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two nights of recovery sleep 
restores hippocampal connectivity 
but not episodic memory after total 
sleep deprivation
Ya chai1,3, Zhuo fang2,3,7, Fan Nils Yang1,3, Sihua Xu  2,3, Yao Deng2,3, Andrew Raine3, 
Jieqiong Wang3, Meichen Yu  5, Mathias Basner  4, Namni Goel  4, Junghoon J. Kim6, 
David A. Wolk3, John A. Detre3, David F. Dinges4 & Hengyi Rao3,4 ✉

Sleep deprivation significantly impairs a range of cognitive and brain function, particularly episodic 
memory and the underlying hippocampal function. However, it remains controversial whether one or 
two nights of recovery sleep following sleep deprivation fully restores brain and cognitive function. In 
this study, we used functional magnetic resonance imaging (fMRI) and examined the effects of two 
consecutive nights (20-hour time-in-bed) of recovery sleep on resting-state hippocampal connectivity 
and episodic memory deficits following one night of total sleep deprivation (TSD) in 39 healthy adults 
in a controlled in-laboratory protocol. TSD significantly reduced memory performance in a scene 
recognition task, impaired hippocampal connectivity to multiple prefrontal and default mode network 
regions, and disrupted the relationships between memory performance and hippocampal connectivity. 
Following TSD, two nights of recovery sleep restored hippocampal connectivity to baseline levels, but 
did not fully restore memory performance nor its associations with hippocampal connectivity. These 
findings suggest that more than two nights of recovery sleep are needed to fully restore memory 
function and hippocampal-memory associations after one night of total sleep loss.

Insufficient sleep is a widespread problem in contemporary societies. Millions of people sleep less than 7 hours 
per night, which is the minimum sleep duration to prevent cumulative deterioration in neurobehavioral perfor-
mance1–5. Sleep loss destabilizes the wake state, impairs cognition and behavior, increases the risk for multiple 
diseases, and incurs considerable social, financial, and health-related costs6–9.

Although the exact function of sleep remains to be elucidated, it is well known that sleep facilitates memory 
retention10–13, whereas sleep deprivation degrades memory performance and brain function14–23. Animal studies 
have consistently demonstrated the impairing effects of sleep loss on several neural circuits involved in learn-
ing and memory, in particular the hippocampal complex16–18. Accumulating evidence also suggests that newly 
encoded information temporarily stored in the hippocampus is reactivated during sleep and integrated with 
existing long-term memories stored in the neocortex24–26. In humans, sleep deprivation attenuates hippocampal 
function at rest as well as during memory encoding, consolidation, and recognition tasks14,15,22,23,27. A growing 
body of research suggests that functional connectivity between the hippocampus, prefrontal cortex, and default 
mode network (DMN) regions may play critical roles in memory function28–32, which are disrupted by sleep 
deprivation15,20,22,23.

Although the detrimental effects of sleep loss on memory and brain function are well established, whether and 
how recovery sleep restores memory and brain function after sleep loss are not well understood. To date, only a 
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limited number of studies have examined the restoring effects of recovery sleep on cognitive and brain function. 
For example, an animal study suggested that several hours of recovery sleep restored hippocampal synaptic plas-
ticity and connectivity in mice after brief sleep deprivation33. In humans, some studies have indicated that one or 
two nights of recovery sleep might be able to restore cognitive performance and brain adenosinergic system to 
baseline levels34–40, while others have suggested that neurobehavioral deficits, self-monitoring abilities, and brain 
metabolic decreases after total or chronic sleep loss might not be fully recovered by one or two nights of recovery 
sleep1,3,41–46. A recent study found that a 90-min recovery nap restored hippocampus-dependent learning during 
the day of sleep deprivation, and the structural morphology of hippocampal subfields predicted the success of 
learning restoration47. However, it remains unclear about how much amount of recovery sleep people would need 
to fully restore both cognitive and brain function following sleep deprivation.

The present study used resting-state functional magnetic resonance imaging (fMRI) and aimed to examine 
both the impairing effects of one night of total sleep deprivation (TSD) and the restorative effects of two con-
secutive nights (12-hours and 8-hours time-in-bed) of recovery sleep following TSD on episodic memory and 
hippocampal functional connectivity in a well-controlled 5-day and 4-night in-laboratory study (see Fig. 1). We 
also studied an additional cohort of control participants using the same protocol but without sleep loss to exclude 
the potential confounding effects of in-laboratory experimental procedures on brain connectivity and memory 
performance. While a number of literature has demonstrated the alteration of brain connectivity in different 
resting-state networks after sleep deprivation20–23,93, we focused on the effects of recovery sleep following sleep 
deprivation on hippocampal functional connectivity and episodic memory performance in this study. Based on 
previous literature, we hypothesized that one night of acute TSD would significantly disrupt episodic memory 
performance (H1a) and the underlying hippocampal connectivity (H1b) as compared to baseline levels, whereas 
two nights of recovery sleep after one night of acute TSD would restore both episodic memory performance 
(H2a) and hippocampal connectivity (H2b) to baseline levels.

