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Sleep deprivation impairs many cognitive abilities, but these impairments can be reversed after a certain quantity and quality of sleep.
The ability to inhibit responding is particularly susceptible to disruption after prolonged wakefulness. How recovery sleep (RS) alters
brain activity, leading to improved performance on a variety of cognitive tasks, remains unclear. This issue was examined in the current
study using spectral analysis of electroencephalogram (EEG) data during sleep. These measures of sleep physiology were acquired after
both normal sleep (NS) and RS, and were related to measures of inhibitory control and concurrent brain activity. Subjects were nine
young adults who underwent functional magnetic resonance imaging twice, after 9 h of NS and after 10 h of RS that followed 38 h of being
awake. A multiple regression model was used to examine differences between conditions in (1) EEG spectral power during sleep, (2)
probability of successful inhibition in a go/no-go task, and (3) activation within a region of right prefrontal cortex during the task.
Performance recovery, as indexed by reduced performance differences between conditions, was predicted by increased delta power and
decreased sigma power in RS compared with NS. These EEG variables predicted most of the variance in inhibitory performance difference
between conditions. Regressions also suggested that RS improved performance because of changes in brain function including prefrontal
regions that resulted from delta rebound. We thus propose that slow waves, reflected in delta power during RS, act to restore brain
function, thereby improving cognitive performance that entails response inhibition.

Introduction
Cognitive functioning declines without satisfactory sleep. Functions relying on the prefrontal cortex are among the most susceptible (Harrison et al., 2000; Thomas et al., 2000; Chuah et al.,
2006; Wu et al., 2006). The nature of the neural dysfunction that
produces these impairments remains unclear. These impairments are proposed to be tied to changes in the brain because of
continuous wakefulness such as decreased metabolic resources
available in the brain, or oxidative damage in neurons (Tononi
and Cirelli, 2003; Schulze, 2004). Whatever the cause of these
impairments, an examination of how the brain recovers from
these effects may provide critical insight into the neural mechanisms underlying cognitive impairments resulting from sleep
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loss, recovery after sleep, and the normal benefits that sleep
provides.
Sleep deprivation is followed by a rebound of sleep that is
more intense (Kleitman, 1963; Carskadon and Dement, 1994).
Characteristics of this increased intensity include (1) reduced
responsiveness to the environment; (2) altered electroencephalographic properties (e.g., increased delta power and decreased
sigma power, corresponding to increased slow-wave amplitude
during slow-wave sleep and decreased sleep spindle activity, respectively); and (3) increased sleep time and efficiency (Patrick and
Gilbert, 1896; Blake and Gerard, 1937; Kleitman, 1963; Kales et
al., 1970; Borbély et al., 1981). Increased delta power during recovery sleep is most prominent over the frontal cortex, where
improved function induced by recovery sleep may be most
needed (Cajochen et al., 1999). With recovery sleep, performance
improves (Patrick and Gilbert, 1896; Williams et al., 1959; Rosa et
al., 1983; Bonnet, 1985; Cajochen et al., 1999; Gosselin et al.,
2005), though one night may not be enough to fully recover
prefrontal function (Wu et al., 2006). Taken together, these data
suggest that slow-wave sleep may be critical for the recovery of
prefrontal functions impaired by sleep loss. Data from mice support this idea in that increased delta power during recovery sleep
seemed to specifically promote performance recovery in cognitive domains relying on prefrontal function (Bjorness et al.,
2009). However, no measures of prefrontal activity were linked
to these changes in performance and delta power. Further
analyses of sleep physiology after prolonged wakefulness may
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tions and completed all scans at the same time of
day. These scans were conducted in the afternoon
to early evening (between 4 P.M. and 6 P.M.).
At the beginning of the baseline and sleep
deprivation visits, each subject entered the
GCRC two evenings before scanning. All participants were allowed 9 h time in bed to sleep
on both nights during which sleep was recorded via PSG. After the first night of sleep
recording, participants were allowed to leave
during the day, and activity was monitored
with wrist actigraphy. After the second PSG recording, participants remained in the GCRC
until after scanning. In the NS condition,
10 –12 h after awakening, each participant was
Figure 1. A–C, Study protocol (A) and schematic representation of the go/no-go task, showing a single trial (B) and multiple
scanned while performing a go/no-go task. In
trials (C). In the study protocol (A), subjects were studied on two separate occasions for a baseline visit and a sleep deprivation visit.
the SD condition, after the second PSG recordSolid gray bars represent periods of polysomnographic (PSG) recordings of sleep, and the unfilled bar represents a period where
ing, participants remained awake within the
participants remained awake when they would normally sleep. Solid black bars represent fMRI scans. On the go/no-go task (B),
GCRC for 38 h and were constantly monitored
each trial consisted of fixation display followed by a nonspatial cue presented for 200, 400, or 800 ms. After the cue, a stimulus was
by research staff to make sure the participant
presented for 100 ms followed by an intertrial interval. An example of a series of five trials is presented (C). The correct response
did not fall asleep. During their time in the
pattern is go/no-go/no-go/go, inhibiting responses to nontarget and lure events, respectively. The fifth trial represents the
GCRC, subjects were allowed to watch televiintermittent inclusion of null events, which last between 2.1 and 6.3 s.
sion, read, and interact and play games with the
research staff. In the RS condition, participants
thus shed light on this hypothesized prefrontal role in recovwere allowed 10 h time in bed in the GCRC to recover from sleep depriery. Specifically, does the increased delta power associated with revation. In the afternoon, 10 –12 h after awakening, each participant was
covery sleep predict altered prefrontal activity, and does this
scanned while performing the same go/no-go task. Participants were
alteration predict prefrontal-dependent performance recovery?
constantly monitored by research staff at all times in the GCRC to make
To this end, we compared delta and sigma power across 9 h of
sure they did not fall asleep.
Polysomnogram recording and analysis. Sleep was assessed using PSG,
normal sleep (NS) to that observed across a night of 10 h of
including four scalp electrodes for monitoring EEG at central (C3,C4)
recovery sleep (RS) after 38 h of continuous wakefulness. In adand occipital (O1,O2) locations, with a reference electrode on the ear on
dition, we measured go/no-go task performance and concomithe opposite side of the head (A1,A2). In addition, electrooculogram,
tant prefrontal activation in each individual after NS and RS. The
chin electromyogram (EMG), and electrocardiogram were obtained on
go/no-go task measures context-dependent responding that is
all nights. Nasal/oral airflow, abdominal and chest respiration, pulse
dependent on the prefrontal cortex and is impaired by sleep
oximetry, and leg EMG were additionally monitored during the first
deprivation (Garavan et al., 1999; Harrison et al., 2000; Chuah
night to screen for the presence of sleep disorders. Signals were amplified
et al., 2006). Together, these data allow us to determine whether
and sampled at 200 Hz (Neurofax EEG-1100, Nihon-Kohden), with a 70
aspects of sleep physiology are associated with prefrontalHz low-pass filter and a time constant of 0.3 s (0.6 Hz). Recordings were
dependent performance and neural recovery.
scored according to the criteria of Rechtschaffen and Kales (1968).
Each study participant had five nights of sleep recording. Two recordMaterials and Methods
ings occurred before each experimental visit (baseline visit night 1 and 2
Subjects. Nine young adults (26.0 ⫾ 1.2 years, 4 female) participated in
and sleep deprivation visit night 1 and 2) (Fig. 1 A). These were all basethe study. Participants were recruited through flyers and word of mouth.
line nights with 9 h of time in bed, though night 1 for each visit was
No participant had a habitual intake of caffeine greater than two cups of
considered a habituation night. For all analyses of sleep variables, basecoffee per day or equivalent, and no greater than seven drinks of alcohol
line visit night 2 and sleep deprivation visit night 2 were averaged and
per week. All participants had no history of significant medical, neuroused as normal sleep (NS) condition data. The night after sleep deprivalogical, or psychiatric illness. Participants reported being right-handed
tion was considered the recovery sleep (RS) condition, and consisted of
with a mean Edinburgh handedness score of 86.3 ⫾ 3.6 on a scale of
10 h of time in bed. Baseline and recovery characteristics for total record⫺100 (left handed) to ⫹100 (right handed) (Oldfield, 1971). All research
ing time (TRT), total sleep time (TST), sleep latency, sleep efficiency,
participants gave written informed consent, and this study was approved
percentage of sleep period spent in wake, stage I, stage, II, slow-wave
by the Institutional Review Board at Northwestern University.
sleep, and rapid eye movement (REM) sleep were analyzed. Total recordProtocol. Study participants were admitted to the General Clinical Reing time was defined as the period between lights off and lights on. Sleep
search Center (GCRC) on two separate occasions, completing a protocol
onset and morning awakening were defined as, respectively, the times of
for normal sleep (NS) on the baseline visit and a protocol for sleep dethe first and last 30 s intervals scored as non-rapid eye movement
privation (SD) and recovery sleep (RS) on the sleep deprivation visit, as
(NREM) or REM sleep. Total sleep time (TST) was defined as the time
shown in Figure 1 A. Sleep was monitored for 1–2 weeks before each
interval separating sleep onset from morning awakening minus the
GCRC visit using sleep logs and wrist actigraphy (Mini Mitter) to ensure
amount of time spent awake during the night. The sleep latency was
that participants had complied with their self-reported sleep habits.
defined as the time interval separating lights off from stage 2 onset. Sleep
These habits had to fulfill the following criteria: spend between 7 and 9 h
efficiency was calculated as the bedtime period minus the total duration
time in bed per night on average, bed time between 10 P.M. and midof awakenings, expressed as the percentage of the bedtime period. Wake
night, and wake time between 5 A.M. and 9 A.M. During this prestudy
after sleep onset was defined as the period of time spent awake after sleep
period, participants were instructed to abstain from caffeine and alcohol
onset and before lights on. Because the time in bed differed between
intake, and participants were not provided with access to caffeine or
conditions, percentage of stages I, II, III, IV, and REM sleep, and wake
alcohol while in the GCRC in any condition. The order of each visit was
were analyzed. Sleep stages III and IV were combined as a measure of
counterbalanced in a crossover design with participants acting as their
slow-wave sleep. A paired t test was used to determine sleep condition
own controls. On the first visit to the GCRC, every research participant
(NS, RS) effects on sleep characteristics. All sleep data were analyzed
underwent a full polysomnography (PSG) to screen for the presence of sleep
disorders. Research participants awoke at the same time of day in all condiusing SPSS version 16.0 (SPSS).
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Spectral analysis of PSG data. EEG data were analyzed using spectral
analysis. This analysis was conducted on central and occipital EEG
leads using an electrophysiological recording analyzer software package
(PRANA, Phitools). This software contains an automated artifactdetection algorithm that removes electrode detachment, overflow, flatline, power-line, ocular, muscular, and movement artifacts, which may
confound spectral analysis. Following this automated procedure, individual records were visually inspected for verification of the procedure
and removal of additional artifacts. After artifact removal, a fast Fourier
transform was applied to the EEG signal at 4 s intervals with 50% overlap,
giving a frequency resolution of 0.25 Hz. A Hanning window was used,
minimizing the influence of the ends of each epoch on spectral analysis of
frequencies. Power spectra from corresponding epochs were averaged
into 30 s measurements to align these measurements with sleep staging.
Spectral analysis of absolute power was conducted across four frequency
ranges: delta (0.5– 4.5 Hz), theta (4.5– 8.5 Hz), alpha (8.5–12.5 Hz), and
sigma (12.5–15.5 Hz). In the current report, data are presented for the
central EEG lead C3, though data were examined at C4 and determined
to be highly correlated with C3 data.
As with sleep-staging analysis, baseline visit night 2 and sleep deprivation visit night 2 were averaged and used as NS condition data. Overnight
averages of delta and  power were calculated during NREM sleep periods across the first 9 h in both NS and RS conditions. This allowed for an
equal time in bed comparison between baseline and recovery sleep
nights. A paired t test was used to determine sleep condition effects (NS,
RS). Percentage differences in delta, theta, alpha, and sigma power between NS and RS conditions were calculated and used as independent
regressors within multiple regression models comparing the effects of
spectral power change on inhibitory performance differences and concomitant prefrontal activation differences.
Go/no-go task. The go/no-go task was designed to examine inhibition
of prepotent responses and is a variant of one described by Garavan et al.
(1999). Figure 1, B and C, illustrates trial organization and timing, and
details for each task run are included in the supporting information
section. Participants were instructed to fixate centrally on a diamond
throughout the experiment. On each trial, a stimulus appeared in peripheral boxes located 7° to the left and right of fixation, always the same
stimulus in both boxes. Participants were instructed to press a “go” response key in an alternating manner to “⫻” or “⫹” stimuli (targets), and
to inhibit responding “no-go” when the same target symbol repeated
(lures: “⫻” following “⫻” or “⫹” following “⫹”) or whether any other
symbol appeared (nontargets). Trials included a random sequence of
targets (53%), lures (18%), and nontargets (29%). Each stimulus was
preceded by a cue (darkening of the fixation diamond) with temporal
expectancy minimized by using a stimulus onset asynchrony that varied
randomly among 200, 400, and 800 ms. The intertrial interval varied as a
function of these delays to maintain a trial length of 2.1 s. Each participant completed two functional magnetic resonance imaging (fMRI) runs
of the task during the normal sleep (NS), sleep deprivation (SD), and
recovery sleep (RS) conditions.
Each experimental run contained 152 trials (81 targets, 44 nontargets,
and 27 lures). Fifty null events were distributed throughout the run to
allow deconvolution of the hemodynamic response function. These
events consisted of a fixation display for 2.1– 6.3 s. To train participants,
the task was practiced before sleep on the second night of both visits.
Practice versions of the go/no-go task had a higher proportion of targets
to lures, such that expectations were biased toward expecting targets,
thus enhancing response prepotency during scanning (100 targets, 42
nontargets, and 10 lures).
Behavioral analysis. Behavioral data collected within the scanner for
NS, SD, and RS conditions were analyzed for this report. Percentage of
no-go trials (lures, nontargets) correctly inhibited and percentage of go
trials (targets) correctly responded to were calculated for each participant
in each condition. A one-way, repeated-measures ANOVA was used to
compare each percentage of correct inhibitions and responses across
conditions (NS, SD, RS). To determine individual differences in inhibitory performance recovery, two methods were used: (1) percentage of
correct inhibitions was compared between NS and RS conditions; and (2)
percentage of correct inhibitions was compared between SD and RS con-
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ditions. For method 1, to determine whether performance in the RS
condition was related to the performance deficit directly preceding it (in
the SD condition), performance in the SD condition was correlated with
performance in the RS condition, and the difference between performance in the NS and RS conditions was compared with the difference
between performance in the NS and SD conditions. To determine
whether performances in the RS and SD conditions were more related to
each other than to the NS condition, a multiple regression model was
used with RS and NS data predicting SD data. This would argue that
analyses comparing performance difference (NS vs RS) with EEG and
brain activity differences reflect neural correlates of the recovery process
from SD and not just differences across 2 d. Performance differences
between NS and RS conditions and SD and RS conditions were compared
to determine whether these measures of recovery were equivalent or
distinct. All behavioral data were analyzed using SPSS version 16.0
(SPSS).
MRI scanning. Subjects were imaged using a Siemens Trio 3.0-T scanner equipped with a transmit and receive head coil. Anatomical scans
were acquired in axial planes parallel to a plane through the anterior and
posterior commissure. T1-weighted anatomical images were obtained
using a 3D MPRAGE protocol with the following parameters: repetition
time (TR), 2100 ms; echo time (TE), 4.38 ms; flip angle, 8°; field of view
(FOV), 220 mm; matrix, 256 ⫻ 256; slice thickness, 1.0 mm; and 160
slices. Next, functional scans were acquired at the same orientation (3 ⫻
3 ⫻ 3 mm resolution) using a susceptibility-weighted, single-shot EPI
method to image the regional distribution of the blood oxygenation
level-dependent signal (TR/TE, 2100/30 ms; flip angle, 90°; FOV, 220
mm; matrix, 64 ⫻ 64; 34 contiguous 3 mm slices). In all functional runs,
the magnetic resonance signal was allowed to reach equilibrium over the
six initial scans, which were excluded from analysis.
In the scanner, participants viewed images that were projected onto a
nonmagnetic screen located ⬃65 cm from their eyes. Head movement
was reduced by using a vacuum pillow (VacFix) and a cloth collar (Scott
Specialties). Subjects responded using a fiberoptically linked button.
fMRI analysis. Functional data were analyzed using SPM5 (Wellcome
Department of Imaging Neuroscience) running under a Matlab environment (Mathworks). Functional images were slice timing corrected, realigned, and then coregistered to the anatomic T1 volume. The T1 volume
was then normalized to the Montreal Neurolgical Institute (MNI)-305
template supplied with SPM5. The template approximates the space described in the atlas of Talairach and Tournoux (1988).
At the individual subject level, neural responses to correct inhibitions
(no-go), errors of commission (error), correct responses (go), and errors
of omission (lapse) were modeled independently. Affine movement covariates were also included in the design matrix to model residual
movement-related effects. Within each scanning session, subjects completed two versions of the task and underwent scanning twice. A covariate was included to control for effects of the task scanning session. NS and
RS runs were modeled as separate sessions. The fMRI design matrix did
not include a global covariate, as it can bias the parameter estimates
(Aguirre et al., 1998). Instead, a voxel-level linear model of the global
signal, which has been shown not to introduce bias, was used to remove
the global effects (Macey et al., 2004).
Group activations were assessed by a second-level random-effects
analysis, using a full factorial model with sleep condition (normal sleep,
recovery sleep) and response type (no-go, error, go) as within-subject
factors. Activity during go events were subtracted from no-go events to
examine activity primarily related to inhibitory control by attempting to
discount effects of attention, maintenance of information within working memory, and motor planning. We have used a similar contrast previously (Booth et al., 2003), and this contrast has been used by others on
comparable tasks (Menon et al., 2001).
In the NS condition, whole-brain activation associated with the nogo/go contrast was examined. A cluster within the right prefrontal cortex
was identified for a region of interest (ROI) analysis using the MarsBaR
toolbox (Brett et al., 2002) (Fig. 2). This region was chosen because
activations that overlap with these coordinates are reported in a large
number of studies of response inhibition (Garavan et al., 1999; Konishi et
al., 1999; Menon et al., 2001; Watanabe et al., 2002; Horn et al., 2003;
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Table 1. Sleep variables
Sleep condition

Test statistic

PSG variable

Normal sleep

Recovery sleep

t (8)

p

TRT (h)
TST (h)
Sleep latency (min)
Sleep efficiency (%)
WASO (%)
Stage 1 sleep (%)
Stage 2 sleep (%)
Slow-wave sleep (%)
REM sleep (%)
Mean delta power (V 2)
Mean theta power (V 2)
Mean alpha power (V 2)
Mean sigma power (V 2)

9.05 (0.02)
7.89 (0.15)
28.97 (3.80)
92.95 (1.17)
5.54 (1.06)
0.72 (0.11)
54.59 (1.30)
11.90 (1.16)
25.74 (1.21)
1245.6 (195.2)
83.5 (13.9)
34.6 (7.2)
25.1 (5.0)

10.08 (0.03)
9.74 (0.05)
5.28 (1.24)
97.68 (0.39)
1.07 (0.33)
0.17 (0.07)
50.37 (2.19)
19.50 (1.76)
27.69 (2.22)
1824.5 (278.5)
109.5 (21.9)
43.9 (10.2)
25.7 (4.7)

⫺25.222
⫺13.676
6.094
⫺5.416
5.171
3.896
3.156
⫺8.756
⫺1.063
⫺3.826
2.871
2.133
⫺0.668

⬍0.001
⬍0.001
⬍0.001
0.001
0.001
0.005
0.013
⬍0.001
0.319
0.005
0.021
0.066
0.523

Values are expressed as the mean (SEM). TRT, Total recoding time; Sleep latency, time to first stage 2 epoch; WASO,
wake after sleep onset.

