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sleep is perceived by many as a flexible commodity of lesser 
value that can be exchanged for waking activities considered 
more essential or of greater value.8,9

All of the above demonstrate the high prevalence of chronic 
PSD and acute total sleep loss in our society that are associated 
with a high burden of sleepiness-related errors and accidents. 
At the same time, sleepy subjects have been shown to be un-
able to reliably assess their degree of impairment, stressing the 
need for brief, validated, and objective measures of cognitive 
performance.10-12

Among the most reliable effects of sleep deprivation is deg-
radation of attention,13,14 especially vigilant attention, as mea-
sured by the 10-minute Psychomotor Vigilance Test (PVT).15,16 
The standard PVT records response times to visual stimuli that 
occur at random 2- to 10-second interstimulus intervals (ISI) 
over a10-minute period.16-20 Sleep deprivation induces reliable 
changes in PVT performance, causing an overall slowing of 
response times, a steady increase in the number of errors of 
omission (i.e., lapses of attention, usually defined as response 
times ≥ 500 ms), and a more modest increase in the number 
of errors of commission (i.e., responses without a stimulus, 
or false starts).10,21 These effects are associated with changes 
in neural activity in distributed brain regions that can include 
frontal and parietal control regions, visual and insular corti-

INTRODUCTION
Undisturbed sleep of sufficient length is a prerequisite for 

recuperation and optimal performance during the wake period.1 
Acute total sleep loss, chronic partial sleep deprivation (PSD), 
and their combination impair performance and increase the 
risk of sleepiness-related errors and accidents.2-4 Both intrinsic 
sleep disorders (such as obstructive sleep apnea5) and extrinsic 
sleep disturbances (e.g., induced by noise6) are prevalent and 
underrecognized in the population. At the same time, shift work 
affects the sleep and alertness of approximately 1 out of 5 work-
ing Americans, and is projected to increase further. Shift work 
includes working evenings, nights, or rotating shifts and is of-
ten associated with shorter-than-normal and disrupted sleep pe-
riods at an adverse circadian phase.7 Finally, in our 24/7 society, 
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PVT-A predictions are highly accurate with excellent chance-
corrected agreement relative to the standard 10-minute PVT.

METHODS

Subjects and Protocol
The following descriptions of the total sleep deprivation 

(TSD) and partial sleep deprivation (PSD) protocols are in part 
reproduced from Basner and Dinges.20

Acute TSD protocol
TSD data were gathered from 36 subjects in a study on the 

effects of night work and sleep loss on threat-detection per-
formance on a simulated luggage-screening task (a detailed 
description of the study is published elsewhere33). Study partic-
ipants stayed in the research lab for 5 consecutive days, which 
included a 33-hour period of TSD. Data from 4 subjects were 
excluded from the analysis due to noncompliance and/or exces-
sive fatigue during the first 16 hours of wakefulness. Another 
subject withdrew after 26 hours awake. Therefore, data from a 
subset of 31 subjects (mean age ± SD = 31.1 ± 7.3 y, 18 women) 
contributed to the analyses presented here. The study started at 
08:00 on day 1 and ended at 08:00 am on day 5. A 33-hour pe-
riod of TSD started either on day 2 (n = 22) or on day 3 (n = 9) 
of the study. Except for the sleep-deprivation period, subjects 
had 8-hour sleep opportunities between 00:00 and 08:00. The 
first sleep period was monitored polysomnographically to ex-
clude possible sleep disorders.

Chronic PSD protocol
The PSD data were obtained from 47 healthy adults in a 

laboratory protocol involving 5 consecutive nights of sleep re-
stricted to 4 hours per night (04:00 to 08:00 period) follow-
ing 2 baseline nights with 10 hours time in bed on each night. 
Data from 3 subjects were excluded from the analysis due to 
noncompliance and/or excessive fatigue during baseline data 
collection. One additional subject had no valid baseline data. 
Therefore, data from 43 subjects (16 women; mean age, 30.5  
±  7.3 y) contributed to the analyses presented here. A detailed 
description of the experimental procedures is published else-
where.39

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, physi-
cal examinations, 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 Univer-
sity of Pennsylvania. Throughout both experiments, subjects 
were continuously monitored by trained staff to ensure adher-
ence to each experimental protocol and wore wrist actigraphs 
throughout each protocol. Meals were provided at regular times 
throughout the protocol, caffeinated foods and drinks were 
not allowed, and light levels in the laboratory were held con-
stant during scheduled wakefulness (< 50 lux) and sleep peri-
ods (< 1 lux). Ambient temperature was maintained between 
22°C and 24°C.

