
1Scientific REPORtS | 7: 16020  | DOI:10.1038/s41598-017-16165-z

www.nature.com/scientificreports

Sleep Deprivation Diminishes 
Attentional Control Effectiveness 
and Impairs Flexible Adaptation to 
Changing Conditions
Paul Whitney1, John M. Hinson1, Brieann C. Satterfield2,3, Devon A. Grant2, Kimberly A. Honn2 
& Hans P. A. Van Dongen  1,2

Insufficient sleep is a global public health problem resulting in catastrophic accidents, increased 
mortality, and hundreds of billions of dollars in lost productivity. Yet the effect of sleep deprivation 
(SD) on decision making and performance is often underestimated by fatigued individuals and is 
only beginning to be understood by scientists. The deleterious impact of SD is frequently attributed 
to lapses in vigilant attention, but this account fails to explain many SD-related problems, such as 
loss of situational awareness and perseveration. Using a laboratory study protocol, we show that SD 
individuals can maintain information in the focus of attention and anticipate likely correct responses, 
but their use of such a top-down attentional strategy is less effective at preventing errors caused 
by competing responses. Moreover, when the task environment requires flexibility, performance 
under SD suffers dramatically. The impairment in flexible shifting of attentional control we observed 
is distinct from lapses in vigilant attention, as corroborated by the specificity of the influence of a 
genetic biomarker, the dopaminergic polymorphism DRD2 C957T. Reduced effectiveness of top-
down attentional control under SD, especially when conditions require flexibility, helps to explain 
maladaptive performance that is not readily explained by lapses in vigilant attention.

Sleep loss is a frequent experience in modern life, but people tend to underestimate its impact1–5. Controlled 
studies show that sleep deprivation (SD) can have profound, adverse effects on cognitive functioning. Cognitive 
impairment during SD results from increasing sleep drive across time awake (sleep/wake homeostasis), mod-
ulated by time of day (circadian rhythmicity)6–8. Individuals differ systematically in their vulnerability to per-
formance impairment during SD9,10, and genes have been identified that are associated with this differential 
vulnerability to sleep loss11–13.

However, the degree of impairment from SD varies widely not only across individuals but also among cogni-
tive tasks14,15. The effects of SD are particularly potent for tests of vigilant attention, while tests of working mem-
ory, decision making, and executive functioning show smaller, more inconsistent effects2,16,17. It has been argued 
that deficits in vigilant attention are a universal root cause of cognitive impairments associated with sleep loss2. 
Yet, deficits in vigilant attention alone do not account for the wide range of problems in cognition and perfor-
mance that accompany sleep loss3,18. Important consequences of SD observed in critical real-world settings such 
as disaster management, hospital care, and military operations – including poor decision making, loss of situa-
tional awareness, and perseverative behavior – await a coherent scientific explanation. In such real-world settings, 
where sleep loss can have its most dramatic impact, performance generally depends on management of multiple 
demands on information processing. Several studies have tested whether such performance issues produced by 
SD may result from declines in working memory (WM) capacity19,20. While overall performance on tests of WM 
typically declines under SD, the effects do not appear to be specific to WM capacity. For example, SD effects in 
WM tasks do not increase incrementally with increases in load, such as when items in a list must be retained three 
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items back versus one item back14. Several investigators have suggested that instead of lowering WM capacity, SD 
may impair top-down attentional control21–23.

Top-down control is used when the predictable structure of the environment allows for anticipation of upcom-
ing events or the outcomes of choices based on expectations. In turn, when conditions change and expectations 
are violated, top-down control can aid in the detection of change and updating of goals24. Effective attentional 
control requires a balance between taking advantage of stable and predictable features of the environment, and 
flexible reallocation of attention to fit changing environmental conditions.

We previously reported that susceptibility of decision making to impairment from SD depends on whether 
decisions require flexible reallocation of attention25. Specifically, subjects performing a task while deprived of 
sleep were unable to adapt to a reversal of stimulus–response mappings. This failure to adapt resulted in perse-
verative responding and large numbers of errors. The finding implicates flexible attentional control as a source of 
impairment resulting from SD.

The present study was designed to allow us, within a single task platform, to examine the effects of SD on both 
the ability to effectively use top-down control and the ability to flexibly shift attentional control under changing 
conditions. Top-down control of attention has been studied in a variety of populations and circumstances using 
the AX Continuous Performance Task (AX-CPT; Fig. 1A)26–29, which requires subjects to make a target response 
(e.g. left keypress) for the valid cue-probe combination (A–X) and a different, non-target response (e.g. right 
keypress) for all other cue-probe combinations (e.g. B–X). In a typical implementation of the AX-CPT, the A cue 
is followed by the X probe on 70% of trials. Under such conditions, healthy, rested, young adults show a consistent 
pattern of using top-down attentional control (also known as proactive control) on the AX-CPT by anticipating 
that an X will occur after an A cue and preparing the A-X response. This results in a high hit rate on A-X trials and 
a low false alarm rate on B-X trials because the invalid cue does not result in pre-activation of the A-X response. 
However, this top-down control strategy produces a disadvantage on A-Y trials, which leads to false alarms as 
the response for A-X is anticipated when the A-cue is presented. We also included trials with both invalid cues 
and invalid probes (C-D trials) to be able to detect any performance deficits not specifically related to top-down 
attentional control.

