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Abstract
Study Objectives: Sleep deprivation and circadian disruptions impair brain function and cognitive performance, but few studies have 
examined the effect of sleep inconsistency. Here, we investigated how inconsistent sleep duration and sleep timing between weekends 
(WE) and weekdays (WD) correlated with changes in behavior and brain function during task and at rest in 56 (30 female) healthy 
human participants.

Methods: WE–WD differences in sleep duration and sleep midpoint were calculated using 1-week actigraphy data. All participants 
underwent 3 Tesla blood-oxygen-level-dependent functional Magnetic Resonance Imaging (fMRI) to measure brain activity during a 
visual attention task (VAT) and in resting-state condition.

Results: We found that WE–WD inconsistency of sleep duration and sleep midpoint were uncorrelated with each other (r = .08, 
p = .58) and influenced behavior and brain function differently. Our healthy participants showed relatively small WE–WD differences 
(WE–WD: 0.59 hours). Longer WE sleep duration (relative to WD sleep duration) was associated with better attentional performance 
(3-ball: β = .30, t = 2.35, p = .023; 4-ball: β = .30, t = 2.21, p = .032) and greater deactivation of the default mode network (DMN) during 
VAT (p < .05, cluster-corrected) and greater resting-state functional connectivity (RSFC) between anterior DMN and occipital cortex 
(p < .01, cluster-corrected). In contrast, later WE sleep timing (relative to WD sleep timing) (WE–WD: 1.11 hours) was associated with 
worse performance (4-ball: β = −.33, t = −2.42, p = .020) and with lower occipital activation during VAT and with lower RSFC within 
the DMN.

Conclusions: Our results document the importance of consistent sleep timing for brain function in particular of the DMN and 
provide evidence of the benefits of WE catch-up sleep in healthy adults.
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Statement of Significance

Sleep inconsistency is highly prevalent in modern societies and usually related to work-induced sleep restriction and circadian mis-
alignment on weekdays (WD) with subsequent compensatory sleep on weekends (WE). The current study sheds light on the changes 
in brain function associated with WD–WE inconsistent sleep duration and sleep timing in healthy adults. While WE catch-up sleep 
correlated with enhanced task-induced deactivation of default mode network (DMN) and DMN connectivity with occipital cortex at 
rest, inconsistent sleep timing, referred to as social jetlag, had detrimental effects on behavior and brain function during task and at 
rest (lower occipital activation during task and DMN resting-state functional connectivity). Our findings indicate a beneficial effect of 
consistent bedtime and catch-up sleep on WE.
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Introduction 

Sleep loss and circadian misalignment are common in modern 
societies and deteriorate various aspects of cognitive perform-
ance [1–3]. To compensate for work-induced sleep restriction 
and circadian misalignment, there is a tendency to sleep in and 
to align better with the inner circadian clock on weekends (WE), 
which leads to sleep inconsistency between WE and weekdays 
(WD). However, it is unclear whether WE catch-up sleep can help 
recover from WD sleep restriction and whether it is beneficial to 
switch back toward a better alignment with the internal circa-
dian clock on WE.

So far, studies tackling these questions have focused on ado-
lescents and young adults, who have delayed circadian rhythms 
due to their developmental stages. Mismatched school sched-
ules cause chronic sleep loss and circadian disruptions in this 
population [4]. WE catch-up sleep (longer WE relative to WD 
sleep duration) was associated with poor attention [5] and aca-
demic performance [6] in adolescents and young adults. Larger 
WE–WD variation in sleep timing, which referred to as social 
jetlag and reflected circadian misalignment, was correlated 
with increased vulnerability to drug use in adolescents [4]. Few 
studies, however, have examined the effect of WE–WD sleep in-
consistency in adults who experience work-related sleep loss 
and social jetlag of less severity than that seen in adolescents. 
One study showed that WE catch-up sleep lowered the risk for 
hypertension in Korean adults [7], indicating that sleeping in on 
WE might be beneficial in adults. Studies of how WE–WD sleep 
inconsistency affects brain function have been limited. To our 
knowledge, only one neuroimaging study has been reported and 
it showed that larger WE–WD sleep timing inconsistency was 
associated with decreased medial prefrontal cortex (MPFC) and 
striatal responses to reward in adolescents [8].

Two independent processes are believed to regulate sleep: 
circadian rhythmicity, which controls sleep timing, and homeo-
static sleep pressure, which accumulates during wakefulness 
and declines with sleep [9]. These two processes distinctly 
modulate the brain during a sustained attention task: sleep 
debt had negative effects on higher-order association cortices 
that spanned frontal, parietal, insular, and cingulate regions, 
whereas circadian rhythmicity modulated subcortical areas 
and a few cortical areas including visual and sensorimotor 
cortices [10]. Here, we assessed in adults, how WE–WD incon-
sistency of sleep duration and sleep timing correlates with at-
tentional performance and associated brain activation, which 
are known to be sensitive to sleep loss and circadian disrup-
tions [11, 12] and whether differences in task-related activity 
were concurrent with differences in resting-state functional 
connectivity (RSFC) [13], which is also influenced by sleep loss 
and sleep patterns [14–16]. We hypothesized that (1) longer WE 
sleep duration (relative to WD) would correlate with better at-
tentional performance and larger WE–WD differences in sleep 
timing would correlate with worse attentional performance; (2) 
greater WE–WD inconsistency of sleep duration would mainly 
affect cortical areas, whereas inconsistent sleep timing would 
mainly affect subcortical and visual areas; (3) longer WE sleep 
duration (relative to WD) would be associated with greater RSFC 
within the default mode network (DMN, referred to as task nega-
tive network), since the integration within the DMN [14–16], and 
its segregation with other networks was decreased by sleep de-
privation [17], whereas habitual longer sleep duration increased 
them [18], and (4) inconsistent WE–WD sleep timing, which is 