In both TSD and PSD experiments, subjects completed 
30-minute bouts of a neurobehavioral test battery that included 
a 10-minute PVT every 2 hours during scheduled wakefulness. 

ces, cingulate gyrus, and the thalamus, and they can increase 
as time on task increases.22-26

PVT performance also has ecologic validity in that it can 
reflect real-world risks because deficits in sustained attention 
and timely reactions adversely affect many applied tasks (e.g., 
all transportation modes, many security-related tasks, and a 
wide range of industrial tasks).4,27-29 Therefore, the PVT has 
become arguably the most widely used measure of behavioral 
alertness owing in large part to the combination of its high 
sensitivity to sleep deprivation and its psychometric advan-
tages over other cognitive tests (i.e., negligible aptitude and 
learning effects).15,16,20

However, the 10-minute standard duration of the PVT is re-
garded by many as too long for applied, operational, or clinical 
settings. For this reason, shorter PVT versions with durations 
of 3 and 5 minutes have been developed that usually run on 
handheld devices.30-35 However, although some of the shorter-
duration PVT versions may track 10-minute PVT performance 
closely, they usually lose some sensitivity relative to the stan-
dard 10-minute PVT. The latter can be explained by the fact 
that performance on the PVT deteriorates with time on task 
(so-called vigilance decrement), faster in sleep-deprived than 
in alert subjects.20,36 Thus, on the one hand, the shorter PVT 
versions seem to be too short to detect relevant deterioration in 
vigilant attention in subjects with moderate impairment whose 
performances deteriorate only later during the test, whereas, on 
the other hand, the longer versions may be unnecessarily long 
for other subjects who are apparently fully alert or severely im-
paired.

This prompted us to develop an adaptive-duration version of 
the 10-minute PVT (PVT-A). After each response and depend-
ing on the nature of the response, the PVT-A algorithm reevalu-
ates the probability of a subject being a high, medium, or low 
performer on the full 10-minute PVT. If a predefined decision 
threshold is exceeded, the PVT-A stops sampling data, as it has 
determined that it has gathered enough information to make a 
correct decision.

We argued earlier37 that 1 threshold dividing outcomes in 
high and low performance may be insufficient in fit-for-duty 
paradigms, as it is questionable whether subjects performing 
just above or below the single decision threshold are really fit or 
unfit to perform the task. Therefore, we chose instead to divide 
the dataset into 3 performance categories (high, medium, and 
low). The medium performance category separates the high-
performance category (subjects are fit for the task) from the 
low-performance category (subjects are unfit for the task and 
must not perform it). The consequences for subjects falling in 
the medium-performance category may vary depending on the 
relevance of the task. If subjects are allowed to perform the task, 
informing them about their decreased level of alertness may im-
prove their effort and inspire them to apply countermeasures 
aiming at short-term (e.g., break, caffeine) or long-term (e.g., 
increasing individual sleep times) improvements of alertness. 
The latter has been shown in a study of truck drivers.38 Similar 
arguments could be brought forward for diagnostic paradigms, 
in which 2 groups indicating “not impaired” and “impaired” 
may not be sufficient.

We show here that average duration of the PVT-A decreases 
substantially relative to the standard 10-minute PVT and that 
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old that optimally differentiated test bouts performed until 
21:00 (up to 13 hours awake) from test bouts performed at 
or after 23:00 (15 to 33 h awake). Choosing a cutoff between 
21:00 and 23:00 was based on visual inspection of the data 
and on reports that PVT performance decreases after 16 hours 
of wakefulness.10 A second threshold of 16 lapses and false 
starts was identified by performing a median split on all test 
bouts with more than 5 lapses and false starts. Therefore, the 
3 groups were defined as follows: high (≤ 5 lapses and false 
starts, n = 193 bouts), medium (> 5 and ≤ 16 lapses and false 
starts, n = 167 bouts), and low (> 16 lapses and false starts, 
n = 167 bouts).