Results
We first compared behavioral performance on the episodic memory task before and after TSD to determine the 
effects of one night of acute TSD on memory function. As shown in Fig. 2, memory performance was signifi-
cantly impaired after TSD (day 3) when compared to baseline (day 2), including significantly decreased hit rate 
(p < 0.05), increased false alarm (p < 0.01), and reduced d-prime (p < 0.001), while no differences were found in 
the memory performance between the corresponding day 2 and day 3 in the control subjects (all p > 0.05). These 
findings support our hypothesis (H1a) that one night of acute TSD would disrupt episodic memory function. We 

Figure 1. The 5-day and 4-night experimental protocols for (a) the total sleep deprivation (TSD) group, and 
(b) the non-sleep-deprived control group. Participants arrived at the laboratory in the afternoon of Day 1 and 
were provided 9–10 h time-in-bed (TIB) for baseline sleep (BS) on Night 1. After the first scanning session 
(fMRI scan 1) in the morning of Day 2, participants were randomized to either a TSD or a control condition. 
On Night 2, the TSD group was kept awake while the control group was allowed 8 h TIB control sleep. After the 
second scanning session (fMRI scan 2) in the morning of Day 3, the TSD group was then allowed 12 h TIB and 
8 h TIB recovery sleep (RS) on Night 3 and Night 4 respectively, while the control group was allowed 8 h TIB 
control sleep on both nights. The third scanning session (fMRI scan 3) took place in the morning of Day 5. The 
scanning time for the three scanning sessions was kept constant from 0700 h to 1000 h, and each participant was 
scanned at the same time across the three scanning sessions to avoid the potential time-of-day differences (scan 
duration for each participant was about an hour). Participants completed the Memory Test in each afternoon 
during the protocol.
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then compared memory performance at baseline (day 2) and after recovery sleep (day 5) to examine whether two 
nights of recovery sleep could fully restore episodic memory function. Contradicting with our initial hypothe-
sis H2a, memory performance was still significantly impaired in hit rate (p < 0.05), false alarm (p < 0.05), and 
d-prime (p < 0.001), suggesting that participants may need more than two nights of recovery sleep to restore 
memory function after one night of sleep loss.

For brain imaging data, we compared resting-state functional connectivity patterns before and after TSD to 
determine the effects of one night of acute TSD on hippocampal connectivity. As shown in Fig. 3a and listed in 
Table 1, hippocampal connectivity was significantly reduced in multiple DMN and prefrontal regions, including 
the posterior cingulate cortex (PCC), medial superior frontal gyrus (mSFG), right ventromedial prefrontal cortex 
(R.vmPFC), and right precentral gyrus (R.PreCG), and was significantly increased in bilateral cerebellum and 
right dorsolateral prefrontal cortex (R.dlPFC) after one night of TSD when compared to baseline condition. All 

Figure 2. Averaged episodic memory performance (hit rate, false alarm, and discrimination scores (d’)) 
(±SEM) across the four consecutive days for the total sleep deprivation (TSD) group and the control group. 
Significant differences were found in hit rate, false alarm, and d’ across the four consecutive days (baseline sleep 
(D2), TSD (D3), recovery sleep (D4), recovery sleep (D5)) in the TSD group. All three indexes of memory 
performances diminished significantly after TSD compared to baseline sleep (D2) (p < 0.05). However, task 
performances did not return to baseline levels (D2) after two consecutive nights of recovery sleep (D4 & D5) 
relative to TSD (D3) (p > 0.05). The differences in task performances between baseline sleep (D2) and first 
night of recovery sleep (D4; except hit rate) as well as second night of recovery sleep (D5) were both significant 
(p < 0.05). In the control group, no differences in task performances were found among corresponding days 
(p > 0.05). The baseline levels (D2) of all three indexes did not differ between groups (p > 0.05). *p < 0.05, 
**p < 0.01, ***p < 0.001.