By evaluating responses to A-X, B-X, A-Y and C-D trials, the typical implementation of the AX-CPT allowed 
us to determine how SD affects the use of top-down control under standard conditions in which the contingencies 
remain stable over trials. Furthermore, we added a novel component to the task to determine whether attentional 
control strategies could shift flexibly when required to adapt to a change in cue-probe mappings. In our novel task 
version, the AX-CPT-s, we added trials in which the cue–probe contingency was switched, i.e. a switch from A–X 
to B–Y as the valid cue–probe set (Fig. 1B). The trial block after the contingency switch included distractor trials 
combining the new cue–probe set with elements from the old cue–probe set. Thus, using the same task platform, 

Figure 1. Schematic of the AX-CPT-s. (A) The first 160 trials (pre-switch) represented a standard 
implementation of the AX-CPT. Subjects were to respond with a left mouse click to an “X” probe whenever it 
followed an “A” cue, and a right mouse click for all other cue–probe combinations. The target “X” probe followed 
the “A” cue on 70% of the trials. (B) In the version of the AX-CPT used here, the standard trials were followed 
by 96 additional trials (post-switch), for which subjects were informed that they were to switch the response 
pattern—so that they now were to respond with a left mouse click to a “Y” probe whenever it followed an “B” 
cue, and a right mouse click for all other cue–probe combinations. The other cue–probe combinations included 
foils involving the old cue (“A”) and/or probe (“X”), with all different combinations presented equally often. The 
foils allowed investigation of interference effects from the previously valid cue and probe.
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we assessed whether SD affects the use of top-down control (pre-switch), and whether attentional control could 
shift flexibly when cue-probe response contingencies are changed (post-switch). The ability to target specific cog-
nitive control operations, and dynamic adjustments to these operations when conditions change, was a primary 
focus of the present study of the effects of SD on cognitive functioning.

Signal detection statistics based on the discriminability index d’29 were calculated on the AX-CPT-s data for 
pre-switch and post-switch trials (Table 1). For pre-switch trials, we calculated commonly reported d’ values 
using hit rates to the target cue–probe combination and false alarm rates to specific non-target cue–probe combi-
nations26. Effective engagement of top-down attentional control will produce higher performance on the X-probe 
d’ index and lower performance on the A-cue d’ index. Because SD subjects could be expected to show deficits 
in vigilant attention unrelated to top-down control, we also calculated a vigilant attention d’ index. For the novel 
post-switch trials, we developed several indices following similar logic to the pre-switch trials. The flexibility d’ 
index measures the overall ability to distinguish the new cue–probe combination from the old one. Reductions 
on the other two indices, new cue d’ and new probe d’, isolate potential contributors to flexibility problems – inter-
ference from the old target when the valid new cue is presented, and interference from the old cue when the valid 
new probe is presented, respectively.

Forty-nine healthy adults (aged 27.3 ± 4.8 years; 22 women, 27 men) participated in a laboratory study. 
Subjects were randomized to a SD group (n = 34) or a control group (n = 15). The AX-CPT-s was administered at 
baseline (session 1) after a 10-hour sleep opportunity, and again 24 hours later (session 2, same time of day) after 
31.5 hours of continuous wakefulness (SD group) or while well-rested after another 10-hour sleep opportunity 
(control group).

Results
Baseline AX-CPT-s data pre- and post-switch. In session 1 (well-rested baseline) for both the SD group 
and the control group, the pre-switch data replicated the pattern typically observed with healthy young adults: 
predominant use of proactive control, with high X-probe d’ and relatively low A-cue d’29. Furthermore, the vigilant 
attention d’ was high, indicating task performance did not suffer from attentional lapses. The post-switch data in 
session 1 showed continued use of proactive control while quickly adapting to the new contingencies, as indicated 
by high flexibility d’ and relatively low new cue d’, while the new probe d’ was high (Fig. 2). Thus, at baseline sub-
jects could flexibly adapt attentional control in changing circumstances.

Pre- and post-switch AX-CPT-s data after sleep deprivation or well-rested control. In session 2 
(SD or well-rested control), there were substantial changes in the d’ indices relative to session 1 in the SD group 
as compared to the control group. Multivariate analysis of variance (MANOVA) of d’ index (6 levels) by group (2 
levels) by session (2 levels) showed significant main effects of d’ index (F5,48 = 108.7, p < 0.001), group (F1,48 = 7.6, 
p = 0.008), and session (F1,48 = 12.2, p = 0.001). The analysis also showed a significant group by session interaction 
(F5,48 = 23.9, p < 0.001), demonstrating that SD degraded performance on the AX-CPT-s. Importantly, the index 
by group by session interaction was also statistically significant (F5,48 = 4.4, p = 0.002), indicating that the effects 
of SD on the d’ indices were not uniform (Fig. 2).

