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Functional connectivity of the default mode network predicts 
subsequent polysomnographically measured sleep in people 
with symptoms of insomnia
William D.S. Killgore, Samantha Jankowski, Kymberly Henderson-Arredondo, 
Daniel A. Lucas, Salma I. Patel, Lindsey L. Hildebrand, Alisa Huskey and 
Natalie S. Dailey

Insomnia is often accompanied by excessive pre-sleep 
rumination. Such ruminative thinking is also associated 
with increased connectivity of the default mode network 
(DMN). It is likely that DMN connectivity and associated 
rumination contribute to the pathogenesis of insomnia. 
We hypothesized that resting state functional connectivity 
(rsFC) between the DMN and other brain regions prior to 
bedtime would predict objectively measured sleep among 
individuals with insomnia. Twenty participants (12 female; 
M

age
 = 26.9, SD = 6.6 years) with symptoms of insomnia 

underwent an rsFC scan in the early evening followed by 
a night of polysomographically (PSG) measured sleep. 
Connectivity of the DMN with other brain regions was 
regressed against several PSG sleep metrics, including 
time in wake, N1, N2, N3, REM, total sleep time (TST), and 
sleep efficiency (SE) at a cluster corrected false discovery 
rate (FDR) correction P< 0.05. The connectivity between 
DMN and cortical regions was negatively correlated 
with PSG indices of poorer sleep including time in wake 
(right angular gyrus) and N1 (precuneus) but positively 
correlated with time in REM (orbitofrontal cortex), TST 
(insula, orbitofrontal cortex, superior frontal gyrus, 

paracingulate gyrus), SE (orbitofrontal cortex). Connectivity 
between DMN and the pons was negatively correlated with 
SE. Among individuals with symptoms of insomnia, better 
sleep was predicted by rsFC between the DMN and cortical 
regions involved in executive functioning, consciousness, 
and complex cognition. Findings raise the possibility 
that future interventions aimed at suppressing pre-sleep 
DMN activation may weaken synergy between pre-sleep 
ruminative worry and complex cognitions, potentially 
ameliorating problems falling asleep.  NeuroReport 34: 
734–739 Copyright © 2023 The Author(s). Published by 
Wolters Kluwer Health, Inc.
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Introduction
Insomnia is a highly prevalent disorder that involves per-
sistent difficulties falling or staying asleep and is often 
associated with excessive daytime sleepiness, fatigue, or 
other functional impairments [1]. A leading theory sug-
gests that primary insomnia is due in large part to hyper-
arousal at bedtime, often driven by negative ruminative 
thoughts, worry, introspection, and other disturbing or 
arousing pre-sleep cognitions [1]. Notably, this type of 
self-focused cognition is associated with increased acti-
vation of the brain’s default mode network (DMN) [2], 
a large-scale network that includes the medial prefron-
tal cortex (MPFC), posterior cingulate/precuneus region, 
and bilateral regions of the inferior parietal cortex, as well 
as several less prominent areas [3]. The well-documented 

association between DMN activation and self-directed 
cognition has led to a growing body of neuroimaging 
research examining the activation and resting state func-
tional connectivity (rsFC) patterns of the DMN among 
patients with insomnia disorders [4,5]. There is now 
extensive evidence implicating altered functioning of the 
DMN as a primary feature of insomnia [6].

Virtually all research on DMN connectivity in people 
with insomnia has focused on associations with subjective 
scales or clinical symptoms rather than objective meas-
ures of sleep using polysomnography (PSG). One excep-
tion found that increased within-network connectivity 
of the DMN was associated with lower sleep efficiency, 
reduced rapid eye movement (REM) sleep, and longer 
latency to fall asleep on PSG [7]. However, that study only 
addressed within-network connectivity and it is quite 
likely that the DMN interacts with other brain regions, 
such as the prefrontal cortex and other sensory, motor, 
and affective processing regions to influence sleep. To 
our knowledge, no neuroimaging studies have examined 
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the associations of DMN-to-whole brain (i.e. seed-to-
voxel) connectivity and subsequent PSG-measured sleep 
outcomes. Accordingly, we collected rsFC data in the 
evening just prior to a PSG-monitored overnight labora-
tory sleep opportunity in a sample of individuals scoring 
high on measures of insomnia symptoms. The term ‘rest-
ing state’ simply refers to the fact that no external stimu-
lation or manipulation occurs during the scan. Thus, the 
outcome metric is the intrinsic connectivity among brain 
regions as the participant allows their thoughts to wander 
without explicit constraints. In this correlational study, 
we hypothesized that rsFC between the DMN and cor-
tical regions involved in attention, decision-making, and 
interoceptive awareness prior to bedtime would predict 
subsequent PSG sleep metrics.

Methods
Participants
Twenty adults (8 men and 12 women) between the 
ages of 19 and 39 years (M = 26.9, SD = 6.6) with nor-
mal sleep/wake schedules, but scoring above clinical 
criteria for current insomnia symptoms, completed all 
study procedures. To be eligible, participants had to 
score above threshold on at least two of the follow-
ing three sleep questionnaires (≥15 on the Insomnia 
Severity Index [8]; ≥6 on the Pittsburgh Sleep Quality 
Index [9]; ≥11 on the Epworth Sleepiness Scale [10]). 
Participants were excluded for MRI contraindications, 
breathing-related disorders, and medical, psychiatric, 
or neurologic conditions. