection of neurobehavioral
effects of fatigue, leaving open the question of whether a
brief PVT that was sensitive to sleep loss could be developed.

We therefore set out to develop a brief PVT (PVT-B) that
was as sensitive to TSD and PSD as the standard 10-min
PVT. Based on our theory of how sleepiness manifests in
performance, our large PVT databases, knowledge on the
importance of outcome variable [12], ISI, and precision of
timing for the ability of the PVT to differentiate sleep
deprived and alert subjects, we shortened test duration
from 10 to 3 min and ISI from the standard 2-10 to 1-4s
to create the PVT-B, while maintaining sufficient response
sampling rates to detect wake state instability. [14] We
hypothesized that PVT-B would retain its sensitivity and
specificity to sleep loss, and therefore be a practical tool for
fatigue assessment. A sensitive, specific, brief PVT-B would
meet the criteria for fitness-for-duty testing not only prior
to the start of a shift but also during repeated administra-
tions while on the shift.

2. Material and methods
2.1. Subjects and protocol

This investigation used data from a TSD and from a
PSD protocol. The TSD data were gathered in a study on
the effects of night work and sleep loss on threat detection
performance on a simulated luggage screening task (SLST). A
detailed description of the study is published elsewhere
[37]. This analysis is based on data gathered in a pilot study
on N=12 subjects and in the main study on N=24 subjects.
Four subjects were excluded from the analysis due to non-
compliance or excessive fatigue during the first 16 h of
wakefulness. Another subject withdrew after 26 h awake.
Therefore, a subset of N=31 subjects (mean age + standard
deviation=31.14+73 yr, 18 female) contributed to the
analyses. Study participants stayed in the research lab for
five consecutive days, which included a 33 h period of TSD.
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The study started at 8 am on day 1 and ended at 8 am on
day 5. During 1 of every 2 h awake, subjects performed a
30-min computerized neurobehavioral test battery (NTB)
that included a 10-min PVT, followed by an SLST. The PVT-B
was performed after the NTB and immediately prior to the
SLST in 23 subjects. In an effort to investigate possible order
effects of PVT administration, the PVT-B was administered
immediately before the NTB in the remaining N=8 subjects.
A 33 h period of total sleep deprivation started either on
day 2 (N=22) or on day 3 (N=9) of the study (the latter
condition was added to the final protocol due to a time-in-
study effect in SLST performance that was found in the pilot
study) [37]. Except for the sleep deprivation period, subjects
had 8 h sleep opportunities between 12 pm and 8 am. The
first sleep period was monitored polysomnographically to
exclude possible sleep disorders.

In the partial sleep deprivation study, a total of 159
healthy adults completed a 12-day laboratory protocol. A
detailed description of the study is published elsewhere
[38]. The PVT-B was added later to the protocol, and thus
only a subset of 47 subjects performed both the PVT and
the PVT-B. Three subjects were excluded from the analy-
sis due to non-compliance or excessive fatigue during
baseline data collection. One additional subject had no
valid baseline data. Therefore, this analysis is based on
N=43 subjects (mean age+SD=30.5+7.3 years, 16
female) that were studied in small groups for 12 con-
secutive days. They had two initial baseline nights (BL1,
BL2) of 10 h TIB per night (10 pm-8 am), followed by 5
nights (R1-R5) of sleep restricted to 4 h time in bed per
night (4-8 am). The remaining 5 nights of the study involved
other conditions not reported here. Subjects were continu-
ously behaviorally monitored by trained staff to ensure
adherence to the experimental protocol. They wore a wrist
actigraph throughout the 12-day laboratory protocol. On
BL1, BL2, R1, and R5 they wore ambulatory EEG and ECG
recording equipment throughout the day and night. During
the days without EEG, subjects were given shower opportu-
nities between 2:30 pm and 4 pm. Meals were provided
at regular times throughout the protocol (8:30-10am;
12:30 am-2 pm; 6:30-8 pm). Subjects completed 30 min
bouts of the NTB, which included a 10-min PVT every 2 h
during scheduled wakefulness beginning at 8am each day.
The PVT-B always immediately followed the NTB, but only
every 4 h during scheduled wakefulness.

In both studies, participants were investigated in the
Sleep and Chronobiology Laboratory at the Hospital of the
University of Pennsylvania. They were informed about
potential risks of the study, and a written informed
consent and IRB approval were obtained prior to the start
of the study. All subjects were compensated for their
participation. They were free of acute or chronic medical
and psychological conditions, as established by inter-
views, clinical history, questionnaires, physical exams,
and blood and urine tests. Subjects were monitored at
home with actigraphy, sleep-wake diaries, and time-
stamped phone records for time to bed and time awake
during the week immediately before the study. They
reported habitual nightly sleep durations between 6.5 h
and 8.5h, and habitual morning awakenings between
06:00 and 09:00, with no evidence of habitual napping

and no sleep disturbances (i.e., no complaints of insomnia,
daytime sleepiness, or other sleep-wake disturbances).
Subjects were not permitted to use caffeine, alcohol,
tobacco and medications (except oral contraceptives) in
the week before the laboratory experiment, as verified by
blood and urine screens. Between neurobehavioral test
bouts, subjects were permitted to read, watch movies and
television, play card/board games and interact with
laboratory staff to help them stay awake, but no naps/
sleep or vigorous activities (e.g., exercise) were allowed.
The light levels in the laboratory were held constant at
less than 50 1x during scheduled wakefulness and less
than 1 Ix during scheduled sleep periods. Ambient tem-
perature was maintained between 22 and 24 °C.

2.2. PVT

In both studies, the 10-min PVT was performed on a
personal computer and performed and analyzed accord-
ing to the criteria reported in Basner and Dinges. [12]
Subjects were instructed to monitor a red rectangular box
and press a response button as soon as a yellow stimulus
counter appeared on the CRT screen, which stopped the
counter and displayed the RT in milliseconds for a 1s
period. The inter-stimulus intervals varied randomly from
2 to 10 s (including a 1 s RT feedback interval). The PVT-B
was performed on the PVT-192 (Ambulatory Monitoring
Inc, Ardsley, NY), a handheld device measuring 21 cm
x11cm x6cm and weighing ca. 650g. The visual RT
stimulus and performance feedback were presented on the
device’s 2.5cm x 1 cm four-digit LED display. The inter-
stimulus intervals varied randomly from 1 to 4 s (including
a 1s RT feedback interval). For both versions of the PVT,
subjects were instructed to press the response button as
soon as each stimulus appeared, in order to keep RT as low
as possible, but not to press the button too soon (which
yielded a false start warning on the display). Both versions
gave a signal after a 30 s period without response, which
was counted as a lapse (see below) with 30 s response time.

2.3. Outcome measures

Based on our previous systematic analysis of different
PVT outcome measures and on the publication frequency
of PVT outcome measures in the literature, [12] we chose
to include the following five variables in our analyses:
(1) mean 1/RT (also called reciprocal response time or
response speed), (2) slowest 10% 1/RT, (3) number of
lapses, (4) fastest 10% of RT, and (5) a newly developed
performance score. A response was regarded valid if
RT was > 100 ms. Responses without a stimulus or RTs
< 100 ms were counted as false starts (errors of commis-
sion). Pressing the wrong button or failing to release the
button for 3s or longer were counted as errors and
excluded from the analysis. For calculating mean 1/RT
and slowest 10% 1/RT, each RT was divided by 1000 and
then reciprocally transformed. The transformed values
were then averaged. Lapses (errors of omission) were
defined as RTs > 500 ms. Initial analyses showed that RTs
were shorter and lapse probability was lower on the PVT-B
compared to the PVT (see Fig. 1). Hence, a 6th variable
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Fig. 1. Relative frequency distributions of PVT response time are shown for alert (bouts 1-7 during total sleep deprivation and baseline 2 during partial
sleep deprivation) and sleep deprived states (bouts 8-17 during total sleep deprivation and restriction nights 1-5 during partial sleep deprivation) for
both the modified 3-min (PVT-B) and the 10-min version of the PVT. The insert shows the frequency of false starts (errors of commission) including 95%

confidence intervals.

was generated for the PVT-B comprising the number of
lapses based on a lapse definition of >355 ms. This
threshold was chosen because, under comparable condi-
tions (TSD, time on task < 3 min, ISI between 2 and 4 s),
it raised PVT-B lapse frequency to levels observed in the
10-min PVT with the standard 500 ms lapse definition.
Both the number of 500 and 355 ms lapses on the PVT-B
were compared to the number of standard 500 ms lapses
on the 10-min PVT. The performance score is calculated as
100% minus the number of lapses and false starts relative
to the number of valid stimuli and false starts. It ranges
from 100% (optimal performance, no lapses or false starts)
to 0% (worst possible performance, only lapses and false
starts). In this analysis, the PVT-B performance score was
always calculated based on the 355 ms lapse threshold.