PVT-A algorithm description
Similar to an earlier published approach,40 each response 

time on the PVT can be thought of as the result of a diagnos-
tic test that will change our confidence in the test bout being 
a high-, medium-, or low-performance test bout. For example, 
in case of a lapse or a false start, the probability of being a 
high-performance test bout decreases, whereas the probabil-
ity of being a low-performance test bout increases at the same 
time. Although we may assign equal probabilities to the 3 per-
formance groups (PHIGH = PMEDIUM = PLOW) before the subject’s 
first response (termed prior probability in Bayesian language), 
these probabilities change based on the response-time outcome 
of the first stimulus (i.e., the prior probability is updated to the 
posterior probability). The posterior probability then serves as 
the new prior probability for the next stimulus, and the process 
is repeated until 1 of the 3 probabilities (PHIGH, PMEDIUM, or PLOW) 
exceeds a predefined decision threshold (see below), which is 
when the test is stopped.

Formally, the posterior probability is calculated by trans-
forming the prior probability (PrP) into the prior odds (PrO) 
according to equation (1):

PrO = PrP / (1 – PrP)	 (1).

The prior odds is then multiplied with a likelihood ratio (LR) 
to receive the posterior odds (PstO), which is again transformed 
into the posterior probability (PstP) according to equation (2):

PstP = PstO / (1 + PstO)	 (2).

The likelihood ratio depends on the response-time outcome 
of the stimulus. Relative to the prior probability, the posterior 
probability will increase for likelihood ratios greater than 1, de-
crease for likelihood ratios less than 1, and remain unchanged 
for likelihood ratios equal to 1. We only calculated likelihood 
ratios and posterior probabilities for PHIGH and PLOW. PMEDIUM 
was then calculated according to equation (3):

PMEDIUM = 1 − PHIGH − PLOW	 (3).

The 4 likelihood ratios LR(High│no lapse or false start), 
LR(High│lapse or false start), LR(Low│no lapse or false 
start), and LR(Low│lapse or false start) were calculated based 
on the TSD data (for a detailed description of likelihood ratio 
calculations see Hunink et al.).41 To acknowledge time-on-task 
effects, we divided the 10-minute task duration into twenty 

In the TSD experiment, each subject performed 17 PVTs in to-
tal (starting at 09:00 after a sleep opportunity from 00:00 to 
08:00 with bout #1 and ending at 17:00 on the next day after a 
night without sleep with bout #17). The data of the TSD pro-
tocol were complete, and, thus, 527 test bouts contributed to 
the analysis. Consistent with previous publications,20,35 we only 
used the test bouts administered at 12:00, 16:00, and 20:00 on 
baseline days 1 and 2 and on days after restriction nights 1 to 
5 in the PSD experiment. Of the 903 scheduled test bouts, 23 
(2.5%) were missing, and, thus, 880 test bouts contributed to 
the analysis. Between neurobehavioral test bouts, subjects were 
permitted to read, watch movies and television, play card or 
board games, and interact with laboratory staff to help them 
stay awake, but no naps or sleep or vigorous activities (e.g., 
exercise) were allowed.

All participants were informed about potential risks of the 
study, and a written informed consent and Institutional Review 
Board approval were obtained prior to the start of the study. 
Subjects were compensated for their participation and moni-
tored 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 studies.

PVT
We utilized a precise computer-based version of the 10-min-

ute PVT, which was performed and analyzed according to the 
standards set forward in Basner and Dinges.20 Subjects were 
instructed to monitor a red rectangular box on the computer 
screen and press a response button as soon as a yellow stimulus 
counter appeared on the CRT screen, which stopped the counter 
and displayed the response time in milliseconds for a 1-second 
period. The ISI, defined as the period between the last response 
and the appearance of the next stimulus, varied randomly from 
2 to 10 seconds. The subject was instructed to press the button 
as soon as each stimulus appeared, in order to keep the response 
time as low as possible but to not press the button too soon 
(which yielded a false-start warning on the display).