thought to reflect circadian misalignment, would be associated 
with reduced RSFC within the DMN as evening-type individuals, 
who experience circadian disruption had lower DMN RSFC than 
morning-types [19].

Methods

Participants

Data were collected from 56 healthy participants (age: 43.95  ± 
13.57; 30 female) who were free of psychiatric disorders, head 
injury, and substance use disorder (except for nicotine/caffeine). 
All participants were asked to arrive at the National Institutes of 
Health (NIH) at 09:00 am on the scan day and were scanned be-
tween 11:00 am and 01:00 pm. Participants were not allowed to 
consume any nicotine or caffeine after arriving at NIH (i.e. at least 
2 hours before the scan). Participants were scanned on average 
7 days after their 1-week actigraphy assessment. History of nico-
tine and caffeine use and the number of days between actigraphy 
assessments and scans are summarized in Table 1. Participants 
with a binge drinking history in the past 10 years were excluded. 
Written informed consent approved by the Institutional Review 
Board at the NIH was obtained from all participants.

Sleep measurement

To record sleep behavior, participants were asked to wear a 
wrist-worn GENEActiv triaxial accelerometer monitor (Version 
1.1; Activinsights Ltd., Cambridgeshire, UK) 24 hours continu-
ously for 1 week. The monitor was placed on the nondominant 
wrist and participants were asked not to remove it. For analysis, 
we used the freely available R package GGIR (v1.8-1) to process 
the raw accelerometer data in a bin format. The algorithm im-
plemented in GGIR allows us to detect sleep periods without the 
use of a sleep diary and its accuracy was independently valid-
ated with polysomnography [20]. Procedures for the identifica-
tion of sleep period time-window (SPT-window) by GGIR were as 
previously described (van Hees et al. [20]). In brief, the algorithm 
uses median values of the absolute changes in z-angle across 
5-minute rolling windows and detects the inactivity blocks 
for which the values are below a certain critical threshold. 
The longest block of inactivity (noon-noon) is defined as SPT-
window. Sleep midpoint was then calculated as the timepoint 
between the onset and end of the SPT-window. 

We computed inconsistent sleep duration and inconsistent sleep 
timing as two indexes of sleep inconsistency between WE (Friday 
and Saturday) and WD (from Sunday to Thursday). For each par-
ticipant, inconsistent sleep duration was calculated as the differ-
ence between WE and WD sleep duration divided by the average 
sleep duration for all nights (including WE and WD). Inconsistent 
sleep timing was calculated as the difference between WE and 
WD sleep midpoint divided by the average sleep duration for 
all nights (including WE and WD). Of note, our study focused on 
the effects of WE–WD sleep inconsistency. To minimize the in-
fluence of interindividual differences of sleep duration on the 
measures of sleep inconsistency, we calculated the extent of 
sleep changes/shifting as the percentage of an individual’s sleep 
duration, i.e. divided WE–WD differences by the individual’s 
average sleep duration. By this means, we were able to compare 
the extent of sleep inconsistency across participants. Positive 
value of inconsistent sleep duration means longer WE sleep 
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duration relative to WD and positive value of inconsistent sleep 
timing means delayed WE sleep timing relative to WD. Negative 
values indicate the opposite.

MRI acquisition and image preprocessing

All participants underwent Magnetic Resonance Imaging 
(MRI) on a 3.0T Magnetom Prisma scanner (Siemens Medical 
Solutions USA, Inc., Malvern, PA) with a 32-channel head coil. 
A  multiplexed gradient echo-planar (EPI) pulse sequence [21] 
with multiband factor  =  8, anterior-posterior phase encoding, 
Repetition time (TR)/Echo time (TE)  =  720/37  ms, Flip angle 
(FA) = 52 deg, matrix = 104, and 72 slices were used to record 
blood-oxygen-level-dependent (BOLD) responses covering the 
whole brain with 2 mm isotropic voxels while participants re-
mained with their eyes open. A  liquid-crystal display screen 
(BOLD screen 32, Cambridge Research Systems, UK) was used 
for the presentation of stimuli during the visual attention task 

(VAT) and of a fixation cross during the resting-state scans 
(white cross, displayed at the center of the visual field on a black 
background for 15 minutes). Padding was used to minimize 
head motion.

T1-weighted 3D magnetization-prepared gradient-echo 
image [22] (MP-RAGE; TR/TE  =  2400/2.24  ms, FA  =  8 deg) and 
T2-weighted variable flip angle turbo spin-echo [23] (Siemens 
SPACE; TR/TE = 3,200/564 ms) pulse sequences were used to ac-
quire high-resolution anatomical brain images with 0.7 mm iso-
tropic voxels field-of-view (FOV) = 240 × 256 mm, matrix = 300 × 
320, and 208 sagittal slices.

FreeSurfer version 5.3.0 (http://surfer.nmr.mgh.harvard.edu) 
was used to automatically segment the anatomical MRI scans 
into cortical and subcortical gray matter regions of interest [24]. 
We used the minimal preprocessing pipelines [25] of the Human 
Connectome Project (HCP) for motion correction and spatial nor-
malization of the structural and functional scans to the stereo-
tactic space of the Montreal Neurological Institute (MNI). The 
functional Magnetic Resonance Imaging (fMRI) data were then 
spatially smoothed with a 4-mm full width at half maximum 
(FWHM) using the Analysis of Functional NeuroImages (AFNI) 
program [26] 3dBlurToFWHM.

Visual attention task

Participants performed a blocked nonverbal VAT that alternated 
1-minute-long “TRACK” epochs with 1-minute-long “DO NOT 
TRACK” epochs [27–30]. This task activates attention-related 
brain regions: prefrontal, parietal, occipital cortices, and subcor-
tical regions, including thalamus and cerebellum [27, 29, 31, 32]. 
The brain responses to the VAT as well as performance are sen-
sitive to sleep deprivation [12, 33].

“TRACK” or “DO NOT TRACK” instructions were displayed 
at the beginning of each epoch for 3 seconds. TRACK epochs 
were subsequently followed by five 11.4-second-long periods. 
The target balls (2, 3, or 4 out of 10 balls) were initially high-
lighted for 0.5 seconds. Then, the highlights disappeared, 
and all balls started moving randomly across the screen with 
Brownian motion. Participants had to mentally track the 
moving targets for 9.4 seconds while fixating on a cross at the 
center of the visual field. Then, all the balls stopped moving, 
a set of targets was highlighted for 0.5 seconds, and parti-
cipants pressed a button if these balls matched the original 
targets. After a 1-second response window, the original target 
set was re-highlighted for 0.5 seconds to refocus participants’ 
attention on the target balls and the balls began to move 
again (Figure 1). During the “DO NOT TRACK” epochs, the 10 
balls moved and stopped in the same manner as the “TRACK” 
epochs, but no balls were highlighted; during this condition, 
participants were instructed to fixate on the center cross and 
ignore the moving balls. This condition was used to control 
for the confounding effect of visual input activation. All par-
ticipants performed three runs of the VAT (2-, 3-, and 4-ball 
tracking), each one comprising three “TRACK” and three “DO 
NOT TRACK” epochs and lasting 6 minutes. The stimuli were 
synchronized with the MR acquisition using an MRI trigger 
pulse. Button press responses were recorded with the Lumina 
response pad LSC-400 (Cedrus Co., San Pedro, CA). The reaction 
time (RTs) and accuracy (Hits%) were recorded. Participants 
completed a training session of a shortened version of the VAT 
before scans to ensure task comprehension.

Table 1. Demographics, caffeine and cigarette consumption, 
chronotype, sleep behavior, and performance on the VAT 

Characteristic Mean (SD)

Age (years) 43.95 (13.57) median: 43,  
Range 21–73

Gender 30 female, 26 male
Caffeine use (mg/d) 75 (117.63)
Cigarette use (pack/y) 0.77 (3.52) median: 0, Range 0–21
MEQ 59% neither type, 27%  

moderate M type, 7% definite  
M type, 4% moderate E type

BDI 1.24 (2.35)
Sleep duration per night (h) 6.91 (1.24)
Sleep duration WE (h) 7.31 (1.42)
Sleep duration WD (h) 6.74 (1.46)
Sleep duration (WE–WD) (h) 0.59 (1.66)
Bedtime per night (o’clock) 11:30 pm (1.65 h)
Wake up time per night  

(o’clock)
6:24 am (1.74 h)

Bedtime WE (o’clock) 12:21 am (2.01 h)
Wake up time WE (o’clock) 7:41 am (1.81 h)
Bedtime WD (o’clock) 11:10 pm (1.73 h)
Wake up time WD (o’clock) 5:54 am (2.04 h)
Sleep midpoint per night  

(o’clock)
3:24 am (1.26 h)

Sleep midpoint WE (o’clock) 4:00 am (1.78 h)
Sleep midpoint WD (o’clock) 2:53 am (1.15 h)
Sleep midpoint (WE–WD) (h) 1.11 (1.38)
VAT (2-ball) RT (s) 0.93 (0.26)
VAT (3-ball) RT (s) 0.90 (0.34)
VAT (4-ball) RT (s) 0.96 (0.36)
VAT (2-ball) Hits% 92.94 (11.88) median:100,  

Range: 46.67–100
VAT (3-ball) Hits% 88.05 (16.24) median: 93.33,  

Range: 26.67–100
VAT (4-ball) Hits% 80.13 (18.88) median 86.67,  

Range: 40.00–100
Day of scans  

(% of participants)
Mon: 20%, Tue: 30%, Wed: 5%,  
Thurs: 43%, Fri:2%

Days (Actimetry-Scan) 7.48 (16.03)