2.4. Data analysis and statistical procedures

The following paragraphs are in part reproduced from
Basner and Dinges [12]. A pair of PVT-B and PVT test
bouts was excluded from the analysis if either the PVT-B
or the PVT test bout was missing or incomplete. This way,
24 PVT pairs out of a total of 903 (2.7%) were excluded
from the analysis in the PSD protocol. The data in the TSD
study were complete.

To compare the utility of the PVT and the PVT-B to
differentiate sleep deprived from alert subjects, in the TSD
study test bouts 1-7 (9 am-9 pm) were averaged within
subjects to reflect the non-sleep deprived state and test
bouts 8-17 (11 pm-5 pm on the following day) were
averaged within subjects to reflect the sleep deprived state.
This decision was based on visual inspection of the data and
on reports that PVT performance begins to decrease only
after 16 h of wakefulness [21]. For the PSD study, daily

averages of outcome variables were computed within sub-
jects over the test bouts administered at 12 am, 4 pm, and 8
pm. The 8 am test bout was not used because of possible
sleep inertia effects. Average performance on BL2 reflected
the non-sleep deprived state, while average performance on
R5 reflected the sleep deprived state. Only test bouts that
existed in both conditions (non-SD and SD) were used for
averaging. For example, if the 4 pm test bout was missing
for a subject in R5, the 4 pm test bout was not used for
averaging in BL2, even if it existed [12].

In earlier validation studies of shorter than 10-min
versions of the PVT, the authors’ main concern was that
the shorter version of the PVT retained its sensitivity to
sleep loss. However, a good test should both be sensitive
(detect those with relevant degrees of cognitive impair-
ment) and specific (indicate no relevant impairment in
alert subjects) [10]. In our view, the ability or, in statistical
terms, the power of the PVT to discriminate between
sleep deprived and alert subjects is a better criterion for
the validation of shorter duration PVTs.

A paired t-test would be a valid method to investigate
whether there is a statistically significant difference between
non-SD and SD conditions. In the paired t-test, differences of
outcome values between non-SD and SD conditions are
calculated within subjects, and these differences are tested
with a one sample t-test against zero. With a given type-1
error rate o and a fixed number of subjects, the power of the
paired t-test (i.e., the probability to detect a difference
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.e., the average of within-
subject difference is expressed in standard deviation
units). Effect size therefore increases with the magnitude of
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within-subject differences and decreases with increasing
variability (i.e., the standard deviation) of the differences. A
powerful test will indicate high degrees of cognitive impair-
ment in sleep deprived subjects, low degrees of cognitive
impairment in alert subjects, and it will do so consistently.

The one-sample t-test is the most powerful test avail-
able (i.e., it outperforms non-parametric tests that could
be used alternatively) when its test assumptions are met.
It requires (a) random sampling from a defined popula-
tion, (b) interval or ratio scale of measurement, and (c)
normally distributed population data (note that differ-
ences of two samples may be normally distributed even if
the original samples are not). However, the one-sample t-
test is relatively robust in terms of violations of the above
assumptions. Also, it requires the distribution of sample
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 unitless
effect size for PVT-B and PVT, for the 6 outcome metrics,
and for the TSD and the PSD study. As a measure of effect
size precision, we calculated 95% non-parametric boot-
strap confidence intervals based on 1,000,000 samples
according to Efron and Tibshirani [39]. In contrast to
standard confidence intervals, bootstrap confidence inter-
vals have the advantage that they are range preserving
(i.e. intervals always fall within the allowable range of the
investigated variable) and do not enforce symmetry.
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 comparing the evolution of the different out-
come metrics between the PVT and the PVT-B during 33 h
of TSD and across the 7 days (BL1 to R5) of the PSD
protocol were generated. Bias-corrected and accelerated
95% bootstrap confidence intervals based on 1,000,000
bootstrap samples were calculated for each estimate [39].
A random subject effect mixed model ANOVA (SAS Ver-
sion 9.2, SAS Institute) with two within-subject factors
(test version and test time) and their interaction was
calculated for the five outcome variables and both SD
protocols. Denominator degrees of freedom (DF) were
computed using Satterthwaite’s approximation. We were
especially interested in whether test outcomes differed
significantly between versions of the test, and if so, whether
this difference constituted merely a parallel shift of outcome
values across test bouts (no significant interaction) or
whether there was evidence of differential sensitivity to
sleep loss between tests (significant interaction).