Figure 2. The cluster marked by the blue cross was extracted to examine right prefrontal
activity after NS and RS (no-go/go contrast). The blue cross represents the coordinate of the
cluster maxima (x ⫽ 36; y ⫽ 21; z ⫽ 6; 349 voxels).
Bellgrove et al., 2004; Hester et al., 2004), the prefrontal hypothesis of
sleep loss posits that the prefrontal cortex is most sensitive to sleep loss
(Harrison et al., 2000; Thomas et al., 2000), and recent data suggest that
the prefrontal cortex may not be fully recovered after one night of sleep
(Wu et al., 2006). Our goal was to explore how task-related prefrontal
activation difference between conditions statistically mediated how the
differences in sleep parameters related to the inhibitory performance
differences. Mean contrast estimates within the following cluster were
extracted with the following coordinates as its maxima (x ⫽ 36; y ⫽ 21;
z ⫽ 6; 349 voxels).
To examine the relationship between activation change across conditions, inhibitory performance change across conditions, and spectral
power density change in the delta and sigma bands across conditions,
activity change within the prefrontal ROI from NS to RS conditions was
included as a variable in two multiple regression models. In one model,
percentage delta and sigma change were regressed against activation
change to determine the effects of recovery sleep physiology on next-day
prefrontal functioning. In a second model, right prefrontal activation
change was included as an independent variable along with the percentage of delta and sigma change to predict inhibitory performance change.
To determine whether the effects of delta and sigma power changes on
inhibitory performance recovery were mediated by their effects on right
prefrontal activity, Sobel tests of mediation were completed (MacKinnon
et al., 1995). This Sobel test determines statistically how much the influence of independent variable X on dependent variable Y is accounted for
by mediator M; i.e., is the value of the direct path coefficient between X
and Y reduced by the inclusion of M? Reduction to 0 is generally interpreted as mediation, partial reduction is interpreted as partial mediation,
and nonsignificant reduction is interpreted as no evidence for mediation.
The same analyses were conducted using performance and right prefrontal activation change from SD to RS conditions. Analyses were completed
using SPSS version 16.0 (SPSS). It is possible, particularly in low n studies, that the strengths of these relationships were influenced by outliers.
To address this concern, iteratively reweighted least squares (IRLS) was used
for robust regression analysis (Holland and Welsch, 1977). This analysis was
conducted in JMP version 8.0 (SAS Institute).

Results
PSG data
Many differences in sleep physiology were apparent between the
NS and RS conditions, as shown in Table 1. The total amount of
RS was an average of 111 min more than NS. Sleep latency, wake
after sleep onset, and percentage of stage 1 and 2 sleep were re-

Table 2. Go/no-go performance
Sleep condition

Test statistic

Performance variable

NS

SD

RS

F (2,16)

p

Correct inhibitions (%)
Correct responses (%)
MRT correct responses (ms)
SD correct responses (ms)

92.6 (1.9)
97.5 (1.6)
322.2 (22.2)
77.3 (7.3)

84.4 (3.3)
88.1 (3.4)
331.4 (17.0)
99.2 (8.7)

89.6 (3.2)
94.4 (2.2)
320.9 (19.5)
85.2 (8.2)

7.81
3.95
0.53
7.36

0.004
0.040
0.596
0.005

Values are expressed as the mean (SEM). MRT, Mean reaction time.