Figure 3. Functional connectivity analysis for both the total sleep deprivation (TSD) group and the control 
group, using bilateral hippocampus as the seed. (a) The contrast of TSD vs. BS showed significantly decreased 
connectivity between bilateral hippocampus and bilateral medial superior frontal gyrus (mSFG), posterior 
cingulated cortex (PCC), right ventromedial prefrontal cortex (R.vmPFC), as well as right precentral gyrus 
(R.PreCG), whereas increased connectivity between bilateral hippocampus and right dorsolateral frontal cortex 
(R.dlPFC) as well as bilateral cerebellum following TSD compared to following BS. Images were displayed 
at a threshold of uncorrected p < 0.001 with cluster size larger than 30 voxels. (b) In the control group, the 
contrast of D3 vs. D2 did not show any significant connectivity differences. BS: baseline sleep; TSD: total sleep 
deprivation.
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of these brain regions survived whole brain family-wise error rate (FWE) corrected p < 0.01. These regions were 
defined as the regions of interest (ROIs) for further analyses to determine the restoration effects of two nights 
of recovery sleep on hippocampal connectivity. In contrast, no brain connectivity differences were found in the 
control group (see Fig. 3b). These findings support our hypothesis (H1b) that one night of acute TSD would sig-
nificantly disrupt hippocampal connectivity.

The results from the ROI analyses are shown in Fig. 4. When comparing hippocampal connectivity at base-
line (day 2) and after recovery sleep (day 5), no differences were observed in the TSD group (all p > 0.05). These 
findings support our hypothesis (H2b) and suggest that two nights of recovery sleep would restore hippocampal 
connectivity to baseline levels after one night of sleep loss. Moreover, the ROI analyses also demonstrated that the 
increased connectivity in the R.dlPFC from the whole-brain analysis was due to reduced negative connectivity 
(anti-correlations) between the hippocampus and this region (p < 0.001), and the increased connectivity in the 
cerebellum was due to reversed connectivity (from negative to positive correlations) to the hippocampus during 
TSD (day 3) as compared to baseline (day 2). No connectivity differences were found among any scans from the 
three corresponding days in the control subjects (all p > 0.05).

We also examined the relationships between hippocampal connectivity and episodic memory performance 
(d-prime) separately during each scan day (day 2, day 3, and day 5, see Fig. 5) using correlation analyses and 
non-parametric permutation tests. A significant positive correlation was observed between resting-state hip-
pocampal connectivity and memory performance (d-prime) in the R.vmPFC (Fig. 5a, Pearson r = 0.419, 
p = 0.001; Spearman rho = 0.336, p = 0.036; permutation test p = 0.003). However, this correlation was disrupted 
during TSD (Fig. 5b, Pearson r = 0.208, p = 0.20; Spearman rho = 0.144, p = 0.38; permutation test p = 0.11) 
and following recovery sleep (Fig. 5c, Pearson r = 0.176, p = 0.28; Spearman rho = 0.126, p = 0.26; permutation 
test p = 0.13). Although the comparisons of correlation coefficients did not reach significant differences between 
conditions, these findings suggest that TSD impaired the associations between hippocampal connectivity and epi-
sodic memory performance and such impairments might not be fully restored after two nights of recovery sleep.

Discussion
To our knowledge, this study demonstrated for the first time both the detrimental and restoring changes in 
resting-state hippocampal connectivity and episodic memory after one night of acute total sleep deprivation and 
following two consecutive nights of recovery sleep. As expected, we found significantly impaired connectivity 
between hippocampus and multiple brain regions after TSD, which is in line with previous memory and sleep 
deprivation studies14,15,20,22,23,38,47–49. However, we also found that two nights of recovery sleep following TSD did 
not restore episodic memory performance to baseline, even though hippocampal connectivity was restored to 
baseline levels. These findings only partly support our hypothesis concerning the restoring effects of recovery 
sleep but are nevertheless consistent with several previous studies showing insufficient restoration of cognitive 
performance and/or brain function after one or two nights of recovery sleep following sleep loss1,3,41–45. In addi-
tion, the associations between hippocampal connectivity and episodic memory performance were also disrupted 
during TSD and did not fully restore after two nights of recovery sleep, suggesting that intact hippocampal func-
tional connectivity may not be sufficient to support normal episodic memory function after two nights of recov-
ery from sleep deprivation.

Numerous previous studies have undoubtedly demonstrated the impacts of sleep loss on multiple neurobe-
havioral domains, particularly attention, learning, and memory7,8,10,11,21,41,50,51. Impaired neurobehavioral per-
formance includes slowed response times, concentration lapses, increased errors of commission and omission, 
and mitigated learning ability and memory consolidation. For example, using a picture recognition memory 
task, Yoo and colleagues15 found that a single night of total sleep deprivation produced significant deficits in 
hippocampus-dependent episodic memory encoding and subsequent memory retention, while Sterpenich and 
colleagues14 showed that one night of total sleep deprivation impaired recollection of positive and neutral pictures 
(but not negative pictures). Moreover, Van Der Werf and colleagues27 reported that even a mild sleep disruption 
was sufficient to affect hippocampal-dependent memory encoding and performance. Using a free recall test of 
word lists, de Almeida and colleagues38 reported that both episodic memory and short-term memory were sig-
nificantly spared after two nights of sleep deprivation. In our study, we found that one night of TSD significantly 