Both graphs showing the original data and graphs
showing outcome measures centered around alert perfor-
mance (test bouts 1-7 for TSD and BL2 for PSD) were
created. Centering around baseline performance was
intended to remove systematic differences between the
two PVT versions due to differences in hardware, knowl-
edge of test duration, or order of test administration
without removing differences between tests due to

differential sensitivity to sleep deprivation. We felt this
approach was more valid compared to centering data
around their overall mean or even standardizing the data
(as in Lamond et al. [33,35]), which reduces both within-
and between-subject variability.

It was then tested with a paired t-test for each given
time point during sleep deprivation, i.e. test bouts 8-15
(TSD) and R1-R5 (PSD), whether PVT and PVT-B differed
significantly from each other. In order to account for
multiple testing we adjusted p-values according to the
false discovery rate method, which limits the expected
fraction of null hypotheses rejected mistakenly to a
certain probability [40]. In the graphs adjusted two-sided
significance levels were marked as follows: *p <0.05,
**p < 0.01, and **p < 0.001.

Test duration, hardware, and ISIs were changed simul-
taneously in the PVT-B relative to the PVT. In an effort to
disentangle the contributions of each of these factors, we
performed a random subject effect mixed model ANOVA
for the TSD data set with the following variables: test
version (PVT vs. PVT-B), ISI (10 levels), time on task (10
levels), test order (PVT-B first vs. PVT first), hours awake
(17 levels), and start day of the TSD period (day 2 vs. day
3). Overall, 80,438 valid response times contributed to the
analysis (false starts were excluded). Response times were
base e log-transformed after subtracting a constant value
of 99 ms from each RT (and thus anchoring the minimum
value at 1). We only used the TSD data set for this analysis
as the order of tests was constant in the PSD protocol.

3. Results

Although PVT-B test duration was shortened by 70%,
the average number of sampled RTs decreased by only
32.4% (62.3 vs. 93.6 stimuli, p < 0.001) due to the simul-
taneously decreased ISIs in the PVT-B. Subjects were
faster and the false start rate was significantly higher on
the PVT-B compared to the PVT both during SD and while
alert (see Fig. 1). Also, lapse frequency on the PVT-B (5.3%)
was significantly lower than on the PVT (9.6%, p < 0.0001).

Adjusting for all other variables in the model, response
times were significantly influenced by hours awake, ISI,
time on task, and the version of the test (all P <0.0001)
in the TSD study (Table 1). There was no signi
ficant influence of the order of the tests (P=0.0661) or

Table 1

Results of a mixed model ANOVA with random subject effect investigat-
ing the influence of several variables on log-transformed response time
in the total sleep deprivation protocol.

Variable Degrees of F-value P-value
freedom

Hours awake 16; 80372 646.5 < 0.0001
Inter-stimulus interval 9; 80372 392.8 < 0.0001
Time on task 9; 80372 127.9 <0.0001
Sleep deprivation start day 1; 28 0.6 0.4286
Test order 1; 28 3.7 0.0661
Test version 1; 80372 3450.2 < 0.0001

Degrees of Freedom (DF) shown as numerator DF; denominator DF.
Denominator DF were calculated with Satterthwait’s method (unadjusted
denominator DF are reported). P-values of type 3 effects are shown.
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sleep deprivation start day (P=0.4286). Post-hoc analyses
(not shown) indicated that RTs decreased continuously
with ISIs increasing from 1 to 6 s and leveled off with ISIs
7 s or longer. RTs increased continuously with time on
task over the 10 min period. Finally and corroborating the
findings shown in Fig. 1, RTs were significantly shorter on
the PVT-B relative to the PVT.