duced during NS compared with RS. Sleep efficiency and percentage of slow-wave sleep were greater in RS compared with NS.
Delta power was ⬃50% greater in RS than NS, theta and alpha
power were 30% greater in RS than NS, whereas sigma power did
not differ significantly. Delta power during NREM sleep is
thought to primarily reflect the power of slow waves, whereas
sigma power primarily reflects the power of sleep spindles (Borbély et al., 1981). Some data suggest that during recovery sleep,
delta power increases and suppresses sigma power (Dijk et al.,
1993). To investigate a possible delta suppression of sigma, a
correlational analysis was conducted. No apparent relationship
was detected between the change in delta and sigma power between NS and RS conditions (F ⫽ 1.370, r ⫽ ⫺0.405, p ⫽ 0.280).
Delta and sigma power were highly correlated between the two
baseline nights (r 2 ⫽ 0.911, p ⫽ 0.0002 for delta power and r 2 ⫽
0.987, p ⬍ 0.0001 for sigma power), and using spectral data from
sleep deprivation visit night 2 as the NS data produced similar results
as the average between baseline visit night 2 and sleep deprivation
visit night 2 (available at www.jneurosci.org as supplemental material). These data suggest the effects in the current study were not
driven by a noisier power spectrum during the RS condition.
Behavioral data
Significant condition effects were detected for the percentage of
correct inhibitions, the percentage of correct responses, and the
SD of reaction time for correct responses (Table 2). Bonferroni
post hoc testing revealed all these effects were indicative of sleep
deprivation (SD), resulting in fewer correctly inhibited trials,
fewer correct response trials, and increased SD of reaction time
on correct response trials. No other comparisons were significant. One night of recovery sleep after 38 h of continuous wakefulness thus resulted in recovered go/no-go task performance on
a group level. However, there was high interindividual variability
in inhibitory performance difference between NS and RS conditions varied across individuals, ranging from a correct inhibition
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percentage that was 4.9% worse in NS
than in RS to a correct inhibition percentage that was 15.5% better in NS than RS,
with a mean NS-RS difference of 3.0 ⫾1.9%.
Individual differences in the recovery
condition were correlated with individual
differences in the SD condition (r ⫽ 0.87,
p ⫽ 0.002), and the difference between NS
and RS was correlated with the difference
between NS and SD (r ⫽ 0.78, p ⫽ 0.014).
Finally, a multiple regression model including NS and RS performance data as
predictors of SD performance explained a
large portion of the SD performance vari- Figure 3. Delta and  power differences between NS and RS predict differences in inhibitory performance and prefrontal brain
ance (r 2 ⫽ 0.790, p ⫽ 0.0093), but only RS activity (cluster maxima: x ⫽ 36; y ⫽ 21; z ⫽ 6; 349 voxels; no-go/go contrast). A, C, Percentage difference in absolute delta
performance remained a significant pre- power is associated with inhibitory performance difference (A) and right prefrontal activity (C). B, D, Percentage difference in
dictor ( p ⫽ 0.3638 for NS performance, absolute sigma power is associated with inhibitory performance difference (B) and right prefrontal activity (D). E, Prefrontal
p ⫽ 0.0135 for RS performance), suggest- activity difference is associated with inhibitory performance difference.
ing that in terms of inhibitory perforchange NS – RS: NS – RS performance change, p ⫽ 0.0009; RS –
mance, performance after RS is particularly related to the SD
SD performance change, p ⫽ 0.6738; for right prefrontal activaimpairment that directly preceded it. This argues that analyses
tion change RS – SD: NS – RS performance change, p ⫽ 0.0235;
comparing performance difference (NS vs RS) with EEG and
RS
– SD performance change, p ⫽ 0.8465).
brain activity differences reflect neural correlates of the recovery
process from SD and not just differences across 2 d. Finally, performance difference between NS and RS was compared with perSleep variables as predictor variables
formance difference between SD and RS conditions. No
The degree to which delta and sigma EEG power differed between
significant relationship was detected (r ⫽ 0.06, p ⫽ 0.872), sugNS and RS was found to systematically relate to task performance
gesting that these two measures of performance recovery are undifference across conditions. A larger delta power difference berelated and may track with distinct EEG and fMRI signals.
tween NS and RS predicted a smaller performance difference
between NS and RS (B ⫽ ⫺0.117, r 2 ⫽ 0.495, p ⫽ 0.034) (Fig.
Functional MRI data
3 A, C). Reciprocally, a larger sigma power difference between NS
Similar to the behavioral data, no significant differences in brain
and RS predicted a larger performance difference between NS
activity were detected at a group level as a function of condition.
and RS (B ⫽ 0.434, r 2 ⫽ 0.727, p ⫽ 0.003) (Fig. 3 B, D). Together,
Activity within a right prefrontal volume of interest that was
delta and sigma power change predicted a large portion of the
greater for no-go than go events (no-go/go contrast) was examinhibitory performance variance (r 2 ⫽ 0.881, p ⫽ 0.0017). When
ined (Fig. 2). Mean parameter estimates within this cluster, for
prefrontal activation was included in the regression model, delta
the no-go/go contrast after NS, were extracted using the MarsBaR
power was not significant ( p ⫽ 0.695), and sigma and prefrontal
toolbox within SPM5 (Brett et al., 2002) and regressed against the
effects remained significant ( p ⫽ 0.0246 and 0.023, respectively).
percentage of no-go trials successfully inhibited after NS. A sigSobel tests of mediation (MacKinnon et al., 1995) determined
nificant relationship was detected (F ⫽ 5.461, r ⫽ ⫺0.662, p ⫽
that prefrontal activation-mediated effects of delta and partially
0.052). Responses within the right prefrontal cortex volume of
mediated effects of  on inhibitory performance ( p ⫽ 0.0097 and
interest were similar in NS and RS conditions (t (8) ⫽ 0.817, p ⫽
0.03, respectively). These data suggest that delta power may exert
0.438; for NS, 0.85 ⴞ 0.12; for RS, 0.72 ⫾ 0.19). However, the
its effects on inhibitory performance via its effects on right predifference in activation from NS to RS was significantly associfrontal cortex, while sigma power may influence inhibitory perated with the difference in inhibitory performance across indiformance via additional neural mechanisms. This effect was not
viduals (F ⫽ 41.998, r ⫽ ⫺0.926, p ⬍ 0.001) (Fig. 3E). The same
explained by raw absolute power differences between subjects
relationship was not detected when comparing change in activaduring NS (r ⫽ 0.216, p ⫽ 0.5769) or RS (r ⫽ 0.135, p ⫽ 0.7284).
tion from SD to RS conditions with inhibitory performance
When absolute delta power for NS and RS were included in the
change from SD to RS conditions (r ⬍ 0.01, p ⫽ 0.994). When
model, percentage delta change remained a trend ( p ⫽ 0.0600 and
inhibitory performance change from SD to RS conditions was
0.0542, respectively); whereas, absolute delta remained nonsignifiincluded as a regressor in a whole-brain model, a significant negcant ( p ⫽ 0.9196 and 0.8998, respectively). However, it is possible
ative relationship was detected within a small cluster within the
that the strength of these relationships was influenced by outliers. To
left visual cortex (x ⫽ ⫺15; y ⫽ ⫺63; z ⫽ ⫺15; z ⫽ 4.35; 33
address this concern, iteratively reweighted least squares (IRLS) was
voxels). However, right prefrontal activation change from SD to
used for robust regression analysis (Holland and Welsch, 1977). RoRS was correlated with performance change from NS to RS (r ⫽
bust regression analysis demonstrated that delta power difference
0.775, p ⫽ 0.0142). Further, changes in activation from NS to RS
was predictive of performance difference (r 2 ⫽ 0.637, p ⫽ 0.0099),
and from SD to RS were more related to the performance change
whereas sigma power difference showed a trend toward predicting
from NS to RS than from SD to RS. In models including NS – RS
performance difference (r 2 ⫽ 0.382, p ⫽ 0.076).
performance change and RS – SD performance change as predicTo explore the specificity of these effects, we additionally extors of prefrontal activity change from NS to RS and from SD to
amined the influence of total sleep time (TST) and alpha and
RS, NS – RS performance predicted activation change for both
theta power differences. TST did not predict performance recovNS to RS and SD to RS models; whereas, RS – SD performance
ery (r ⫽ 0.512, p ⫽ 0.159), and when TST was included in the
change did not predict either (for right prefrontal activation
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Table 3. Sigma power (RS-NS) versus activation (NS-RS; no-go vs go events)
MNI coordinates
Age, brain region, and
r direction
contrast
(⫹,⫺)
x
y
z
z score Voxel #
Right superior frontal sulcus
Left superior frontal sulcus
Left superior parietal/precuneus

⫹
⫺
⫺

27
⫺36
⫺15

42
3
⫺75

36
63
54

4.51
4.45
3.94

78
27
29

tween NS and RS conditions. Sigma power increases were associated with right superior prefrontal activation decreases and left
superior prefrontal and parietal activation increases (Table 3, Fig.
4A–C).