Brain Regions x, y, z p value (FWE corrected) Cluster Size Peak T

BS > TSD

Medial Superior Frontal Gyrus 3, 66, 15 <0.001 68 5.39

Posterior Cingulate Cortex 0, −54, 36 <0.001 145 4.83

R. Precentral Gyrus 33, −12, 66 <0.001 103 4.72

R. Ventromedial Prefrontal Cortex 6, 30, −24 <0.01 42 4.33

TSD > BS

L. Cerebellum −6, −72, −21 <0.001 114 5.68

R. Cerebellum 36,−63,−27 <0.01 56 5.31

R. Dorsolateral Prefrontal Cortex 36, 42, 18 <0.01 52 5.07

Table 1. Brain regions showing significantly different hippocampal functional connectivity during total sleep 
deprivation (TSD) as compared to baseline (BS). All clusters survived whole brain FWE corrected p < 0.05. R. 
right, L. left.
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reduced hit rate, increased false alarm, and reduced d-prime, which are consistent with previous studies and fur-
ther support the key role of sleep in hippocampus-dependent episodic memory function. Memory performance 
did not show any significant changes across three scan days in the control protocol without sleep deprivation, 
suggesting that hindered memory performance was specific to sleep loss and not due to other aspects of the 
experimental protocol that the control participants also experienced.

TSD altered functional connectivity between the hippocampus and multiple DMN and prefrontal regions, 
including the PCC, vmPFC, and mSFG. These findings replicate previous studies showing that TSD impaired 
hippocampal connectivity at rest and/or during memory tasks14,15,20,22,23. Both the PCC and vmPFC are the 
core nodes of DMN, which is thought to be involved in autobiographical and episodic memory processing52–54. 
Enhanced connectivity between the hippocampus and DMN has been linked to successful memory formation 
in normal individuals55,56 while reduced connectivity has been observed in patients with episodic memory 
deficits57,58. However, we did not find increased hippocampal connectivity to subcortical regions after TSD as 

Figure 4. Region of interest (ROI) analysis for the total sleep deprivation (TSD) group and the control 
group. Functional connectivity between bilateral hippocampus and bilateral medial superior frontal gyrus 
(mSFG), posterior cingulated cortex (PCC), right precentral gyrus (R.PreCG), right ventromedial prefrontal 
cortex (R.vmPFC) decreased significantly after TSD (D3) relative to baseline sleep (D2) (p < 0.001), and 
increased significantly after recovery sleep (D5) relative to TSD (D3) (p < 0.001). The anti-correlation between 
bilateral hippocampus and bilateral cerebellum as well as right dorsolateral frontal cortex (R.dlPFC) reduced 
significantly after TSD (D3) relative to baseline sleep (D2) (p < 0.001), and returned back to baseline level (D2) 
after two nights of recovery sleep (D5) relative to TSD (D3) (p < 0.001). The differences in hippocampus-ROIs 
connectivity between baseline sleep (D2) and recovery sleep (D5) were not significant (p > 0.05). In the control 
group, no differences in connectivity were found among corresponding days (p > 0.05). The baseline levels (D2) 
of hippocampus-ROIs (except bilateral cerebellum) connectivity did not differ between groups (p > 0.05). Error 
bars represent standard errors of the mean. *p < 0.05, **p < 0.01, ***p < 0.001.

Figure 5. The scatter plots showed the correlation between hippocampal connectivity and episodic memory 
performance (d’) after baseline sleep (BS, a), during total sleep deprivation (TSD, b), and following recovery 
sleep (RS, c).
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reported in several previous studies15,22. The discrepancy may be due to differences in the experimental design, 
study protocol, characteristics of participants, as well as data acquisition parameters and analysis pipelines. For 
example, the study by Yoo et al.15 employed a between-subject design and compared hippocampal connectiv-
ity between a cohort of sleep-deprived subjects and another independent cohort of non-sleep-deprived con-
trols during the performance of a memory encoding task. In contrast, both the current study and the study by 
Chengyang et al.22 employed a within-subject design and compared resting-state hippocampal connectivity in 
the same cohort of healthy adults at rested wakefulness and after one night of sleep deprivation. The Chengyang 
et al. study22 included two scans from 20 healthy young male adults (age range 18–24 years) while the current 
study included three scans from 70 male and female healthy adults with a much larger age range (21–50 years). 
In addition, all subjects in the current study were required to stay in the laboratory across 5 days and 4 nights and 
carefully monitored for their activities and food intake, while subjects in previous studies were monitored in the 
laboratory during the TSD period. However, it remains unknown how the laboratory environment and specific 
activities would affect hippocampal connectivity and memory function.