The effects were therefore investigated further for each d’ index separately. The interaction between group and 
session was statistically significant in all cases except for the A-cue d’ index, and for the new cue d’ index there was 
a trend. The statistical results are provided in Table S1 and described further below. The raw data (hits and false 
alarms) for session 2 from which the d’ indices were derived are in Table 1. Statistical results in the two sections 
below reflect head-to-head comparisons between session 2 (SD) and session 1 (baseline) in the SD group based 
on planned contrasts. For subjects in the control group, session 2 performance was not significantly different from 
session 1 performance based on planned contrasts (F1,47 ≤ 2.4, p ≥ 0.13).

Sleep deprivation effects on pre-switch effectiveness of top-down attentional control. For 
subjects in the SD group, session 2 pre-switch data still showed the general pattern indicative of top-down atten-
tional control – higher X-probe than A-cue performance – but both indices showed a significant drop from 

Index Hits FAs

Sleep Deprivation Control

%Hits %FAs %Hits %FAs

Diagnostic cue-probe combinations for pre-switch (standard) trials

A-cue d’ A–X A–Y 93.1 ± 6.2 40.4 ± 15.3 96.2 ± 3.4 41.2 ± 16.6

X-probe d’ A–X B–X 93.1 ± 6.2 16.6 ± 12.5 96.2 ± 3.4 2.3 ± 2.3

vigilant attention 
d’ A–X C–D 93.1 ± 6.2 7.7 ± 7.7 96.2 ± 3.4 1.7 ± 1.8

Diagnostic cue-probe combinations for post-switch (cue–target shift) trials

flexibility d’ B–Y A–X 85.0 ± 13.0 10.9 ± 12.5 94.8 ± 7.6 1.3 ± 1.3

new cue d’ B–Y B–X 85.0 ± 13.0 23.1 ± 20.2 94.8 ± 7.6 19.7 ± 15.5

new probe d’ B–Y A–Y 85.0 ± 13.0 15.8 ± 12.9 94.8 ± 7.6 3.7 ± 6.3

Table 1. Signal Detection Indices Diagnostic of Changes in Attentional Control on the AX-CPT-s and the Hits 
and False Alarm Data from Which They are Derived (Session 2).* *FAs: False Alarms. %Hits: percentage of hits 
(mean ± SD). %FAs: percentage of false alarms (mean ± SD).
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baseline performance (A-cue d’: F1,47 = 20.8, p < 0.001; X-probe d’: F1,47 = 58.4, p < 0.001). This pattern indicates 
that in the SD subjects, the use of top-down control was less effective in session 2 than in session 1. That is, despite 
showing a pattern consistent with top-down control, the subjects were less effective in preventing interference 
from a non-target probe compared to the rested conditions. In addition, there was evidence that lapses of atten-
tion (vigilant attention d’) reduced overall task performance (F1,47 = 43.2, p < 0.001) (Fig. 2).

Sleep deprivation effects on post-switch flexibility of top-down attentional control. For sub-
jects in the SD group, session 2 post-switch data showed an overall decline in the flexibility d’ index (F1,47 = 32.0, 
p < 0.001) compared to baseline, though the absolute level of the flexibility d’ performance was consistent with 
reasonably good ability to switch to the new valid cue-probe combination (B-Y). In addition, performance 
decreased on any trial that included either an old cue, reflected in the new cue d’ index (F1,47 = 4.5, p = 0.039), 
or an old target probe, reflected in the new probe d’ index (F1,47 = 31.8, p < 0.001). Thus, subjects in the SD group 
updated task-relevant information when it changed post-switch, but they could not effectively filter out the old, 
now task-irrelevant information. Anything that carried over from pre-switch trials caused interference, resulting 
in significant declines in d’ for all post-switch performance indices (Fig. 2).

Converging evidence: Sleep deprivation effects on the Attention Network Test. Additional evi-
dence that subjects were more susceptible to interference from a competing response during SD was obtained 
from the Attention Network Test (ANT)30,31. The ANT provided measures of the ability to use an alerting cue to 
detect a stimulus (alerting effect), use a cue to shift the location of visual attention (orienting effect), and manage 
response conflict (conflict effect). For subjects in the control group, performance did not significantly change 
across sessions (F1,93 ≤ 0.3, p ≥ 0.60) (Fig. S1). Under SD, however, we observed slower orienting (F1,93 = 5.3, 
p = 0.024), which may be related to attentional lapsing32. Importantly, under SD we found increased response 
conflict (F1,93 = 16.6, p < 0.001) (Fig. S1). Although the ANT was administered 5 hours earlier in the day than the 
AX-CPT-s in both test sessions, and the magnitudes of performance effects are therefore not directly comparable 
between the two tasks, the effect of SD on response conflict on the ANT is consistent with the effect we observed 
for attentional flexibility on the AX-CPT-s.
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Figure 2. Performance on the AX-CPT-s in the control and SD groups. Panels show d’ for each of the 
performance indices described in Table 1, in session 1 (BL, baseline) and session 2 (WR, well-rested) in the 
control (C) group; and in session 1 (BL) and session 2 (SD, sleep-deprived) in the sleep deprivation (SD) 
group. Error bars are ± 1 standard error of the mean (SEM). Brackets indicate statistically significant contrast 
comparing session 1 to 2 (p < 0.05).
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Genetic stratification of sleep deprivation effects on flexibility in top-down attentional con-
trol. To investigate our finding that the effects of SD on the different d’ indices of the AX-CPT-s were not 
uniform (Fig. 2; see MANOVA results above), we investigated whether the effects varied differentially by a com-
mon genetic single nucleotide polymorphism (SNP) of the dopamine D2 receptor, DRD2 C957T (rs6277). This 
polymorphism has a strong effect on striatal dopamine receptor D2 binding potential33. Previous studies have 
associated it with variations in cognitive flexibility34,35, suggesting that any differences in susceptibility to SD 
related to this gene should be specific to the flexibility indices of the AX-CPT-s. Any such associations of SD 
performance with DRD2 that are specific to the flexibility indices would help establish that these effects on not 
simply downstream consequences of problems with vigilant attention. To determine differences in the SD effects 
associated with the DRD2 C957T genotype, we subdivided our SD sample into three allele groups (C/C, C/T, and 
T/T) for further analysis. The large SD effect sizes we observed (Fig. 2) permitted a well-powered test of gene–
performance relationships.

The effect of SD on post-switch performance was substantially influenced by genotype (Fig. 3). Relative to 
baseline, subjects with the T/T genotype were particularly vulnerable to impairment from SD on the flexibility, 
new cue, and new probe indices (F1,43 ≥ 6.6, p ≤ 0.014), whereas subjects with the C/C genotype were particularly 
resilient (F1,43 ≤ 1.9, p ≥ 0.175). In contrast, the effect of SD on pre-switch performance relative to baseline was 
similar among the DRD2 genotypes in the SD group. Importantly, the effect of SD on the vigilant attention index 
was not differentially influenced by genotype, with all three genotypes (C/C, C/T, and T/T) showing vulnerabil-
ity to impairment in vigilant attention (F1,43 ≥ 12.6, p < 0.001). In the control group, analysis of the AX-CPT-s 
revealed no significant DRD2 genotype effects (Fig. S2).

Further evidence that the influence of DRD2 genotype was specific to top-down attentional control was 
obtained from the Psychomotor Vigilance Test (PVT)36. The PVT, which measures vigilant attention perfor-
mance, did not show resilience to SD in the C/C genotype (Fig. S3). Collectively, our results show that the preser-
vation of AX-CPT-s post-switch performance in the C/C genotype was specific to flexibility of attentional control, 
and not driven by a general insensitivity to SD-induced impairment in vigilant attention. Thus, the variations 
in SD effects by DRD2 genotype provide additional, converging evidence of distinct effects of SD on attentional 
control.

Discussion
Our data reveal that people under SD can maintain information in the focus of attention and anticipate likely 
correct responses, but their use of such a top-down attentional control strategy is less effective at preventing 
errors caused by competing responses. Moreover, when changing task demands require flexibility in top-down 
attentional control, performance under SD suffers dramatically. The finding that top-down attentional control is 
less effective and less flexible under SD elucidates how SD may cause perseveration and other maladaptive behav-
iors of sleepy people. This provides an explanation for the prevalence of critical, SD-induced errors in everyday 

Figure 3. Performance on the AX-CPT-s in the SD group by genotype. Panels show d’ for each of the 
performance indices described in Table 1, in session 1 (BL, baseline) and session 2 (SD, sleep-deprived) for 
subjects homozygous for the C allele (C/C), heterozygous (C/T), or homozygous for the T allele (T/T) of the 
DRD2 C957T polymorphism. See Table 1 for interpretation of d’ changes. Error bars are ± 1 SEM. Brackets 
indicate statistically significant contrast comparing session 1 to 2 (p < 0.05); bracket without asterisk approaches 
significance (p = 0.10).



www.nature.com/scientificreports/

6Scientific REPORtS | 7: 16020  | DOI:10.1038/s41598-017-16165-z

life – from the emergency room to the boardroom – that have been difficult to explain on the basis of deficits in 
vigilant attention.

Our results challenge the prevailing paradigm that most if not all of the effects of sleep deprivation on cogni-
tive performance are downstream effects of the impact of sleep deprivation on vigilant attention2. Our finding that 
subjects homozygous for the C allele of the DRD2 C957T polymorphism are resilient to SD effects on cognitive 
flexibility, but not vigilant attention, confirms that the effects of SD on attentional control are dissociable and not 
merely a downstream effect of degraded vigilant attention. This finding also sheds light on previous data showing 
that individual differences in the effects of SD on cognition are trait-like but task-specific37. It suggests that distinct 
neuronal pathways are involved in the effects of SD on cognitive flexibility18, specifically the striatum where the 
DRD2 polymorphism affects dopamine receptor D2 binding potential33. More generally, our data are consistent 
with other recent reports14,38 illustrating that relationships between cognition and genetic polymorphisms, which 
tend to require large sample sizes to detect, may emerge robustly under conditions that strongly challenge cogni-
tive processing abilities, such as SD.

Methods
Study participants. The 49 volunteers who participated in the study were carefully screened. Physical exam, 
history, questionnaires, blood chemistry, urine drug screen, and breathalyzer test showed them to be healthy, not 
pregnant, and free of drugs. Polysomnography during the first night in the laboratory revealed no sleep disorders. 
Subjects had no history of learning disability; reported good habitual sleep of between 6 and 10 hours daily; and 
regularly woke up between 06:00 and 09:00. They reported no shift work within 3 months and no travel across 
time zones within 1 month of entering the study. They had normal or corrected-to-normal vision. Subjects main-
tained their regular sleep schedule, with no daytime naps, during the 7 days prior to admission into the labora-
tory. They refrained from alcohol, drugs (including tobacco) and caffeine during the 7 days before and during the 
laboratory study.

The study was approved by the Institutional Review Board (IRB) of Washington State University (WSU), and 
all subjects gave written informed consent. All study procedures conformed to those in the protocol approved by 
the WSU IRB.

Sleep deprivation protocol. The experiment was conducted under controlled laboratory conditions, with 
stable ambient temperature (21 ± 1 °C). Light levels were fixed (<100 lux) during scheduled wakefulness and 
lights were off during scheduled sleep. Subjects were monitored continuously throughout the experiment, and no 
visitors, phone calls, live radio or television, or internet access were allowed. Subjects were in the laboratory for 
72 hours (4 days, 3 nights). They were randomized to a SD group or a control group (approximately 2:1). Subjects 
in the SD group had a 10-hour baseline sleep opportunity, were subsequently kept awake for 38 hours, and then 
had a 10-hour recovery sleep opportunity. Subjects in the control group had a 10-hour sleep opportunity each 
night. All sleep opportunities were from 22:00 until 08:00.

AX-CPT-s performance testing. The AX-CPT-s, modeled after the AX-CPT26,27, assessed flexible atten-
tional control by measuring subjects’ ability to accurately identify valid and invalid cue–probe letter pairings. 
Letter pairs were presented with a 3-second delay between the first and second letters. Subjects were asked to 
respond by clicking the left and right mouse buttons to indicate valid and invalid cue–probe pairs, respectively. 
For example, if the letter “A” (valid cue) was immediately followed by the letter “X” (valid probe), subjects were 
to respond by clicking the left mouse button. For all other letter pairs (e.g., A–Y, B–X, B–Y, C–D), they were to 
respond by clicking the right mouse button. Subjects had 2 seconds to respond and were instructed to be as fast 
and accurate as possible (Fig. 1).

At the beginning of the task, subjects were told which cue–probe pair was the valid target. During each test 
session, subjects performed 14 practice trials, followed by 4 test blocks of 40 letter pairings each. Most of the 
pairings (70%) were valid. After the 4 test blocks, subjects were informed that the valid cue–probe pair was 
switching. For example, the letter “B” became the new cue, and the letter “Y” became the new valid probe. Some 
of the invalid cue–probe pairs included the presentation of the formerly valid cue and/or probe. After the switch, 
subjects performed 2 test blocks of 48 letter pairings each. Each of the cue–probe pairings were presented equally 
after the switch (Fig. 1).

Two different but equivalent versions of the AX-CPT-s were used, with the second version using “C” and “Z” 
as the initial valid cue and probe and “S” and “G” as the valid cue and probe after the switch. The order in which 
the two versions were administered was randomized. Performance on the AX-CPT-s was quantified based on 
signal detection theory14. Discriminability indices d’ were calculated for each trial block based on hit and false 
alarm rates for the different combinations of valid and invalid—and, after the switch, previously valid but no 
longer valid—cues and probes (Table 1).

The AX-CPT-s was administered at 15:30 during baseline (session 1) and again 24 hours later (session 2) while 
well-rested (control group) or after 31.5 hours of continuous wakefulness (SD group).

Other cognitive performance testing. The Attention Network Test (ANT)30 required subjects to cor-
rectly indicate the direction that a target stimulus is pointed under three cue conditions (no cue, alerting cue, or 
orienting cue) and two flanker conditions (congruent or incongruent). This task provides measures of distinct 
aspects of attention: alerting, orienting, and management of response conflict. We used the 10-minute version 
of the task31. Each test trial began with a fixation period (+), followed by either no cue or a cue (*) presented 
for 100 ms and positioned in the center to alert or positioned above or below the fixation point to alert and 
orient to where the target stimulus was going to appear. This was followed by presentation of a line of 5 left- or 
right-pointing arrows, centered horizontally on the screen and located either above or below the central fixation 
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point. Subjects were asked to focus only on the direction of the center arrow, which was the target stimulus. The 
surrounding arrows, which served as flankers, pointed either congruently or incongruently with respect to the 
target stimulus. The arrows stayed on the screen for 2 seconds. Subjects were to respond by clicking the left or 
right mouse button corresponding to the direction of the target stimulus (center arrow). They were instructed 
to be as fast and accurate as possible. During each test session, subjects performed 12 practice trials, followed by 
5 test blocks of 48 trials each. No-cue and center-cue trials each occurred one-third of the time; orienting-cue 
trials occurred one-third of the time, with above and below the central fixation point occurring equally often. 
Congruent and incongruent flankers occurred equally often.

Standard performance measures31 were derived for the ANT. An alerting score was calculated by subtracting 
mean response time (RT) for the center cue trials from mean RT for the no-cue trials. An orienting score was cal-
culated by subtracting mean RT for the spatial (above or below) cue trials from mean RT for the center cue trials. 
A response conflict management score was calculated by subtracting mean RT for congruent flanker trials from 
mean RT for incongruent flanker trials.