Discussion

These data demonstrate that recovery sleep alters next-day prefrontal activation, which in turn contributes to successful inhibitory performance recovery. When the go/
no-go task was performed after 10 h of RS,
performance nearly reached normal levels, as estimated by comparison to performance in the NS condition. Thus, the
performance difference between RS and
NS conditions was taken as a behavioral
index of the effectiveness of RS. In support
of this, RS and SD performance were
more related to each other than to NS performance. This suggests the RS condition
represents a state where cognitive recovery from sleep loss is not complete. Furthermore, the effectiveness of RS as
assessed in this manner was related to
EEG characteristics observed during RS:
(1) effectiveness was stronger with greater
delta and theta in RS compared with NS;
and (2) RS effectiveness was stronger with
Figure 4. Inhibitory activation change (no-go/go contrast; NS–RS) associated with percentage increase in  power from NS to less sigma in RS compared with NS. Given
RS. Increased sigma power from NS to RS is associated with decreased activation in the right superior frontal sulcus (A) from NS to the collinearity of delta and theta power, it
RS conditions and increased activation in left superior frontal sulcus (B) and superior parietal lobule (C) from NS to RS conditions. remains difficult to distinguish whether
All peaks are significant at p ⬍ 0.05 corrected across the entire brain volume at the cluster level.
delta and theta rhythms contribute to recovery independently or whether theta
shows a relationship merely because of its
model (r 2 ⫽ 0.882, p ⫽ 0.0093) with delta and sigma, it was not
correlation with delta. Thus, increasing the prevalence of slow
significant ( p ⫽ 0.8183), but sigma remained significant ( p ⫽
0.0131) and delta remained a trend (0.0650). Alpha power differwaves (and perhaps NREM theta rhythms) and decreasing the
ence did not predict performance recovery (r ⫽ 0.093, p ⫽
prevalence of sleep spindles appears to restore the ability to in0.8124), and when alpha power difference was included in the
hibit responses in the go/no-go task. At a group level, inhibitory
model (r 2 ⫽ 0.895, p ⫽ 0.0070) with delta and sigma, it was not
performance was recovered after one night of RS, and this was
significant ( p ⫽ 0.8183), but sigma and delta remained signifiassociated with a ⬃50% increase in delta power. This effect was
cant ( p ⫽ 0.0078 and 0.0367, respectively). The relationship beindependent of absolute power after NS and RS, suggesting
tween theta power difference and inhibitory performance
change in power between conditions predicts performance redifference showed a trend toward significance (r ⫽ 0.653, p ⫽
covery, and not individual differences in absolute power.
0.0567). However, theta power change was highly correlated with
The fMRI results provided additional insight into the neurodelta power change (r ⫽ 0.873, p ⫽ 0.0021). The combination of
physiology and functional neuroanatomy of recovery sleep. Redelta and theta power produced similar results as delta power
gression results showed that the effect of increased delta power on
alone (available at www.jneurosci.org as supplemental material),
inhibitory performance was mediated by its effect on right presuggesting that spectral power change in the delta and theta frefrontal activation. Although prefrontal cortex may also be inquency ranges predicts inhibitory performance recovery.
volved in mediating effects of sigma power changes, results
The relationship between delta and sigma power change and
suggested further mediation through other neural sources such as
SD to RS performance change was not detected (r ⫽ 0.04, p ⫽ 0.609
superior prefrontal and parietal cortex. Other frontal, parietal,
and r ⫽ 0.03, p ⫽ 0.641, respectively), nor were any relationships
and occipitotemporal regions were recruited by this task after NS
between change in sleep and performance change, e.g., change in
(supplemental Table S1, available at www.jneurosci.org as suptotal sleep time, percentage change in slow-wave sleep, alpha and
plemental material), but no activation in any of these regions
theta power change. Change in Delta power from NS to RS conmediated the relationship between sleep and performance recovditions predicted change in right prefrontal activation from SD to
ery. This argues that delta rebound may restore inhibitory perRS conditions (r ⫽ 0.779, p ⫽ 0.0134), and change in sigma
formance through action on relevant prefrontal systems. Given
power did not (r ⫽ 0.47, p ⫽ 0.2013). Change in right prefrontal
the relatively low power in the current study to detect relationactivation from SD to RS conditions did not act as a mediator
ships attributable to a small sample size, these effects may not be
between delta and sigma power and inhibitory performance
exclusive to the prefrontal cortex but may simply include the
change from NS to RS or SD to RS.
prefrontal cortex. Together, these data suggest that slow waves act
To explore what additional neural mechanisms sigma may
to restore or preserve next-day brain function in areas including
influence, percentage increase in sigma power was regressed
against whole brain activation change (no-go/go contrast) bethe prefrontal cortex, whereas sleep spindles may alter brain
#, Number.
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function in a way that is not conducive to inhibitory performance
recovery.
The same relationships were not detected using changes from
SD to RS as an index of performance recovery. These analyses
suggest that the correlations we observed with NS to RS changes
were specific to this method of measuring performance recovery.
No relationships were observed with performance change from
SD to RS and sleep, suggesting that change in sleep after sleep
deprivation is more predictive of how close one is to baseline in
terms of performance instead of how much one recovers in an
absolute sense. How slow waves during slow-wave sleep lead to
the restoration of function remains a mystery. Recent evidence
suggests the homeostatic regulation of slow waves may be controlled by astrocytic influences on adenosine type 1 receptors
(Halassa et al., 2009), and that this relationship has consequences
for recovery of working memory performance in mice (Bjorness
et al., 2009). Slow waves have been proposed to be important for
processes such as dissipation of the homeostatic drive, neurometabolic regulation, memory, and cellular restitution, each of
which may contribute to the process of performance recovery
(Tononi and Cirelli, 2003; Schulze, 2004).
In the current study, delta power was measured from central
electrodes as frontal electrodes were not applied. Though this is a
limitation of the current study, in a separate set of individuals, we
observed that delta power at the C3 derivation correlated very
highly with delta power detected at the F3 and Fz derivations
(available at www.jneurosci.org as supplemental material). Thus,
delta power at the C3 derivation appears to be a good marker for
delta power at frontal derivations. Future studies will need to
examine whether localized changes in slow-wave activity predicts
recovery of specific brain functions and related behaviors.
Whereas slow waves during slow-wave sleep are primarily generated within prefrontal cortex (Steriade et al., 1993; Massimini et al.,
2004), sleep spindles are generated in the reticular nucleus of
the thalamus and sculpt widespread corticothalamic activity
(Steriade et al., 1987). Late-night stage 2 sleep, where sleep spindle amplitude is at its highest, has been associated with improved
motor skills (Walker et al., 2002). This improvement has been
associated with a functional change in task-related activation in
sensory-motor brain regions (Walker et al., 2005), suggesting a
transition toward a more automated response strategy. The task
in the current study is a fairly simple visuomotor task with a high
degree of built-up response prepotency. Those individuals that
increased sigma power to a greater degree may have developed a
more automated response strategy. This automated response
strategy may have been less optimal for a task that requires the
ability to inhibit a prepotent response. Thus, the degree of
inhibitory performance recovery may depend on multiple
physiological changes, which may rely on distinct physiologic
systems.
Slow waves and sleep spindles are known to reciprocally inhibit each other (Dijk et al., 1993). This reciprocal relationship
suggests that the interaction of delta and sigma power may explain performance recovery more fully. In other words, increased
sigma power may only relate to performance recovery and concomitant activation change because of its relationship to delta
power. In the current study, differences in delta and sigma power
from NS to RS were not correlated across subjects, arguing
against this explanation. To more fully examine this question of
delta and sigma interaction, an interaction term was included in
the multiple regression model (% delta change ⫻ % sigma change
centered on the group mean), but was not found to be significant.
It must be noted that the current study sample size is small, and