PVT-A Algorithm

Outcome metric and performance group classification
We decided to use the sum of the number of lapses (i.e., er-

rors of omission, defined as a response time ≥ 500 ms) and the 
number of false starts (i.e., errors of commission, defined as 
responses without stimulus or responses with response times 
< 100 ms) as the primary outcome metric. In a systematic com-
parison of PVT outcome metrics (using the same data set that 
was used for this analysis), Basner and Dinges20 found that the 
number of lapses and false starts scored a high effect size in 
PSD (0.90) and the highest effect size in TSD (1.94) relative 
to the other 9 investigated outcome metrics. Also, taking false 
starts into account may help to identify noncompliant subjects 
or those who try to prevent lapses by biasing toward false starts, 
which may be especially important in fit-for-duty contexts.

The TSD study was used to find number of lapses and false-
start thresholds that divided 10-minute PVT test bouts into 
high-, medium-, and low-performance bouts (for the rationale 
of choosing 3 performance groups: see Introduction). First, 5 
or fewer lapses and false starts was identified as the thresh-
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the test was classified according to the actual number of lapses 
and false starts (i.e., always correct), and the full 10 minutes 
were recorded for PVT-A duration.

The decision threshold was set to 99.9826% (i.e., once PHIGH, 
PMEDIUM, or PLOW exceeded this probability, the test was classi-
fied accordingly and the algorithm stopped). This choice was 
made so that, in the training data set (TSD), more than 95% 
of the 527 decisions were correct, and there were no misclas-
sifications across 2 categories (i.e., HIGH classified as LOW or 
LOW classified as HIGH). For each test, we recorded: (1) the 
true test classification based on the result of the full 10-minute 
PVT, (2) the classification of the PVT-A algorithm, and (3) the 
time the PVT-A algorithm needed to reach that decision.

The PVT-A algorithm was then validated with the 880 test 
bouts of the PSD data set using the same procedure and the 

30-second intervals and calculated likelihood ratios for each 
interval (see Figure 1).

We assigned equal prior probabilities of 1/3 to PHIGH, PMEDIUM, 
and PLOW, although the prevalence of high-performance bouts 
was slightly higher compared with medium- and low-perfor-
mance bouts in the TSD study. We believe this better reflected 
the uncertainty of each individual test outcome. In addition to 
using the basic algorithm described above, after each stimulus, 
we checked for the following conditions: If the number of laps-
es and false starts exceeded 5, PHIGH was set to 0, and the prob-
abilities for belonging to the medium- and low-performance 
group were adjusted accordingly. If the number of lapses and 
false starts exceeded 16, the algorithm was stopped and the test 
result was classified as LOW. If the decision threshold (see be-
low) was not exceeded before the full 10 minutes of the PVT, 

Figure 1—Likelihood ratios (LR) for belonging to the high psychomotor vigilance task (PVT) performance group (HIGH) or to the low PVT performance group 
(LOW) are given conditional on whether or not a lapse or a false start occurred and depending on time on task. Likelihood ratios are used to update the 
probability for belonging to a specific PVT performance group from before stimulus presentation (prior probability) to the probability after the response to the 
stimulus (posterior probability). The probability for belonging to a specific PVT performance group will increase for likelihood ratios > 1, decrease for likelihood 
ratios < 1, and remain unchanged for likelihood ratios = 1. The figure shows that in case of a lapse or a false start it will be less likely to belong to the HIGH 
performance group (black circles, LRs < 1) and more likely to belong to the LOW performance group (black squares, LRs > 1). Accordingly, in case of no lapse 
or a false start it will be more likely to belong to the HIGH performance group (open circles, LRs > 1) and less likely to belong to the LOW performance group 
(open squares, LRs < 1). Because lapses and false starts are rare events, they carry more information than do stimuli without lapses and false starts (i.e., 
likelihood ratios associated with lapses and false starts are more extreme and therefore lead to a greater change in posterior probability than do likelihood 
ratios with no lapses or false starts). Likelihood ratios were relatively stable across the 10-minute test period.
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minimum 27 s) for the validation data set. Average test duration 
was longest for MEDIUM-performance bouts relative to HIGH- 
and LOW-performance bouts (7.63-7.78 min vs 4.20-6.22 min).