MEQ, Morningness Eveningness Questionnaire; M type, morning type; E type, 

evening type; BDI, the Beck Depression Inventory; RT, reaction time; Days 

(Actimetry-Scan), days passed between actimetry assessment and scans (posi-

tive value: actimetry assessment preceded scans; negative value: actimetry 

assessment followed scans).

http://surfer.nmr.mgh.harvard.edu
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Task performance analysis

Linear multiple regression models in SPSS 22 (IBM, Armonk, 
NY) were used to predict VAT performances (RTs and accuracy 
in 2-, 3-, and 4-ball tracking), with WE catch-up sleep and in-
consistent sleep timing as predictors (regressors of interest) and 
age and gender as covariates. Distribution of the residuals from 
the models were tested and the linear model assumptions were 
satisfied.

Task activation analysis

AFNI software (Version 19.1.18) [26] was used for task-based fMRI 
analysis. For each participant, a general linear model (GLM) with 
Gamma distribution was used to estimate the hemodynamic re-
sponse to ball-tracking using AFNI’s 3dDeconvolve. Twelve mo-
tion parameters (three rotational, three translational, and their 
derivatives) calculated from image realignment and three poly-
nomials were included as regressors of no interest. Estimates of 
regression coefficients (β) and associated T-values were obtained 
for “TRACK” epochs for each of 2-, 3-, and 4-ball tracking condi-
tion in contrast to “DO NOT TRACK” epochs. The regression coef-
ficients (β) were then used for second-level analysis.

For the second-level analysis, a linear mixed-effects (LME) 
modeling was conducted at a whole-brain level using AFNI’s 
3dLME [34]. Task difficulty level (2-, 3-, or 4-ball tracking) was 
included as the within-subject effect, while inconsistent sleep 
duration, inconsistent sleep timing, age, and gender were in-
cluded as between-subject effects. Additionally, interactions 
of “task difficulty*inconsistent sleep duration” and “task 
difficulty*inconsistent sleep timing” were modeled in LME.

All voxel-wise results were thresholded at a single voxel level 
of p < .001. Cluster size thresholds corrected for multiple com-
parisons (p < .05) were calculated through AFNI’s 3dClustSim 
(updated July 2016; Cox et al. [35]), which generates Monte Carlo 
simulations to determine appropriate cluster sizes and ad-
dresses the recent criticisms of the cluster method [36] by using 
a mixture of exponential functions to model more realistic noise 
distribution. Based on 3dClustSim, our whole-brain analyses re-
quired a cluster size larger than 20 voxels to be significant.

Resting-state analysis

We conducted RSFC using the CONN toolbox 18a (http://www.
nitrc.org/projects/conn; Whitfield-Gabrieli and Nieto-Castanon, 
2012) [37] in MATLAB. CONN implemented CompCor, a method 

for identifying principal components associated with segmented 
white matter and cerebrospinal fluid [38]. These components 
were entered as confounds into a first-level analysis. The global 
BOLD signal was not regressed out because it mathematically 
introduces negative correlations [39]. Twelve motion regressors 
calculated from image preprocessing were entered as nuisance 
covariates to further minimize the effects of head motion. None 
of the 56 participants showed excessive motion and none were 
excluded from the analysis (relative root mean square of motion 
regressors: .12 ± .05). The data were simultaneously band-pass 
filtered to .008–.09 Hz. Despiking was applied before regression 
to reduce the influence of potential outlier scans. To assess func-
tional connectivity, we conducted seed-voxel correlation ana-
lysis. The MPFC and the posterior cingulate cortex (PCC) were 
a priori defined as seeds with a 10-mm radius sphere centered 
around MNI coordinates (1, 55, −3) and (1, −61, 38), respectively. 
These coordinates were provided by the toolbox and obtained 
from CONN’s Independent component analysis analyses of HCP 
dataset with 497 participants. We also conducted follow-up 
RSFC analyses with seeds from the task-based analysis to 
understand whether task-related effects reflect intrinsic con-
nectivity changes in the resting state. According to the deactiva-
tion of DMN regions associated with sleep inconsistency during 
VAT (see Results), left and right superior frontal gyrus (SFG) and 
right angular gyrus (AG) obtained from the FSL Harvard–Oxford 
Atlas were additionally used as seeds. First-level connectivity 
maps computed Pearson’s correlation coefficients between the 
time-course of seeds and the time-courses of all other voxels in 
the brain. Correlation coefficients were then converted to nor-
mally distributed Z-scores using the Fisher transformation for 
the second-level analysis. At the group level, we examined the 
associations between WE–WD sleep inconsistency (inconsistent 
sleep duration and sleep midpoint) and RSFC using a GLM. To 
control for age and gender, we included them as regressors of 
no interest. Associations were considered significant if they ex-
ceeded a voxel-wise threshold level of p < .001, uncorrected, and 
a cluster-level threshold of p < .05, corrected for false discovery 
rate (FDR), two-tailed. A Bonferroni correction was then applied 
based on the number of seeds. Results were thus considered sig-
nificant at the cluster-level threshold of p < .01 (.05/5) FDR.

Results
Demographics, timing of scans, and Beck’s depression inventory 
(BDI) scores are summarized in Table 1.

Figure 1. Visual attention task (2-ball tracking). During TRACK epochs, participants tracked the target ball set, which was briefly highlighted (frame 2) after the instruc-

tion (frame 1), while all 10 balls randomly moved for 9.4 s (frame 3). Then, participants responded with a button press if the highlighted balls were the target set that 

they were tracking (frame 4). After a 1-s response window, the original target set was re-highlighted for 0.5 s to re-focus participants’ attention on the target balls and 

the balls began to move again. 

http://www.nitrc.org/projects/conn
http://www.nitrc.org/projects/conn
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Sleep and sleep inconsistency

The results of sleep behaviors (sleep duration, bedtime, wake 
up time) measured by the accelerometer and the chronotype 
assessed by the Morningness-Eveningness Questionnaire are 
summarized in Table 1.

Inconsistent sleep duration (.10 ± .26) and inconsistent sleep 
timing (.17  ± .23) were uncorrelated with each other (r  =  .08, 
p = .58), which indicates that they are two independent indexes 
of sleep inconsistency. Neither inconsistent sleep duration nor 
inconsistent sleep timing were correlated with age, gender (all |r| 
< .26, all p > .05), or BDI (all |r| < .20, all p > .10).

VAT behavioral performances

The results of VAT performances (accuracy and RTs) are sum-
marized in Table 1.

VAT accuracy decreased as the VA load increased 
(F(2,90) = 4.63, p < .001, η p

2 =  .258; post hoc t tests: all t > 3.25, 
Bonferroni-corrected all p < .01) and this effect was not signifi-
cant for RT (F(2,90) = .74, p = .479, η p

2 = .016).

Sleep inconsistency and VAT behavioral 
performances

VAT accuracy and RT were separately regressed on inconsistent 
sleep duration, inconsistent sleep timing, age, and gender. Of note, in 
our model, inconsistent sleep duration and timing are estimated as 
the percentage of an individual’s sleep duration. Positive value refers 
to longer WE sleep duration or delayed WE sleep timing relative to 
those on WD (please see Methods). This multiple regression model 
significantly predicted accuracy in the 3- and 4-ball conditions 
(3-ball: F(4,48) = 4.63, p = .003, adjusted R2 = .218; 4-ball: F(4,44) = 3.83, 
p = .009, adjusted R2 = .191) and predicted RTs in the 2-ball condi-
tion (F(4,46) = 3.28, p =  .019, adjusted R2 =.154). Inconsistent sleep 
duration (longer WE relative to WD sleep duration) was positively 
associated with accuracy in the 3-ball (β = .30, t = 2.35, p = .023) and 
4-ball conditions (β = .30, t = 2.21, p = .032), while inconsistent sleep 
timing (delayed sleep timing on WE) was negatively associated with 
accuracy in the 4-ball condition (β = −.33, t = −2.42, p = .020) and RTs 
in the 2-ball condition (β= .28, t = 2.06, p = .045).

Half of the participants were scanned at the beginning of the 
workweek (Monday and Tuesday) and the other half were scanned 
at the end of the workweek (Wednesday, Thursday, and Friday) 
(Table 1). To examine the effect of scan day, we conducted the same 
regression analyses separately for participants scanned in the 
first half of the workweek and participants scanned in the second 
half of the workweek. The beneficial effect of WE catch-up sleep 
(longer WE relative to WD sleep duration) on accuracy was only 
found in participants scanned at the beginning of the workweek 
(3-ball: F(4,22) = 6.04, p = .002, adjusted R2 = .436, β = .38, t = 2.21, 
p = .038) but not at the end of the workweek (3-ball: F(4,21) = 1.86, 
p = .115, adjusted R2 = .121, β = .34, t = 1.71, p = .102).

For the effects of age and gender on VAT performance, please 
refer to Supplementary Material.

There were n = 20 participants who showed shorter sleep dur-
ation on WE than WD and we compared them with those who had 
longer WE sleep duration than WD and examined the relationship 
between inconsistent sleep duration and behavioral performance 
in these two groups separately. We found a tendency toward a bene-
ficial effect of longer WE sleep on behavioral performance even 

with the limited statistical power in these analyses: among par-
ticipants who had longer WE sleep, larger sleep consistency (WE–
WD) correlated with better behavioral performance. In contrast, 
among participants who have shorter WE sleep than WD, larger 
sleep inconsistency (WD–WE) correlated with worse behavioral 
performance (Supplementary Material shows results and related 
discussion). Few participants (n = 10) showed advanced WE sleep 
timing compared with WD, so we did not have statistical power to 
test its effects in performance or brain activation patterns.