The results of the effect size analyses are shown in Fig. 2.
As expected, effect sizes were lower for PSD compared to
TSD. The highest effect size was observed for 1/RT in TSD for
both the PVT and the PVT-B. For all outcome variables and
during both TSD and PSD, effect sizes for the PVT-B were
lower compared to the PVT. They decreased on average by
22.7%. The smallest decrease (6.9%) was observed for the
performance score during TSD and the highest decrease
(67.8%) for the fastest 10% RT during PSD. Changing lapse
definition from 500 to 355 ms increased the effect size for
lapsing on the PVT-B during both TSD (1.38 vs. 1.49) and
PSD (0.65 vs. 0.76).

Fig. 3 compares all 17 test bouts performed during 33 h
of TSD for the 6 outcome variables between the PVT-B and
the PVT. The untransformed data shown in the 6 graphs on
the left of Fig. 3 indicate that subjects were faster and
produced fewer 500 ms lapses on the PVT-B. This is corro-
borated by significant main effects for test version (all
p <0.01, see results of mixed model ANOVAs in Table 2).
Otherwise, performance on the PVT-B tracked PVT perfor-
mance closely, and, except for the outcome number of lapses
based on the standard lapse definition (500 ms), mixed
model ANOVAs did not indicate differential sensitivity to
TSD between tests. Lowering the lapse threshold from 500
to 355 ms increased the sensitivity of the PVT-B to sleep
loss, attenuated the differences between the two test

Total Sleep Deprivation
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versions and decreased differential sensitivity between tests
(the p-value for the interaction test version *test time
increased from P < 0.0001 to P=0.1554).

These results were confirmed by post-hoc paired t-tests
based on outcome variables centered around alert PVT
performance (six graphs on the right of Fig. 3). These tests
indicate significant differences between PVT-B and PVT
performance only for the outcome variable number of lapses
if the standard 500 m lapse definition was applied to both
tests. Otherwise, no statistically significant differences were
found for any time point between both versions of the test.
However, descriptively subjects were slightly faster and
exhibited fewer lapses (based on the 355 ms lapse defini-
tion) on the PVT-B compared to the PVT during TSD.

Fig. 4 compares the seven conditions of the PSD proto-
col (BL1, BL2, and R1-R5) for the 6 outcome variables
between the PVT-B and the PVT. The untransformed data
shown in the 6 graphs on the left of Fig. 4 indicate that
subjects were faster and produced fewer lapses on the
PVT-B. This is corroborated by significant main effects for
test version (all p <0.0001, see Table 2). However, the
mixed model ANOVAs indicate differential sensitivity to
PSD between tests for the outcomes fastest 10% RT and
number of lapses based on the standard lapse definition
(p-values for the interaction both <0.0001). Lowering
the lapse threshold from 500 to 355 ms increased the
sensitivity of the PVT-B to sleep loss and attenuated
the differences between the two test versions (p-value
interaction 0.3531). Otherwise, performance on the PVT-B
tracked PVT performance closely. Corroborating the find-
ings of the mixed model ANOVA, post-hoc paired t-tests
based on outcome variables centered around BL2 PVT
performance (six graphs on the right of Fig. 4) found
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Fig. 2. Effect sizes + 95% bootstrap confidence intervals are compared between the standard 10-min PVT (PVT) and the modified 3-min version of the
PVT (PVT-B) for 5 outcome metrics and for both total (left) and partial (right) sleep deprivation. For PVT-B, both standard 500 ms and modified 355 ms
lapse thresholds were applied. Ranges representing small (S, > 0.2 and < 0.5), medium (M, > 0.5 and < 0.8), and large (L, > 0.8) effect sizes according to
Cohen [41] are indicated by black horizontal lines. The relative decrease in effect size from PVT to PVT-B is indicated as percentages above each outcome

metric.
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Fig. 3. For each of the 6 outcome variables, between-subject averages (N=31 subjects) are shown for each of the 17 tests performed during a 33 h period
of total sleep deprivation for both the 10-min (black circles) and the 3-min (open circles) PVT. Error bars represent 95% BCa confidence intervals based on
a bootstrap sample with 1,000,000 replications. In the right column of the figure, the 5 outcome variables of the 3-min and the 10-min PVT were centered
around alert performance (average of test bouts 1 to 7). Paired t-tests were performed on each of test bouts 8-17 during sleep deprivation to test whether
the modified 3-min (PVT-B) and the 10-min PVT differed statistically significantly. *p < 0.05, **p < 0.01, **p < 0.001 (adjusted for multiple testing).