Figure 2 illustrates, for each test bout and for both the train-
ing and the validation data set, the number of lapses and false 
starts on the full 10-minute PVT (abscissa), the classification 
of the test bout according to PVT-A (represented by different 
symbols), and the duration of PVT-A (ordinate). PVT-A dura-
tion was highest for test bouts with the number of lapses and 
false starts on the 10-minute PVT near the category boundar-
ies of 5 lapses and false starts and 16 lapses and false starts. 
It decreased with increasing distance from these 2 boundaries. 
Even for test bouts with no lapse or false start on the 10-minute 
PVT, PVT-A duration was still longer than 4 minutes, whereas 
PVT-A duration decreased continuously to values of less than 1 
minute with an increasing number of lapses and false starts on 
the 10-minute PVT. Misclassifications tended to be close to the 
category boundaries (± 5 lapses and false starts, with the excep-
tion of 1 low-performance bout with 25 lapses and false starts 
that was classified as MEDIUM in PSD).

Figure 3 compares the percentage of test bouts classified as 
HIGH, MEDIUM, and LOW between the full 10-minute PVT 
and PVT-A across 33 hours of TSD and across PSD. In gen-
eral, agreement between the 2 versions of the test was high. 

decision threshold found in the training 
data set. We want to emphasize that, al-
though each subject contributed sever-
al tests to the analysis, the performance 
classification was always based on a 
single test, and not on multiple tests, of 
the same subject.

Data Analysis
For both data sets and for each of 

the performance classifications HIGH, 
MEDIUM, and LOW, we calculated 
accuracy (i.e., percentage of correct 
decisions), sensitivity, specificity, and 
positive and negative predictive val-
ues (always relative to the remaining 2 
categories). We also calculated several 
statistics for PVT-A test duration for 
each category. Finally, we calculated 
κ (a chance-corrected measurement of 
agreement) across the 3 performance 
categories.42 With a nonlinear mixed-
effects model controlling for experi-
mental condition (Proc NLMIXED, 
SAS, Version 9.2, SAS, Inc., Cary, 
NC), we investigated whether HIGH, 
MEDIUM, and LOW classifications 
differed significantly between the full 
10-minute PVT and PVT-A across 33 
hours of TSD and across the 7 nights of 
the PSD protocol.

RESULTS
The likelihood ratios for HIGH and 

LOW performance groups conditional 
on the number of lapses and false starts status are shown in 
Figure 1. Because lapses and false starts are rare events, they 
carry more information than do stimuli without a lapse or a false 
start (i.e., likelihood ratios associated with a lapse or a false 
start are more extreme and therefore lead to a greater change in 
posterior probability relative to prior probability than do likeli-
hood ratios with no lapse or false start). Figure 1 also illustrates 
that lapses and false starts during the first 30 seconds of the task 
were less informative, as they also seem to be more prevalent 
in the HIGH-performance group during this period relative to 
the rest of the test. Otherwise, likelihood ratios were relatively 
stable across the 10 minutes of the test.

Performance of the PVT-A relative to the 10-minute PVT is 
shown for both the training and the validation data set in Table 1. 
Overall, there were no relevant differences between training and 
validation data sets. PVT-A performance was high, with (de-
pending on performance category) 95.1% to 99.1% accuracy, 
86.8% to 100% sensitivity, 91.6% to 99.9% specificity, and 
positive and negative predictive values ranging from 90.2% to 
99.4% and 94.2% to 100%, respectively. According to Landis 
and Koch,43 chance-corrected agreement was excellent for both 
the training data set (κ = 0.93) and the validation data set (κ = 
0.92). Test duration averaged 6.0 minutes (SD 2.4 min, mini-
mum 37 s) for the training data set and 6.4 minutes (SD 1.7 min, 

Table 1—Test characteristics and duration of the adaptive-duration PVT (PVT-A) relative to the full 
10-minute PVT for the training data set and the validation data set

Training Data Set (TSD) Validation Data Set (PSD)
Performance Categorya HIGH MEDIUM LOW HIGH MEDIUM LOW

Test characteristics, %
Accuracy 96.0 95.1 99.1 96.6 95.7 99.1
Sensitivity 100.0 86.8 97.6 100.0 87.2 94.0
Specificity 93.7 98.9 99.7 91.6 98.9 99.9
Positive predictive value 90.2 97.3 99.4 94.6 96.8 99.1
Negative predictive value 100.0 94.2 98.9 100.0 95.3 99.1