We also found that TSD significantly increased hippocampal connectivity to the right dlPFC, a key node of 
the task-positive dorsal attention network (DAN). However, ROI analyses indicated that such increased con-
nectivity was actually due to reduced anti-correlation between the dlPFC and the hippocampus. Since the hip-
pocampus is a core region of the DMN54,59,60, this finding is consistent with the literature demonstrating reduced 
anti-correlations between the DMN and DAN after sleep loss20,61–65. During rested wakefulness after normal 
sleep, the task-negative DMN is usually activated whereas the task-positive DAN is suppressed at rest in the 
absence of task requirements, suggesting a functional decoupling between these two networks66,67. The reduction 
of anti-correlation during TSD suggests that task-negative and task-positive networks may fail to remain func-
tionally distinct from each other after sleep loss, which may lead to an altered allocation of cognitive resources 
to brain networks and poor modulation of attention processes in response to shifting cognitive demands21,68,69.

One night of TSD not only impaired resting-state hippocampal connectivity, but also disrupted the asso-
ciations between hippocampal connectivity and episodic memory performance. Specifically, resting-state hip-
pocampal connectivity to prefrontal regions (R.vmPFC) correlated with episodic memory performance following 
baseline sleep, but not during sleep deprivation or after recovery sleep. These findings are consistent with the view 
that hippocampus-prefrontal communications are important for optimal redistribution of temporal memory 
traces to more permanent cortical storage, and that disruptions of such communications may compromise the 
cognitive capacity for committing new experiences to memory15.

Consistent with our hypothesis, we found that disrupted hippocampal connectivity after TSD returned to 
baseline levels after two consecutive nights (20 hours of time-in-bed) of recovery sleep. However, we did not 
observe full restoration of memory performance and its associations with hippocampal connectivity to baseline 
levels after two consecutive nights of recovery sleep. These findings on memory restoration failure appear to 
contradict several prior studies where it was suggested that one night of recovery sleep restored cognitive per-
formance34–36,38,39,70 to baseline levels. Specifically, a previous study reported that a 90-min recovery nap restored 
hippocampus-dependent learning ability and memory function in a mnemonic similarity task during the day of 
acute total sleep deprivation47. However, the failure of memory restoration after two nights of recovery sleep is 
in line with many other previous studies where it was indicated that more than one night of recovery sleep was 
needed to fully restore cognitive performance1,3,37,41,43–46 and brain metabolic changes42 after total or chronic sleep 
loss. For example, Dinges and colleagues41 reported that one night of recovery sleep was not sufficient to reverse 
cognitive deficits resulting from chronic sleep restriction. Similarly, Belenky and colleagues1 showed that three 
nights of recovery sleep were not able to fully restore performance in the psychomotor vigilance task (PVT) after 
seven nights of chronic sleep restriction. Pejovic and colleagues44 showed that PVT performance deficits persisted 
after two nights of recovery sleep following six nights of chronic sleep restriction (6-h). Lo and colleagues45 also 
reported that sustained attention performance did not return to baseline levels after two nights of recovery sleep 
following seven nights of chronic sleep restriction (5-h). Taken together, our findings provide further evidence 
supporting that two nights of recovery sleep are insufficient to fully restore cognitive and brain function from one 
night of TSD.

There are several limitations in our study. First, this study only involves overnight total sleep deprivation, 
thus we could not determine the specific contribution of different types of sleep, such as slow wave sleep (SWS) 
or rapid eye movement (REM) sleep to the detrimental effects of sleep loss on hippocampal connectivity and 
episodic memory. Moreover, we were not able to examine the sleep stage changes during the two night of recov-
ery sleep. However, the dual-process hypothesis suggests that SWS is more important for declarative memory 
(including episodic memory and semantic memory) whereas REM sleep is essential for procedural memory71–75. 
Increased functional coupling between the hippocampus and neocortical regions has been found in stage-2 
sleep76, while decreased coupling between the hippocampus and PCC has been found during SWS compared 
with the waking state77. Furthermore, increases in hippocampal connectivity correlate with the amount of prior 
SWS78. These findings suggest that different types of memories may occur during different sleep stages. Future 
studies should replicate the current findings and determine the potential different roles of stage-2 sleep, SWS, and 
REM sleep in maintaining and restoring brain network integrity and memory function.