significant differences between PVT-B and PVT perfor-
mance during partial sleep restriction for the fastest 10%
RT and the number of lapses based on the 500 ms defini-
tion for PVT-B. Additionally, the performance score differed

significantly after restriction night 2 (R2) between PVT-B
and PVT. The main effect of time was found to be highly
significant (all p < 0.0001) for all outcome variables during
both total and partial sleep deprivation.
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Table 2

Results of a mixed model ANOVA with random subject effect investigating differences between the modified brief and the full 10-min PVT for 5 outcome

metrics.

Outcome metric Total sleep deprivation

Partial sleep deprivation

Version Time Version*time Version Time Version*time

(DF 1; 990) (DF 16; 990) (DF 16; 990) (DF 1; 546) (DF 6; 546) (DF 6; 546)
Fastest 10% RT <0.0001 < 0.0001 0.2452 < 0.0001 < 0.0001 < 0.0001
Mean RRT <0.0001 < 0.0001 0.9217 < 0.0001 < 0.0001 0.3900
Slowest 10% RRT < 0.0001 <0.0001 0.7735 < 0.0001 <0.0001 0.9884
Number of lapses (500 ms vs. 500 ms) < 0.0001 < 0.0001 <0.0001 < 0.0001 < 0.0001 <0.0001
Number of lapses (500 ms vs. 355 ms) 0.0056 < 0.0001 0.1554 < 0.0001 < 0.0001 0.3531
Performance score (500 ms vs. 355 ms) < 0.0001 < 0.0001 0.9462 < 0.0001 < 0.0001 0.6084

Degrees of Freedom (DF) shown as numerator DF; denominator DF.
denominator DF are reported). P-values of type 3 effects are shown.

4. Discussion

In an earlier analysis, we systematically compared
performance on the 10-min PVT to the first 1-9 min of
the same test, and found that the highest effect sizes were
often found for shorter than 10 min test durations, espe-
cially for outcome variables that did not involve lapses.
[12] This underlined the feasibility of shorter than 10-min
PVTs and motivated us to develop a modified 3-min
version of the test. A 5-min version had already been
shown to reach similar degrees of sensitivity to sleep
deprivation as the standard 10-min PVT, albeit only in
TSD paradigms [33-35]. Roach et al. [34] concluded that a
90 s version of the PVT may not provide a reasonable
substitute for the 10-min PVT.

This is the first study to systematically compare a
modified brief 3-min version of the PVT with the standard
10-min version during both TSD and PSD. For this pur-
pose, 74 subjects contributed 1656 pairs of both versions
of the test that were performed in close temporal proxi-
mity. However, we did not simply shorten test duration.
We also decreased ISIs from the standard 2-10 to 1-4s
for the following reasons: First, we wanted to get more
precise estimates of our outcome variables by lowering
ISIs and therefore by sampling more behavior. Thus,
although the duration of the test decreased by 70%, the
sampling rate only decreased by 32.4%. Second, we
observed in our PVT databases (and were also able to
show in this analysis) that short ISIs were associated with
longer RTs, which we hypothesized was due to a central
nervous system refractory period following a response
and in preparation for the next stimulus. By capitalizing
on this effect, we intended to increase sensitivity of the
PVT-B. Third, we hypothesized that the higher cognitive
workload associated with an increased stimulus density
would increase the time on task effect, and therefore
more quickly unmask sleepiness compared to a 3-min
version with standard ISIs.