Test duration, min
Mean 6.22 7.78 4.20 5.99 7.63 6.08
SD 1.41 1.26 2.84 1.35 1.23 2.80
Minimum 4.33 5.65 0.61 4.27 5.44 0.45
1st Quartile 5.02 6.59 1.84 4.90 6.62 3.78
Median 5.88 7.93 3.45 5.60 7.42 7.00
3rd Quartile 7.09 8.79 7.19 6.71 8.59 8.67
Maximum 9.85 10.13 9.74 10.08 10.11 9.85

Tests with duration, %
< 1 min 0.0 0.0 6.7 0.0 0.0 1.8
1 < 2 min 0.0 0.0 22.6 0.0 0.0 9.1
2 < 3 min 0.0 0.0 16.5 0.0 0.0 9.1
3 < 4 min 0.0 0.0 12.2 0.0 0.0 9.1
4 < 5 min 24.3 0.0 9.1 32.5 0.0 9.1
5 < 6 min 29.4 6.0 3.7 29.0 6.4 6.4
6 < 7 min 20.1 30.2 3.7 18.3 28.8 5.5
7 < 8 min 9.8 16.8 7.9 8.7 32.9 15.5
8 < 9 min 12.1 26.8 9.8 7.6 14.2 14.5
≥ 9 min 4.2 20.1 7.9 3.8 17.8 20.0

PVT, psychomotor vigilance task; TSD, total sleep deprivation; PSD, partial sleep deprivation, SD, 
standard deviation. aPerformance category is classified based on the number of lapses plus false starts 
on the full 10-minute PVT.
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Figure 2—For each test bout and for both the training data set (above, n = 527 test bouts) and the validation data set (below, n = 880 test bouts), the 
number of lapses and false starts on the full 10-minute psychomotor vigilance task (PVT) (abscissa), the classification of the test bout according to the 
adaptive-duration PVT (PVT-A, represented by different symbols), and the duration of PVT-A (ordinate) are plotted. The vertical lines represent the category 
boundaries separating HIGH from MEDIUM (≤ 5 lapses and false starts) and MEDIUM from LOW (≤ 16 lapses and false starts) performance groups based 
on the full 10-minute PVT. As an example, the arrow points to a test bout with 8 lapses and false starts on the 10-minute PVT that was wrongly classified by 
PVT-A as a HIGH-performance bout (PVT-A stopped after 5.1 min to reach this decision; 7 of the 8 lapses or false starts occurred after an elapsed time of 5.1 
min). PVT-A duration was highest for test bouts with the number of lapses and false starts on the 10-minute PVT near the category boundaries of 5 and 16. 
Even for test bouts with no lapses or false starts on the 10-minute PVT, PVT-A duration was still longer than 4 minutes, whereas PVT-A duration decreased 
continuously to values shorter than 1 minute with an increasing number of lapses and false starts on the 10-minute PVT. Misclassifications tended to be close 
to the category boundaries.
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with minimum test durations of less than 0.5 minutes. At the 
same time, PVT-A was highly accurate, sensitive, and spe-
cific both in the training and in the validation data set with 
excellent chance-corrected agreement relative to the full 
10-minute PVT.

PVT-A duration was highest near the category boundaries 
of 5 and 16 lapses and false starts because misclassifications 
are more likely near the category boundaries and PVT-A has 
to sample more information to correctly classify the test. For 
the same reason, misclassifications were usually close to the 
category boundaries (± 5 lapses and false starts, with 1 excep-
tion). Even in test bouts with no lapse or false start on the full 
10-minute PVT, PVT-A needed more than 4 minutes to classify 
the test bout as a high-performance bout. This can be explained 
by likelihood ratios close to 1 for both LOW and HIGH perfor-
mance categories for the no lapse or false start condition (see 
Figure 1). Therefore, many stimuli with no lapse or false start 
are needed to push PHIGH above the decision threshold. For the 
same reason, only a few stimuli with lapse or false start are 
needed to push PLOW above the decision threshold, which is why 

PVT-A significantly overestimated the percentage of HIGH-
performance bouts in both the training and the validation data 
set (mean difference 3.8%, range 0%-9.7%). The percentage of 
performance bouts classified as MEDIUM or LOW did not dif-
fer significantly between PVT-A and the full 10-minute PVT. 
Furthermore, the percentage of subjects classified as high per-
formers and the percentage of subjects classified as low per-
formers reflected both homeostatic and circadian influences on 
psychomotor vigilance performance during TSD and continu-
ously increasing impairment during PSD.