The ANT was administered at 10:30 during baseline (session 1), again 24 hours later (session 2) while 
well-rested (control group) or after 26.5 hours of continuous wakefulness (SD group), and once more 24 hours 
later (session 3) after recovery sleep.

The Psychomotor Vigilance Test (PVT), a standard measure of vigilant attention2,37, required subjects to 
respond as quickly as possible, by pressing a button, to a simple visual stimulus that occurred at random intervals 
of 2 to 10 seconds for 10 minutes. Subjects were instructed to be as fast as possible without making false starts. 
They received feedback on their response time for 1 second after each response. For the PVT, performance was 
quantified by the number of lapses in vigilant attention, defined as RT ≥ 500 ms.

The PVT was practiced twice on the day of admission into the laboratory, and was then administered at 09:00, 
13:00, 17:00 and 21:00 during the baseline day and at the same times of day 24 hours later while well-rested (con-
trol group) or sleep-deprived (SD group).

Genotyping. Blood samples were collected from subjects in Vacutainer tubes (Becton Dickinson, Franklin 
Lakes, NJ) coated with K2EDTA to prevent clotting. Samples were immediately aliquoted and stored at −80 °C 
until DNA extraction. Genomic DNA was extracted from 100 µl of red cell-depleted whole blood. Samples were 
assayed for the dopamine receptor D2 (DRD2) gene, which codes for the D2 receptor subtype. The DRD2 gene 
contains a single SNP involving a cytosine (C) to thymine (T) substitution at position 957 (C957T; chromosome 
11). This polymorphism does not cause a change in the amino acid sequence. Homozygosity for the C allele (C/C) 
is associated with decreased D2 receptor availability and decreased dopamine binding potential in the striatum.

DRD2 C957T genotypes were assayed using the Taqman SNP Genotyping Assay (ThermoFisher Scientific, 
Waltham, MA) per manufacturer protocol. Samples were assayed in duplicate, with inclusion of a no-DNA neg-
ative control. Following assay completion, allelic discrimination software (MJ Opticon Monitor Analysis v3.1; 
Bio-Rad Laboratories, Hercules, CA) was used to identify the genotypes for each subject. The DRD2 C957T 
genotype distributions were as follows: C/C: 8 (7 in the SD group); T/C: 24 (15 in the SD group); T/T: 17 (12 in 
the SD group). The overall subject sample was found to be in Hardy-Weinberg equilibrium (χ2

1 = 0.08, p = 0.79). 
The sample for the SD group was in Hardy-Weinberg equilibrium (χ2

1 = 0.34, p = 0.57), and the sample for the 
control group was also in Hardy-Weinberg equilibrium (χ2

1 = 1.28, p = 0.26). Allele frequencies were consistent 
with those reported in the literature39,40.

Statistical analyses. Statistical testing of differences in task performance across AX-CPT-s d’ indices, 
test sessions and groups was performed using multivariate analysis of variance (MANOVA) with fixed effects 
for d’ index, group, and session, and their two-way and three-way interaction. Here d’ index and session were 
implemented as repeated measures. Statistical testing of differences in task performance across test sessions and 
between groups for specific AX-CPT-s d’ indices, specific ANT outcome measures, and PVT performance was 
performed using mixed-effects analysis of variance (ANOVA), with fixed effects for group and session and their 
interaction. For the PVT, time of day (09:00, 13:00, 17:00, 21:00) and its interactions with group and session were 
also included. Here session time of days were repeated measures. A random effect over subjects was placed on the 
intercept41. Gene analyses were performed by adding genotype as a covariate fixed effect alone and in interaction 
with the other effects. Head-to-head comparisons between sessions were based on a priori planned contrasts.

Data sharing. Data produced in these studies will be maintained in a secure cloud-based backup system 
and are available on request from any legitimate academic, scientific or governmental entity. Requests should 
be directed to the PI at the Sleep and Performance Research Center, Washington State University, Spokane, WA.

References
 1. Hafner, M., Stepanek, M., Taylor, J., Traxel W. M. & van Stolk, C. Why sleep matters - the economic cost of insufficient sleep: A cross 

country comparative analysis. (Rand Corporation, 2016).
 2. Lim, J. & Dinges, D. F. Sleep deprivation and vigilant attention. Ann. N. Y. Acad. Sci. 1129, 305–322 (2008).
 3. Killgore, W. D. S. Effects of sleep deprivation on cognition. Prog. Brain Res. 185, 105–129 (2010).
 4. Krause, A. J. et al. The sleep-deprived human brain. Nat. Rev. Neurosci. May 18 (2017). [Epub ahead of print]
 5. Van Dongen, H. P. A., Maislin, G., Mullington, J. M. & Dinges, D. F. The cumulative cost of additional wakefulness: dose-response effects 

on neurobehavioral functions and sleep physiology from chronic sleep restriction and total sleep deprivation. Sleep 26, 7–26 (2003).
 6. Daan, S., Beersma, D. G. M. & Borbély, A. A. Timing of human sleep: recovery process gated by a circadian pacemaker. Am. J. 