A comparison of RT distributions of the PVT-B and the
PVT revealed that, both in alert and sleep deprived
subjects, RTs were shorter, false start rate was higher,
and lapse frequency was lower on the PVT-B compared to
the PVT. This could be explained by differences in hard-
ware (personal computer vs. PVT-192 device), knowledge
of test duration, increased stimulus density in the PVT-B,

Denominator DF were calculated with Satterthwait’s method (unadjusted

and by the fact that in >90% of the trials the PVT-B
was performed after the PVT. Even after controlling for
differences in ISI, time on task, and test order, RTs on the
PVT-B were still significantly faster compared to the PVT.
Therefore, faster RTs on the PVT-B were likely due to
hardware differences (stimulus presentation, response
buttons, and hardware response latencies) or knowledge
of test duration. Systematic comparisons on the same
hardware platform are needed to investigate the magnitude
of the effect of knowledge of test duration.

We operationalized effect size as a measure of the PVT’s
ability or power to differentiate alert from sleep deprived
subjects [12]. Effect size addresses more than just the
sensitivity of the PVT, which was used as the validation
criterion by other authors. [32,33,36] The PVT has to be
sensitive (indicate high levels of sleepiness in sleep
deprived subjects), specific (indicate low levels of sleepi-
ness in alert subjects) and do this consistently in order to
achieve high effect sizes. Our analyses showed that effect
sizes of the PVT-B were consistently lower compared to the
PVT. This is only partially in line with our previous work
where we compared the 10-min PVT to the first 3 min of
the same 10-min PVT test bout for 10 different PVT
outcome metrics. [12] That analysis found lower effect
sizes for the first 3 min of the PVT only in 70% of the
outcome metrics in both TSD and PSD. The fact that in this
study subjects performed two distinct tests on different
hardware platforms with altered ISIs in the 3-min version
of the test and with the knowledge of different test
durations may have contributed to this discrepancy. More
studies using the same hardware for both tests and
counter-balancing the order of test administration in a
cross-over fashion are needed to elucidate the differences
in effect sizes found between the two versions of the test.

Despite the above factors, effect sizes for the PVT-B
were still substantial, and compared to the 70% decrease
in test duration, the 22.7% average decrease in effect size
was acceptable. According to Cohen’s criteria [41], all
outcome metrics scored large effect sizes ( > 0.8) on the
PVT-B in TSD. In the PSD study, all outcome metrics
scored large effect sizes on the PVT. On the PVT-B, only
mean 1/RT and slowest 10% 1/RT still scored large effect
sizes. The effect sizes of lapses (both 500 and 355 ms
definitions) and the performance score dropped to med-
ium (>0.5 and <0.8), while the effect size of fastest
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Fig. 4. For each of the 6 outcome variables, between-subject averages (N=43 subjects) are shown for each of the 7 conditions of the partial sleep
deprivation protocol (BL=baseline, R=restriction) for both the modified 3-min PVT-B (open circles) and the 10-min PVT (black circles). Error bars
represent 95% BCa confidence intervals based on a bootstrap sample with 1,000,000 replications. In the right column of the figure, the 5 outcome
variables of the 3-min PVT-B and the 10-min PVT were centered around alert performance (BL2). Paired t-tests were performed on each of the five sleep
restriction conditions (R1-R5) to test whether the 3-min and the 10-min PVT differed statistically significantly. *p <0.05, *p < 0.01, ***p < 0.001,
*%¥p < 0.0001 (adjusted for multiple testing).

Comparable to our analysis on optimal outcome metrics
and task durations of the PVT [12], the highest effect sizes
were observed for the reciprocal measures 1/RT and slowest

10% RT dropped to low (>0.2 and <0.5). Thus, it was
shown that the utility of the PVT-B depends on the
outcome metric.
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10% 1/RT for both the PVT-B and the PVT, and during both
TSD and PSD (with the exception that the performance
score’s effect size was higher than that of the slowest 10%
1/RT on PVT-B in TSD). This highlights the favorable proper-
ties of the reciprocal outcomes, which reflect response
slowing in the pre-lapse domain (i.e. RTs <500 ms) and
effectively remove the influence of outlying long RTs. The
reciprocal outcomes also showed very good coherence
between PVT-B and the PVT with high p-values for the
interaction between test version and test time, and they
were the only two variables scoring large effect sizes on the
PVT-B in PSD.