Second, although both acute TSD and chronic sleep restriction can induce similar impairments in cogni-
tive performance, some studies suggest that the recovery following acute TSD may be faster than that following 
chronic sleep restriction3,34,70. Therefore, acute TSD and chronic sleep restriction might have somewhat different 
physiological processes1,79,80. The present study focuses on the effects of acute TSD and their restoration, thus our 
findings cannot be generalized to the effects of chronic partial sleep restriction on brain function and its associ-
ations with memory performance. Future studies are needed to determine whether acute total sleep deprivation 
and chronic partial sleep restriction and their recovery would share the same or separable neural mechanisms, 
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and whether neural recovery would occur across the same time period or over a different temporal duration fol-
lowing different forms and doses of sleep deprivation21.

Third, we only used fMRI to measure resting-state hippocampal connectivity and did not image memory 
task in the scanner at the same time. Previous task-related fMRI studies have reported significant effects of sleep 
deprivation and recovery sleep on memory performance and hippocampal function14,15,27,81. However, because 
sleep deprivation simultaneously impairs brain function and memory performance, it is difficult for task-related 
fMRI studies to dissociate the effects of sleep loss on brain function per se from the effects of sleep loss on task 
performance that subsequently affects brain function. Moreover, the use of resting-state fMRI may eliminate 
confounds of differences in task performance, effort, practice, task strategy82,83, and reduce the potential effects of 
fatigue on brain connectivity. Of note, sleep deprived participants may easily become fatigued when performing 
tasks, therefore, the use of resting-state fMRI outperforms the use of task-based fMRI with respect to sleep depri-
vation studies. Nonetheless, future studies may need to combine both resting-state and task-related fMRI to more 
comprehensively understand the impairing effects of sleep deprivation and the restoring effects of recovery sleep 
on brain function and memory performance.

Finally, the final analyses only included 39 subjects with an age range between 21 and 50 years. Although this 
sample size is not small in the sleep deprivation literature, we were not able to find significant differences in the 
correlation coefficients between memory performance (d-prime) and the hippocampal connectivity across base-
line, TSD, and recovery sleep conditions. Thus, our results of the disrupted relationships between memory perfor-
mance and hippocampal connectivity after TSD and recovery sleep need to be regarded as preliminary and future 
studies with a larger sample size are needed to validate our findings. In addition, because memory degradation is 
highly prevalent in elderly individuals, future studies are necessary to examine how sleep loss and recovery sleep 
impact memory function in this vulnerable population. However, our findings may have important implications 
for understanding memory dysfunction in aging and neurodegenerative diseases. For example, hippocampal 
connectivity measured by resting-state fMRI may offer a noninvasive approach for monitoring the effects of 
sleep loss on the episodic memory system in the human brain. Disturbed hippocampal connectivity has been 
consistently observed in mild cognitive impairment and Alzheimer’s Disease (AD), for which episodic memory 
degradation is a hallmark symptom57,58. Both animal and human studies have demonstrated that sleep loss exac-
erbates amyloid-beta (Aβ) plaque aggregation in the brain, a fundamental process leading to AD84–87. Moreover, 
a very recent study suggests that quantitative and qualitative features of human sleep may represent non-invasive 
biomarkers of AD pathology88. Since reduced sleep duration and increased sleep disturbances are concomitant 
symptoms of aging and AD89–92, disruption in hippocampal connectivity and its associations with memory per-
formance may provide a plausible mechanism for the deleterious effects of sleep loss in this population.

In summary, here we used resting-state functional magnetic resonance imaging in a well controlled 
in-laboratory sleep deprivation protocol and demonstrated both the impairing effects of one night of acute total 
sleep deprivation and the restoring effects of two consecutive nights of recovery sleep on hippocampal connec-
tivity and episodic memory performance. We found that sleep deprivation significantly impaired hippocampal 
connectivity to multiple prefrontal and default mode network regions, reduced episodic memory performance, 
and disrupted the associations between them. Although hippocampal connectivity was fully restored to baseline 
levels after two nights of recovery sleep, episodic memory performance and its associations with hippocampal 
connectivity did not return to baseline. These findings support the critical role of sleep in maintaining the integ-
rity of hippocampal circuits and suggest that people may need more than two nights of recovery sleep to fully 
restore both memory performance and their associations with brain function after one night of total sleep loss. 
Optimization of sleep time may represent a potential effective intervention for the deleterious effects of sleep loss 
on memory and hippocampal function, with therapeutic opportunities for aging and AD.