Physiol. 246, R161–R178 (1984).
 7. Dijk, D. J., Duffy, J. F. & Czeisler, C. A. Circadian and sleep/wake dependent aspects of subjective alertness and cognitive 

performance. J. Sleep Res. 1, 112–117 (1992).
 8. Van Dongen, H. P. A. & Dinges, D. F. Sleep, circadian rhythms, and psychomotor vigilance. Clin. Sports Med. 24, 237–249 (2005).



www.nature.com/scientificreports/

8Scientific REPORtS | 7: 16020  | DOI:10.1038/s41598-017-16165-z

 9. Van Dongen, H. P. A., Baynard, M. D., Maislin, G. & Dinges, D. F. Systematic interindividual differences in neurobehavioral 
impairment from sleep loss: evidence of trait-like differential vulnerability. Sleep 27, 423–433 (2004).

 10. Rupp, T. L., Wesensten, N. J. & Balkin, T. J. Trait-like vulnerability to total and partial sleep loss. Sleep 35, 1163–1172 (2012).
 11. Viola, A. U. et al. PER3 polymorphism predicts sleep structure and waking performance. Curr. Biol. 17, 613–618 (2007).
 12. Rétey, J. V., Martin, A. & Gottselig, J. M. et al. Adenosinergic mechanisms contribute to individual differences in sleep deprivation-

induced changes in neurobehavioral function and brain rhythmic activity. J. Neurosci. 26, 10472–10479 (2006).
 13. Satterfield, B. C., Wisor, J. P., Field, S. A., Schmidt, M. A. & Van Dongen, H. P. A. TNFα G308A polymorphism is associated with 

resilience to sleep deprivation-induced psychomotor vigilance performance impairment in healthy young adults. Brain Behav. 
Immun. 47, 66–74 (2015).

 14. Lo, J. C. et al. Effects of partial and acute total sleep deprivation on performance across cognitive domains, individuals and circadian 
phase. PLoS One 7, e45987 (2012).

 15. Pilcher, J. J. & Huffcutt, A. I. Effects of sleep deprivation on performance: A meta-analysis. Sleep 19, 318–326 (1996).
 16. Lim, J. & Dinges, D. F. A meta-analysis of the impact of short-term sleep deprivation on cognitive variables. Psychol. Bull. 136, 

375–389 (2010).
 17. Balkin, T. J. et al. Comparative utility of instruments for monitoring sleepiness-related performance decrements in the operational 

environment. J. Sleep Res. 13, 219–227 (2004).
 18. Jackson, M. L. et al. Deconstructing and reconstructing cognitive performance in sleep deprivation. Sleep Med. Rev. 17, 215–225 (2013).
 19. Tucker, A. M., Whitney, P., Belenky, G., Hinson, J. M. & Van Dongen, H. P. A. Effects of sleep deprivation on dissociated components 

of executive functioning. Sleep 33, 47–57 (2010).
 20. Chee, M. W. & Chuah, L. Y. Functional neuroimaging insights into how sleep and sleep deprivation affect memory and cognition. 

Curr. Opin. Neurol. 21, 417–423 (2008).
 21. Pilcher, J. J., Band, D., Odle-Dusseau, H. N. & Muth, E. R. Human performance under sustained operations and acute sleep 

deprivation conditions: toward a model of controlled attention. Aviat. Space Environ. Med. 78, B15–B24 (2007).
 22. Harrison, Y. & Horne, J. A. The impact of sleep deprivation on decision making: a review. J. Exp. Psychol. Appl. 6, 236–49 (2000).
 23. Chee, M. W. L. Limitations on visual information processing in the sleep-deprived brain and their underlying mechanisms. Curr. 

Opin. Behav. Sci. 1, 56–63 (2015).
 24. Cools, R., Clark, L., Owen, A. M. & Robbins, T. W. Defining the neural mechanisms of probabilistic reversal learning using event-

related functional magnetic resonance imaging. J. Neurosci. 22, 4563–456 (2002).
 25. Whitney, P., Hinson, J. M., Jackson, M. L. & Van Dongen, H. P. A. Feedback blunting: total sleep deprivation impairs decision 

making that requires updating based on feedback. Sleep 38, 745–754 (2015).
 26. Locke, H. S. & Braver, T. S. Motivational influences on cognitive control: behavior, brain activation, and individual differences. Cogn. 

Affect. Behav. Neurosci. 8, 99–112 (2008).
 27. Braver, T. S., Gray, J. R. & Burgess, G. C. Explaining the many varieties of working memory variation: dual mechanisms of cognitive control. 

In: Conway, A., Jarrold, C., Kane, M., Miyake, A. & Towse J. (Eds.) Variation in working memory, 76–106 (Oxford Univ. Press, 2007).
 28. Braver, T. S., Paxton, J. L., Locke, H. S. & Barch, D. M. Flexible neural mechanisms of cognitive control within human prefrontal 

cortex. Proc. Natl. Acad. Sci. USA 106, 7351–7356 (2009).
 29. Richmond, L. L., Redick, T. S. & Braver, T. S. Remembering to prepare: The benefits (and costs) of high working memory capacity. J. 