One advantage of the newly developed performance
score is its easy interpretability. Although in terms of
effect size it ranked only in 5th (TSD) and 6th (PSD)
position on the PVT, the differences in effect size between
the PVT and the PVT-B were lowest for this outcome
measure, which is why it ranked in 2nd (TSD) and 3rd
(PSD) position on the PVT-B. This is probably due to the
fact that it takes both errors of omission (lapses) and
errors of commission (false starts) into account, and
therefore penalizes the bias towards faster RTs observed
in PVT-B performance. Both the easy interpretability and
these favorable statistical properties make the perfor-
mance score a potential candidate for a primary outcome
measure of the PVT-B. It is currently used to give astro-
nauts feedback on their Reaction Self Test performance, a
Microsoft Windows based version of the PVT-B, on board
the International Space Station.

The PVT-B tracked the PVT closely over time in both
TSD and PSD, especially for the reciprocal outcome mea-
sures (i.e., response speed). The increase in the frequency
of 500 ms lapses during SD was less pronounced for the
PVT-B compared to the PVT, as indicated by a significant
interaction between test version and test time for this
outcome metric. This is most likely a side effect of the
overall decrease in PVT-B response times, as lowering the
lapse threshold for the PVT-B diminished the difference in
the number of lapses between tests to non-significant
levels, even though the number of stimuli was lower for
the PVT-B. Also, the increase in the fastest 10% RT was less
pronounced for the PVT-B during both TSD and PSD
compared to the PVT, with the highest observed drop in
effect size of 67.8% for this measure during PSD. This
could be explained by a general response bias towards
faster RTs in the PVT-B, which would even be enhanced by
increased compensatory effort during SD. The latter may
be sufficient to keep the fastest 10% RTs low during a
3-min, but not during a 10-min version of the test.

4.1. Limitations

Several limitations have to be considered when inter-
preting the findings from this analysis. First, test duration,
hardware, and ISIs were changed simultaneously for PVT-B
relative to the PVT. Although we were able to shed some
light onto the contributions of these factors to the observed
differences in response times between both test versions, it
would still be very valuable to perform a counterbalanced
cross-over study comparing both versions of the PVT using
the same hardware. Second, the 355 ms lapse threshold for

the PVT-B was found post-hoc in the TSD experiment, and
may depend on PVT hardware. Although its utility was
confirmed in the PSD experiment, further studies are needed
to confirm the adequacy of the 355 ms lapse threshold for
the PVT-B. Third, the PVT was performed once every 2 h
while the PVT-B was performed only once every 4 h in the
PSD protocol, which probably affected the comparison
of both tests. However, we believe that our results are
conservative as the difference in test frequency most likely
decreased rather than increased the agreement between
both versions of the PVT. Finally, our subject sample
consisted of healthy, young to middle-aged subjects. Our
findings may therefore not generalize to other populations.

4.2. Conclusions

This is the first time a modified 3-min version of the
PVT was validated against the standard 10-min PVT
during both TSD and PSD. Our analyses show that the
PVT-B differentiated alert from sleep deprived subjects
somewhat less than the standard 10-min PVT for all
investigated outcome variables and during both TSD and
PSD. However, effect sizes of the PVT-B were still large for
all outcome metrics in TSD and (with the exception of
fastest 10% RT) medium to large in PSD. Relative to the
70% decrease in test duration the 22.7% average decline in
effect sizes of the PVT-B was deemed an acceptable trade-
off between duration and sensitivity. The reciprocal out-
come metrics mean 1/RT and slowest 10% 1/RT and the
performance score were identified as candidates for
primary outcome metrics for the PVT-B as they scored
the largest effects sizes and/or the decrease in effect size
compared to the PVT was relatively minor. Also, with the
exception of fastest 10% RT in PSD and after lowering the
lapse threshold for PVT-B from 500 ms to 355 ms, no
statistical differences were found between both tests for
all outcome variables and during both TSD and PSD.
Therefore, we were able to show that the 3-min PVT-B
remains a sensitive and specific assay for detecting wake-
state instability induced by both total and partial sleep
deprivation [14]. It may be a useful tool in applied
settings where use of the standard 10-min PVT is not
feasible or undesirable. The validity of the PVT-B still
needs to be established in such settings.
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