delta power and sigma power explained a large portion of the
variance in performance. Thus, the current study is not powered
to examine whether spindle power is associated with inhibitory
performance across conditions merely through its association
with slow-wave intensity or independently of slow-wave intensity. However, if this sigma-performance relationship was due
entirely to the suppression of spindles by slow waves, then we
would expect equal mediation of prefrontal activity on the effects
of both sigma and delta power. We did not see this, and instead
show that sigma power remains a significant predictor when prefrontal activity is included into the regression model. This suggests that spindle action is at least partially independent of the
influence of delta on brain function.
Sleep is a heterogeneous physiological process with multiple
stereotypic wave forms associated with distinct EEG spectral
bands within separate sleep stages. It is likely that these different
waveforms may be important for the recovery of different functions. The current study is limited to a small sample size, tests
only one cognitive domain, and examines brain activity in a targeted prefrontal region, and thus cannot answer this question. To
better elucidate the relationships between sleep, cognitive recovery, and brain function, future studies with larger sample sizes
that test performance over multiple cognitive domains will be
necessary.
Another possibility is that sigma differences between NS and
RS are not characteristic of differences in sleep spindle power per
se, but rather are attributable to general differences in background sigma power (De Gennaro and Ferrara, 2003). In this
case, increased sigma may represent a marker of sleep that was
less restorative than sleep with lower general sigma power. Further, robust regression analysis revealed that the relationship between sigma power change and performance was influenced by
outliers. When correcting for outliers, there remained a trend for
sigma to predict performance recovery. Future studies will have
to examine these issues more closely. Nonetheless, delta and
sigma power appear to influence the degree of inhibitory performance recovery, and each appear to explain distinct portions of
the performance variance.
Relationships between the physiology of recovery sleep and
the recovery of cognitive function have been understudied,
but the current results provide a basis for future research. We
found that delta and sigma power changes predicted the degree of inhibitory performance recovery. This relationship was
further linked with how delta and sigma were associated with
prefrontal functioning. The ability to increase delta power during
NREM sleep appears to improve inhibitory performance recovery, whereas increasing sigma power hampers inhibitory performance recovery. One implication is that methods to
increase delta power, such as that proposed by Marshall et al.
(2004), may improve the speed and degree of inhibitory performance recovery after extended wakefulness.
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