Methods
Participants. A total of 70 healthy adults (age range 21–50 years, 41 males) participated in a 5-day and 
4-night in-laboratory controlled sleep deprivation experiment93,94, including 54 adults in the experimental group 
with one night of TSD (Fig. 1a) and 16 adults in the control group without sleep loss (Fig. 1b). Fifteen participants 
in the TSD group and one participant in the control group were excluded due to head motion, MR hardware 
problem, falling asleep during the scans, and/or missing behavioral data. Thus, fifty-four participants (age range 
21–50 yrs, 28 males) were included in the present study, including 39 in the TSD group (mean age = 33.5 ± 8.8 yrs, 
22 males) and 15 in the control group (mean age = 34.5 ± 9.0 yrs, 7 males). The sleep-wake schedule of each par-
ticipant was assessed by at least one week actigraphy, sleep-wake diaries, sleep and circadian rhythm question-
naires, and a night of laboratory polysomnography and oximetry measurements during the weeks preceding the 
study. All participants had a regular sleep-wake schedule of nocturnal sleep duration between 6.5 and 8.5 hours, 
regular bedtime between 2200–0000 h and wake time of 0600–0900 h, and no evidence of habitual napping or 
sleep disorders. Participants could not have participated in trans-meridian travel or shift work, nor had irregular 
sleep-wake routines for 60 days prior to the in-lab study. Caffeine, alcohol, tobacco, medications (except 4 sub-
jects took oral contraceptives and one subject took Mirena for birth control) or other psychoactive substances 
were prohibited from the week prior to and during the in-laboratory study. All participants were right-handed, 
not current smokers, and had no history of chronic physical or mental illness, as established by interviews, ques-
tionnaires, physical examinations, and blood and urine tests. This study was approved by the Institutional Review 
Board of the University of Pennsylvania and was carried out in accordance with the Declaration of Helsinki. All 
participants provided written informed consent before enrollment and were compensated for participating in 
the study.
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In-laboratory study protocol. The in-laboratory study lasted 5 consecutive days and 4 nights (see Fig. 1a 
for the study protocol). All participants stayed in a laboratory room of the Clinical Translational Research Center 
at the Hospital of the University of Pennsylvania. Participants arrived at the laboratory on the afternoon of day 1 
and were provided 9–10 hours time-in-bed (TIB) sleep opportunity for baseline sleep on night 1. The first fMRI 
scan session took place on the morning of day 2 (0700–1000 hours). Participants were then randomized to either 
a TSD or a control condition. On night 2, participants in the SD group were kept awake and then underwent the 
second fMRI scan on the morning of day 3 (0700–1000 hours). On nights 3 and 4, these participants received 12 
and 8 hours recovery sleep, respectively. We used two consecutive nights of recovery sleep because previous stud-
ies have suggested that neurobehavioral and brain activity deficits after sleep loss may not be fully recovered after 
one night of sleep3,42. The third fMRI scan took place on the morning of day 5 (0700–1000 hours). Participants in 
the control group (Fig. 1b) also had the same three fMRI scans on the mornings of days 2, 3, and 5, but they were 
provided 8 hours TIB sleep on nights 2 to 4. Because previous studies have suggested that time-of-day may mod-
ulate brain activity and memory performance95–104, the time of fMRI scans and cognitive tests were fixed for all 
subjects and kept constant across the whole protocol to minimize the potential confounding time-of-day effects.

Throughout the 5-day protocol, participants were continuously behaviorally monitored by trained staff in a 
semi-isolated living area. They were provided meals at regular, pre-specified hours, as well as snacks within rea-
sonable limits. When not testing during the study, they were permitted to engage in non-strenuous activities such 
as reading and watching television. They were not allowed to do any physically demanding tasks, work on laptops, 
or leave the study environment.

During the afternoons (1400–1800 hours) of days 2 to 5, all participants completed a scene encoding and rec-
ognition task to measure episodic memory function after SD. For the episodic memory task, participants were 
asked to view 90 or 150 color pictures during the encoding session and told to remember them for later recognition 
testing. Each day participants learned a different set of picture stimuli consisting of scenes, landscapes, objects, 
and non-famous people, which were pseudo-randomly selected from the International Affective Pictures System 
(IAPS)105 and online, The number of pictures was kept the same across different days. Pictures with extreme emo-
tional valence were excluded. The pictures were matched in terms of overall visual complexity, brightness, con-
trast, and emotional valence. Each picture was displayed on the computer screen for 1 second with 0.5 second 
inter-stimulus interval. A few minutes after the encoding task, participants performed the recognition tests, in which 
they viewed 30 pictures from the encoding session mixed with 60 new pictures as foils. Participants were required 
to make a forced-choice response as to whether they remembered the picture from the encoding session (‘old’) or 
believed they had not viewed the picture before (‘new’). There were four types of responses: (i) old pictures correctly 
recognized as old (‘hits’); (ii) new stimuli correctly recognized as new (‘correct rejections’); (iii) old pictures incor-
rectly judged to be new (‘misses’); and (iv) new pictures incorrectly judged to be old (‘false alarms’). Task perfor-
mance was calculated on the basis of hit rate [hits/(hits + misses)], false alarm (FA) rate [false alarms/(false alarms 
+ correct rejections)], and signal detection accuracy d-prime (d’). According to the signal detection theory, d-prime 
is calculated as the normalized distance between the probability distributions of signal and noise and noise alone106. 
Greater d-prime indicates participants have better performance to discriminate target from nontarget therefore a 
better memory in the task. Differences in episodic memory performance across the four consecutive days (days 2–5) 
were analyzed using repeated measures one-way analyses of variance (ANOVA).