Exp. Psychol. Learn. Mem. Cogn. 41, 1764–1777 (2015).
 30. Fan, J., McCandliss, B. D., Sommer, T., Raz, M. & Posner, M. I. Testing the efficiency and independence of attentional networks. J. 

Cog. Neurosci. 14, 340–347 (2002).
 31. Weaver, B., Bédard, M. & McAuliffe, J. Evaluation of a 10-minute version of the Attention Network Test. Clin. Neuropsychol. 27, 

1281–1299 (2013).
 32. Jugovac, D. & Cavallero, C. Twenty-four hours of total sleep deprivation selectively impairs attentional networks. Exp. Psychol. 59, 

115–123 (2012).
 33. Hirvonen, M. M. et al. C957T polymorphism of dopamine D2 receptor gene affects striatal DRD2 in vivo availability by changing 

the receptor affinity. Synapse 63, 907–912 (2009).
 34. Braver, T. S. & Cohen, J. D. On the control of control: The role of dopamine in regulating prefrontal function and working memory. 

In: Monsell, S. & Driver J. (Eds) Control of cognitive processes: Attention and performance, XVIII, 713–737 (MIT Press, 2000).
 35. Markett, S., Montag, C., Walter, N. T., Plieger, T. & Reuter, M. On the molecular genetics of flexibility: the case of task-switching, 

inhibitory control and genetic variants. Cogn. Affect. Behav. Neurosci. 11, 644–651 (2011).
 36. Dorrian, J., Rogers, N. & Dinges, D. F. Psychomotor vigilance performance: Neurocognitive assay sensitive to sleep loss. In: Kushida, 

C. A. (Ed.) Sleep deprivation: clinical issues, pharmacology and sleep loss effects 39–70 (Marcel Dekker, 2005).
 37. Van Dongen, H. P. A., Baynard, M. D., Maislin, G. & Dinges, D. F. Systematic interindividual differences in neurobehavioral 

impairment from sleep loss: Evidence of trait-like differential vulnerability. Sleep 27, 423–433 (2004).
 38. Holst, S. C. et al. Functional polymorphisms in dopaminergic genes modulate neurobehavioral and neurophysiological 

consequences of sleep deprivation. Sci. Rep. 10, 45892 (2017).
 39. Hirvonen, M. M. et al. C957T polymorphism of the human dopamine D2 receptor gene predicts extrastriatal dopamine receptor 

availability in vivo. Prog. Neuropsychopharmacol. Biol. Psychiatry 33, 630–636 (2009).
 40. Xu, H. et al. DRD2 C957T polymorphism interacts with the COMT Val158Met polymorphism in human working memory ability. 

Schizophr. Res. 90, 104–107 (2007).
 41. Van Dongen, H. P. A., Olofsen, E., Dinges, D. F. & Maislin, G. Mixed-model regression analysis and dealing with interindividual 

differences. Methods Enzymol. 384, 139–171 (2004).

Acknowledgements
We thank J. Wisor and M. Schmidt for assistance with genotyping, M. Layton for serving as physician of record for 
the study, D. Dinges for use of the PVT, and the staff of the Sleep and Performance Research Center at Washington 
State University for supporting the laboratory experiment. Data are available on request and are maintained at 
the Sleep and Performance Research Center, Washington State University, Spokane, WA, USA. This work was 
supported by Office of Naval Research grant N00014-13-1-0302.

Author Contributions
P.W., J.M.H., D.A.G. and H.V.D. designed the study. B.C.S., D.A.G., K.A.H. and H.V.D. conducted the study. P.W., 
J.M.H., B.C.S. and H.V.D. performed the analyses. P.W., J.M.H. and H.V.D. drafted the main manuscript text. All 
authors reviewed and approved the final version of the manuscript.



www.nature.com/scientificreports/

9Scientific REPORtS | 7: 16020  | DOI:10.1038/s41598-017-16165-z

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-16165-z.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-16165-z
http://creativecommons.org/licenses/by/4.0/

	Sleep Deprivation Diminishes Attentional Control Effectiveness and Impairs Flexible Adaptation to Changing Conditions
	Results
	Baseline AX-CPT-s data pre- and post-switch. 
	Pre- and post-switch AX-CPT-s data after sleep deprivation or well-rested control. 
	Sleep deprivation effects on pre-switch effectiveness of top-down attentional control. 
	Sleep deprivation effects on post-switch flexibility of top-down attentional control. 
	Converging evidence: Sleep deprivation effects on the Attention Network Test. 
	Genetic stratification of sleep deprivation effects on flexibility in top-down attentional control. 

	Discussion
	Methods
	Study participants. 
	Sleep deprivation protocol. 
	AX-CPT-s performance testing. 
	Other cognitive performance testing. 
	Genotyping. 
	Statistical analyses. 
	Data sharing. 

	Acknowledgements
	Figure 1 Schematic of the AX-CPT-s.
	Figure 2 Performance on the AX-CPT-s in the control and SD groups.
	Figure 3 Performance on the AX-CPT-s in the SD group by genotype.
	Table 1 Signal Detection Indices Diagnostic of Changes in Attentional Control on the AX-CPT-s and the Hits and False Alarm Data from Which They are Derived (Session 2).