Modeling sleep duration as an independent variable
Additionally, we modeled “average sleep duration” as a separate 
variable and used pure measures of sleep inconsistency “WE–
WD differences in sleep midpoint” and “WE–WD differences 
in sleep duration” (rather than sleep inconsistency quantified 
as percentage of an individual’s sleep duration in the original 
model). The multiple regression model significantly predicted 
accuracy in the 3- and 4-ball conditions (3-ball: F(5,48)  =  3.19, 
p = .015, adjusted R2 = .186; 4-ball: F(5,44) = 3.94, p = .005, adjusted 
R2 = .251) and predicted RTs in the 2-ball condition (F(5,47) = 3.68, 
p = .008, adjusted R2 = .222). Delayed WE sleep timing was nega-
tively associated with accuracy in the 3-ball (β = −.32, t = −2.37, 
p =  .023) condition, while longer WE sleep duration relative to 
WD was positively associated with accuracy in the 4-ball condi-
tion (β = .40, t = 2.85, p = .007) and negatively associated with RTs 
in the 2-ball condition (β = −.30, t = −2.18, p = .035). In sum, the 
results were roubust against different modeling.

Sleep inconsistency and VAT brain activation

VAT brain activation
The VAT activated frontal, parietal and occipital cortices, cere-
bellum, and thalamus and deactivated the DMN [40] (Figure 2). 
The results were consistent with previous studies [12, 33].

Inconsistent sleep duration and VAT brain activation
After controlling for age and gender, participants with longer 
WE relative to WD sleep duration showed greater deactivation of 
DMN, including precuneus, medial frontal gyrus (MFG), right AG, 
and bilateral SFG during the 3-ball tracking. In the 4-ball condi-
tion, this effect was only significant in the right AG (Table 2 and 
Figure 3).

Inconsistent sleep timing and VAT brain activation
Participants with a greater delay of sleep midpoint on WE 
showed lower activation in the left middle occipital gyrus 
(MOcG) in the 4-ball condition (Table 2 and Figure 4).

For the effects of age and gender on VAT brain activation, 
please refer to Supplementary Material.

Sleep inconsistency and RSFC

Inconsistent sleep duration and RSFC
Participants with longer WE relative to WD sleep duration dis-
played higher RSFC between the MPFC and the left MOcG 
(Table 3 and Figure 5).

Inconsistent sleep timing and RSFC
Participants with a greater delay of sleep midpoint on WE 
showed lower RSFC between SFG and middle temporal gyrus 

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa076#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa076#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa076#supplementary-data
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(MTG) in the left hemisphere (Table 3 and Figure 5). There were 
no significant correlations between inconsistent sleep timing 
(greater delay of sleep midpoint in WE than WD) and RSFC when 
AG or PCC was used as seed. 

For the effects of age and gender on RSFC, please refer to 
Supplementary Material.

Discussion
The current study examined the association between sleep in-
consistency and attention performance, task-induced brain 
activation, and RSFC in healthy adults. The participants with 
longer WE sleep duration relative to WD displayed a better at-
tentional performance that was associated with greater DMN 
deactivation and higher functional connectivity between the 
anterior DMN (MPFC) and the occipital cortex (left MOcG) at rest. 
Interestingly, the association between improvement in attention 
performance and related DMN deactivation with greater WE–
WD sleep duration depended on the task difficulty. The benefi-
cial effect was observed for the middle and high (3- and 4-ball) 
but not the low (2-ball) VA-load conditions and the extent of cor-
related DMN deactivation was smaller in the high than in the 
middle VA-load conditions. Independent of the effect of incon-
sistent sleep duration, inconsistent sleep timing correlated with 
worse attentional performance and with lower occipital activa-
tion and RSFC within the DMN (between left SFG and left MTG).

Consistent with our hypothesis, longer WE sleep duration 
relative to WD was associated with better attentional perform-
ance. This beneficial effect was only observed at the beginning 
but not at the end of the workweek reflecting a dissipation of 

the WE catch-up sleep benefit and the accumulation of work-
induced sleep debt. In line with our previous study [41], better 
performance in VAT was related to greater DMN deactivation, 
especially deactivation of the inferior parietal lobe including the 
right AG, which is essential for visuospatial awareness [42]. The 
influence of sleep loss on the activity of DMN regions during cog-
nitive tasks has been well-documented [43, 44]. Opposite to the 
reduced deactivation of DMN in sleep-deprived individuals [12], 
the greater DMN deactivation in participants with larger WE–
WD sleep duration is consistent with recovery from WD sleep 
restriction by WE catch-up sleep in these individuals. Altered 
fronto-occipital RSFC could also contribute to attentional per-
formance. Aberrant RSFC within fronto-temporo-occipital cor-
tices was reported in Attention deficits hyperactivity disorder 
(ADHD) [45]. Enhanced RSFC between anterior DMN and oc-
cipital cortex related to longer WE–WD sleep duration could fa-
cilitate task-related visual activation. In sum, WE catch-up sleep 
might contribute to attention by enhancing task-induced de-
activation of DMN and strengthening its connectivity with the 
occipital cortex at rest. Notably, longer WE sleep duration (rela-
tive to WD sleep duration) had opposite effect in adults com-
pared with adolescents [5, 6]. Adults in the current study were 
less sleep deprived (WE–WD: 0.59 hours, average sleep duration 
6.91 hours) than adolescents in previous studies (e.g. WE–WD: 
2.70 hours in Kim et al. [5] and 2.13 hours in O’Brien et al. [46]). 
Thus, while larger WE–WD sleep duration might mainly reflect 
longer WE catch-up sleep in healthy adults, it might mainly re-
late to severe sleep debt accumulated over WD in adolescents. It 
is likely that WE catch-up sleep can help recover from mild but 
not severe sleep loss.