Imaging data acquisition and analysis. All MRI scans were performed using a 3 T Siemens Trio sys-
tem (Siemens Medical Systems, Erlangen, Germany). A multiband gradient-echo EPI sequence was used for 
resting-state BOLD fMRI data acquisition with the following parameters: TR = 2 s, TE = 24 ms, FOV = 220 × 
220 mm, matrix = 64 × 64 × 36, slices thickness = 4 mm, 36 interleaved slices without gap. A total of 210 images 
were acquired from about 7 min scanning for each participant. Participants were instructed to remain still in 
the scanner, keep their eyes open and look at a cross fixation on the center of a screen. An eye-tracking camera 
was used to monitor participants’ eyes to confirm that they did not fall asleep during the scan. After the func-
tional scans, high-resolution (1 × 1 × 1 mm3) T1-weighted anatomic images were obtained using a standard 3D 
MPRAGE sequence for structural reference.

Image data processing and analyses were carried out with the Statistical Parametric Mapping software (SPM 
12, Wellcome Department of Cognitive Neurology, UK) and the REST 2.0 toolbox (http://resting-fmri.source-
forge.net/), implemented in Matlab 14 (Math Works, Natick, MA). The 3 translational/rotational motion parame-
ters and the framewise displacement (FD) were calculated. To control for the effect of head motion, the threshold 
of head motion parameters were set as 2 for translational/rotational motion and 0.5 for mean FD. Data from 
subjects whose head motion parameters were over the threshold were discarded. After head motion correction, 
scrubbing, and co-registration, functional images were smoothed using an isotropic Gaussian kernel with a 
full-width at half-maximum (FWHM) of 4 mm and then normalized to the standard Montreal Neurological 
Institute (MNI) space. Linear trends were also removed. All functional volumes were finally band pass filtered 
at 0.01–0.08 Hz to reduce low-frequency drift and physiological high-frequency respiratory and cardiac noise. 
Nuisance covariates including six head motion parameters, global mean signal, white matter signal and CSF sig-
nal were regressed out before the seed-based functional connectivity (FC) analysis107.

The hippocampal seed was defined as the bilateral hippocampus from an automated anatomical labeling 
region of interest library108. The Pearson’s correlation coefficients between the mean BOLD fMRI signal time series 
of the seed region and all other voxels within the brain were calculated, generating a correlation map for each par-
ticipant. Fisher’s r-to-z transformation {z = 0.5 Ln [(1 + r)/(1 − r)]} was then applied on these correlation maps 
to improve the normality of the correlation coefficients. A whole-brain voxel-wise group-level paired t-test was 
performed on these z-transformed correlation maps to compare resting-state brain connectivity patterns before 
and after TSD and determine the effects of one night of acute TSD on hippocampal connectivity. The threshold 
was defined as whole brain family-wise error (FWE) corrected p < 0.05. The regions showing significant changes 
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in connectivity to hippocampus were then defined as the regions of interest (ROIs) to determine the restoration 
effects of two nights of recovery sleep on hippocampal connectivity. Spearman and Pearson correlation analyses, 
as well as permutation tests were performed to examine the relationships between hippocampal connectivity 
and episodic memory performance (d-prime) separately during each scan day using SPSS Statistics for Windows 
(Version 18.0, IBM, Chicago, IL). Specifically, we used a permutation testing procedure to test the significance of 
the Pearson correlation: (i) the observed Pearson correlation was computed between the hippocampus-R.vmPFC 
connectivity and the d-prime; (ii) the values of d-prime were permuted relative to the connectivity values; (iii) 
Pearson correlation was then re-computed after each permutation; (iv) (i) and (ii) were repeated 10,000 times to 
build a null distribution of Pearson correlations for comparison with the observed Pearson correlation. Moreover, 
we used a correlation comparison method suggested by Diedenhofen and Musch109 to evaluate whether corre-
lation coefficients between memory performance (d-prime) and the hippocampal connectivity were statistically 
different across baseline, TSD, and recovery sleep conditions.
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