DISCUSSION
Using a Bayesian approach and comparable to sequentially 

applied diagnostic tests, we developed an adaptive-duration 
version of the PVT. The algorithm was trained with 527 test 
bouts from 31 subjects undergoing 33 hours of acute TSD 
and validated with 880 test bouts of 43 subjects being re-
stricted to 5 nights of 4 hours of time in bed. Compared with 
the full 10-minute PVT, the average duration of the adaptive-
duration PVT was markedly reduced to less than 6.5 minutes, 

Figure 3—The proportion of performance bouts classified as HIGH, MEDIUM, or LOW is shown for the training data set (A, across 33 h of acute total sleep 
deprivation) and for the validation data set (B, chronic partial sleep deprivation with 2 baseline nights BL1 and BL2 and 5 nights of sleep restricted to 4 h time 
in bed—R1 to R5). Classifications based on the full 10-minute psychomotor vigilance task (PVT) are shown as black circles, whereas classifications based 
on the adaptive-duration version of the PVT (PVT-A) are shown as open circles. In general, agreement between the 2 versions of the test was high. PVT-A 
significantly overestimated the percentage of HIGH-performance bouts in both the training and the validation data set (mean difference 3.8%, range 0%-
9.7%). The percentage of performance bouts classified as MEDIUM or LOW did not differ significantly between PVT-A and the full 10-minute PVT. P values 
are based on nonlinear mixed-effects models testing for differences between the 10-minute PVT and PVT-A controlling for experimental condition.
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the PSD protocol, only 3 out of 47 subjects were excluded for 
these reasons. Overall, only 3.1% (PVT) and 2.3% (PVT-A) of 
the test bouts were classified as low-performance bouts during 
baseline days 1 and 2 of the PSD protocol, after 1 or 2 nights 
with 10-hour sleep opportunities, respectively.

Limitations
Several limitations have to be taken into account when in-

terpreting the results of these analyses. First, categorizing the 
continuous outcome metric number of lapses and false starts 
on the 10-minute PVT into 3 discrete outcomes (groups with 
high, medium, and low performance) for the PVT-A constitutes 
a data reduction and, therefore, a loss of information. Howev-
er, as explained above, we believe that it will be sufficient for 
many applied contexts to know whether a test bout qualifies as 
a high-, medium-, or low-performance test bout, and that the 
absolute number of lapses would not add relevant information. 
Also, it would be easy to report the number of lapses and false 
starts and other common PVT outcome metrics at PVT-A ter-
mination and the projected number of lapses and false starts for 
the full 10-minute PVT in addition to the performance category, 
if this was desired by the end user. On the same note, it would 
be possible to introduce more than 3 performance categories.

Second, the 10-minute PVT is a work-paced task (i.e., the 
behavior of the tested individual does not influence task du-
ration). In contrast, PVT-A termination will depend on the 
response behavior of the tested subject. Test duration will be 
short in test bouts with either a very low or a very high number 
of lapses and false starts. Although the first may not be prob-
lematic because it is impossible to fake high performance, the 
latter is a more severe threat to the validity of the test because 
noncompliant or poorly motivated subjects may choose to lapse 
frequently or bias toward false starts to stop the test early. This 
is unlikely to happen in fit-for-duty contexts (as the subjects are 
usually highly motivated to achieve high-performance levels). 
However, in cases of repeated low-performance levels, the re-
sponse data should be checked for plausibility.

Third, in our analyses, the PVT-A algorithm was applied 
posthoc to data collected with the standard 10-minute PVT. 
However, we do not see major obstacles in implementing the 
PVT-A algorithm into our current PVT to achieve online, real-
time analysis.

Fourth, the investigated subjects were healthy, had a restrict-
ed age range, and were investigated in a controlled laboratory 
environment. The results may therefore not generalize to non-
healthy, older or younger groups of subjects and to operational 
environments.