Figure 2. VAT brain activation. VAT brain activation and deactivation during “TRACK” in contrast to “DO NOT TRACK” epochs (t-map) averaged over 2-, 3-, and 4-ball 

conditions. The VAT activated frontal, parietal and occipital cortices, cerebellum, and thalamus (red) and deactivated the DMN (blue). The color bar shows the t-score.

Table 2. Inconsistent sleep and brain activation during VAT

Brain region BA
Peak x y z  
(Talairach) K Z-value

Brain activation (3-ball tracking) associated with inconsistent sleep duration       
 AG (R) 39 +48 −60 +24 150 −3.53
 Precuneus 31 −2 −56 +18 68 −3.97
 MFG 11 6 +46 −12 64 −3.47
 SFG (R) 8 +18 +34 +46 53 −3.35
 SFG (L) 8 −20 +22 +50 23 −3.65
Brain activation (4-ball tracking) associated with inconsistent sleep duration       
 AG (R) 39 +52 −58 +20 42 −3.49
Brain activation (4-ball tracking) associated with inconsistent sleep timing       
 MOcG (L) 18 −36 −86 +4 32 −3.43

BA, Brodmann area; K, cluster size (voxels); L, left; R, right.

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa076#supplementary-data
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The next question is why the beneficial effect of WE catch-up 
sleep was not found when the task demand was low? A recent 
study reported that less DMN deactivation predicted greater 
task effort avoidance [47]. Lower DMN deactivation in sleep-
deprived individuals [12] could reflect their reduced motivation 
to exert effort. Indeed, decreased attentional effort measured by 
pupillometry has been observed after sleep deprivation [48]. WE 
catch-up sleep enhancement of VAT induced DMN deactivation 
might have improved attentional performance by increasing 
the effort of participants. As effort makes the most difference 
when the task demand is moderate, it might explain the lack 
of benefits in the low VA-load condition as well as the smaller 
DMN deactivation in the high VA-load condition. Our finding is 
consistent with the finding of Gilbert et al. [49] that task-induced 
DMN deactivation was affected by task difficulty.

Delayed WE sleep timing (WE–WD: 1.11 hours) disrupted VAT 
performances. Unlike inconsistent sleep duration that affected 
frontal and parietal areas, inconsistent sleep timing reduced ac-
tivation in the occipital cortex. Our findings are consistent with 
the two-process model of sleep regulation [9] and with the find-
ings of Muto et al. [10] that these two processes distinctly affect 

the brain. However, different from Muto et  al. [10], we did not 
find the effect of circadian misalignment in subcortical regions, 
which could be attributed to the lower sensitivity of multiband 
for detecting subcortical signals. As expected, participants 
with greater delays in WE sleep timing showed reduced RSFC 
between frontal and temporal regions of the DMN. Decreased 
DMN RSFC has been associated with inattention and impul-
sivity in ADHD [50]. Thus, reduced DMN RSFC associated with 
delayed WE sleep timing might underlie the attention impair-
ments. Importantly, all participants were tested in the morning 
and most of them were morning chronotype, or neither morning 
nor evening chronotype (Table 1). Therefore, our results are un-
likely to be confounded by diverse chronotypes or testing times 
and suggest that even mild social jetlag can impair performance 
during regular working hours when we are normally alert.

Our study revealed that the DMN was sensitive to inconsist-
ency of both sleep duration and sleep timing. Accumulating evi-
dence indicates that deactivation of the DMN during task and 
DMN RSFC are modulated by the dopaminergic (DA) system 
[51]. As sleep deprivation [52, 53] and disruption of circadian 
rhythms [54] strongly interfere with DA signaling, it is possible 

Figure 3. Inconsistent sleep duration and VAT brain activation. Longer WE relative to WD sleep duration was associated with greater deactivation of DMN during VAT 

including right AG, MFG, precuneus, and bilateral SFG (z-map). For the 3-ball condition, longer WE relative to WD sleep duration was positively associated with greater 

deactivation of DMN regions (upper panel left), whereas for the 4-ball condition, it was associated with deactivation of only the right AG (upper panel right). The benefi-

cial effect was not observed for the low VA-load condition (2-ball tracking). The color bar shows the z-score. The plots on the bottom are only for the visualization of the 

direction of effects and not for the inference (3-ball: lower panel left; 4-ball: lower panel right). The x-axis of the plots depicts inconsistent sleep duration calculated as 

WE–WD differences of sleep duration divided by an individual’s average sleep duration for all nights (see Methods). The y-axis depicts t-score for VAT brain activation/

deactivation during “TRACK” in contrast to “DO NOT TRACK” epochs.
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that alterations of the DA system might mediate the correlation 
between sleep inconsistency and DMN. Considering the inde-
pendent effect of inconsistent sleep duration and sleep timing, 
future studies could evaluate if they differentially affect DA 
function. The cross-sectional design of our study does not allow 
us to determine the causality between sleep inconsistency and 
changes in brain function. There is evidence that DMN RSFC af-
fects the sleep–wake cycle [55], so we can not rule out the possi-
bility that altered DMN increases sleep inconsistency and leads 
to varied sleep duration and sleep timing.