Finally, it has to be stressed that performance impairment on 
the PVT-A indicates reduced vigilant attention due to fatigue 
or other reasons. Because vigilant attention is instrumental for 
many cognitive and more complex tasks, it is likely that these 
will also be affected if vigilant attention is low (as shown for a 
3-minute PVT for a simulated luggage-screening task37). How-
ever, it is unknown how PVT-A specifically relates to many 
other tasks and how well it predicts performance on these tasks.

CONCLUSIONS
We developed and validated a highly accurate, sensitive, and 

specific adaptive-duration version of the 10-minute PVT. Test 

some of the tests were classified as low-performance bouts in 
less than 1 minute.

This difference between minimum test durations for HIGH 
and LOW test bouts makes sense in light of the time-on-task 
effect. Although it is possible that a subject without a lapse or 
a false start during the first minutes of the task deteriorates lat-
er during the task, a subject with many lapses during the first 
minutes of the task very likely only deteriorates further with 
time on task.20 Subjects deteriorating only late during the task 
may also explain the comparatively low positive predictive 
values for the HIGH-performance category (i.e., the observed 
tendency of PVT-A to misclassify medium-performance bouts 
as high-performance bouts; ca. 80% of all misclassifications), 
whereas only 2 medium-performance test bouts were wrongly 
classified as a low-performance test bout.

Obviously, the choice of the decision threshold (i.e., the pos-
terior probability at which PVT-A stops sampling data) affects 
both test performance and duration. Based on the data of the 
training data set, we chose a decision threshold of 99.9826% 
that led to a correct classification in 95.1% of test bouts and to 
an average test duration of 6.0 minutes. Another sensible choice 
for the decision threshold would have been one that led to no 
misclassifications across 2 categories (i.e., HIGH classified as 
LOW or LOW classified as HIGH). In the training data set, this 
decision threshold (99.359%) was associated with an average 
test duration of 4.3 minutes and 86.1% correct decisions.

For the PVT-A algorithm, we assumed that consecutive tests 
(each based on the response to 1 stimulus) were conditionally in-
dependent given the performance status. We checked this assump-
tion by calculating likelihood ratios conditional on the outcome 
of 2 consecutive responses and comparing them to the product 
of 2 single-response likelihood ratios. In the case of conditional 
independence, these likelihood ratios should be equal. We found 
that the product of 2 single response likelihood ratios only slightly 
overestimated likelihood ratios greater than 1 and only slightly 
underestimated likelihood ratios less than 1 (i.e., were more ex-
treme) compared with likelihood ratios based on the outcome of 2 
consecutive responses, confirming that conditional independence 
was a reasonable assumption. Because 2 consecutive stimuli with 
a lapse or a false start were extremely rare events in the high-per-
formance group, it was impossible to calculate likelihood ratios 
for 15 out of the 20 time-on-task periods for the high-performance 
group, which also prevented us from using an algorithm based on 
the outcome of 2 (or more) consecutive stimuli.

The fact that 9.3% of test bouts were classified as low-per-
formance bouts by both PVT and PVT-A during the first 16 
hours of wakefulness in the TSD protocol warrants further dis-
cussion. Noncompliance or prior sleep debt are possible expla-
nations. We asked subjects to adhere to a regular sleep schedule 
in the week prior to the start of the study, but actigraphy and 
time-stamped telephone logs showed that adherence to these in-
structions was not always perfect. In the TSD protocol, 1 night 
(n = 22 subjects) or 2 nights (n = 9 subjects) with an 8-hour 
sleep opportunity may simply not have been enough to coun-
ter any preexisting sleep debt. Also, compliance in the TSD 
protocol seems to have been somewhat lower than in the PSD 
protocol. In the TSD protocol, data from 4 out of 36 subjects 
were excluded from the analysis due to noncompliance, exces-
sive fatigue, or both during the first 16 hours of wakefulness. In 
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duration of the adaptive PVT averaged less than 6.5 minutes, 
with some tests terminating after less than a minute, increasing 
the practicability of the test in operational and clinical settings. 
The adaptive-duration strategy may be superior to a simple re-
duction of PVT duration in which the fixed test duration may be 
too short to identify subjects with moderate impairment (show-
ing deficits only later during the test) but unnecessarily long for 
those who are either fully alert or severely impaired.
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