The following are study limitations that should be considered 
when interpreting our findings. In our study, most partici-
pants had longer sleep duration in WE than in WD. Our find-
ings of inconsistent sleep duration associated with improved 
performance and greater deactivation of DMN during the task 
might reflect the direction of the inconsistency toward greater 
WE catch-up sleep (please also refer to additional analyses in 
Supplementary Material). The effects of inconsistent sleep dur-
ation that results in shorter sleep during the WE than WD need 

to be determined. Similarly, most participants had delayed sleep 
timing on WE relative to WD, which could reflect the fact that 
circadian periods in humans are typically greater than 24 hours. 
However, as we had few participants (n = 10) who had advanced 
WE sleep timing (Figures 4 and 5), we were not able to compare 
participants with advanced vs. delayed WE sleep timing. Thus, 
it is unclear whether absolute sleep timing differences between 
WE and WD (irrespective of direction) or the WE sleep timing 
relative to WD matters. Additionally, our participants were 
healthy and showed relatively low sleep inconsistency. Thus, 
the observed changes in brain function could be larger in other 
populations. The effect of sleep inconsistency could vary among 
different chronotypes, which we could not test since most of our 
participants were morning or neither types. Evening types are 
more likely to accumulate a sleep debt during WD and to have 
greater sleep extension on WE [56, 57], so they might not be able 
to recover from sleeping in on WE and experience more severe 
consequences of circadian misalignment. Also, it remains un-
clear how sleep inconsistency affects more complex cognition, 

Table 3. Inconsistent sleep and RSFC 

Seed Target BA
Peak x y z  

(MNI) K T
Cluster FDR  
(P-value)

RSFC associated with inconsistent  
sleep duration 

        

MPFC MOcG (L) 19 −34 −74 36 49 4.79 .001
RSFC associated with inconsistent  

sleep timing
        

SFG(L) MTG (L) 21 −64 −38 2 34 −4.81 .008

BA, Brodmann area; MNI, Montreal Neurological Institute coordinates; K, cluster size (voxels); L, left; FDR, false discovery rate (correction for multiple comparisons).

Figure 4. Inconsistent sleep timing and VAT brain activation. Delayed sleep timing on WE was associated with lower activation of left MOcG in the 4-ball condition 

(left), while no associations were observed in the 2-ball or 3-ball conditions (z-map). The color bar shows the z-score. The plot on the right is only for the visualization 

of the direction of effect and not for the inference. The x-axis of the plot depicts inconsistent sleep timing calculated as WE–WD differences of sleep midpoint divided 

by an individual’s average sleep duration for all nights (see methods). The y-axis depicts t-score for VAT brain activation/deactivation during “TRACK” in contrast to 

“DO NOT TRACK” epochs.

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa076#supplementary-data
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affective function, and risk-taking behavior [58, 59]. Our scans 
were conducted on average 7 days after the actigraphy assess-
ment. The observed brain changes in the current study, there-
fore, might mainly reflect a chronic rather than an acute effect 
of sleep inconsistency. Comparing scans immediately before (on 
Friday) and after WE (on Monday) could be a better approach to 
assess the acute effect of WE catch-up sleep and delayed WE 
sleep timing in the future. Additionally, prolonged sleep assess-
ments that expand over multiple weeks could provide more 
reliable measurements of acute vs. chronic effects of sleep in-
consistency. Apart from this, though WE–WD differences in 
sleep timing have been proposed as an indirect measurement 
of circadian misalignment [60], it might not reflect the severity 
of circadian misalignment. Physiological assessments of the cir-
cadian phase (e.g. dim light melatonin onset) would provide a 
more precise quantification of circadian misalignment. A limita-
tion of this study is that we do not have information on whether 
there were shift workers among our participants or whether 
they had recently traveled across time zones, which would 
have led to larger sleep inconsistencies. We did not restrict caf-
feine throughout the day of the scan which could be another 
limitation of this study as the half-life of caffeine is 5–6 hours. 
However, the beneficial effect of WE catch-up sleep occurred 
mainly in the first half of the week and it is doubtful that parti-
cipants drank more caffeine at the beginning of the week, so it 
is unlikely that our findings were due to differences in caffeine 
intake on the day of study. Our study did not screen participants 
for nicotine or Tetrahydrocannabinol vaping, the use of which 
has been rising and thus future studies should control for this.

In summary, longer WE catch-up sleep appears to help adults 
recover from moderate sleep loss and might increase the effort 

of performing middle to high attention-demanding tasks by 
enhancing task-induced DMN deactivation and by enhancing 
its functional connectivity with occipital cortex at rest. In con-
trast, delayed WE sleep timing was associated with an impaired 
attentional performance by reducing task-induced occipital ac-
tivation and intrinsic DMN functional connectivity at rest. This 
study shows the different effects of inconsistent sleep duration 
in the direction of longer WE than WD sleep duration (catch-up 
sleep) and sleep timing in the direction of delayed WE sleep on 
both behavior and brain activity especially of the DMN.

Supplementary Material
Supplementary material is available at SLEEP online.
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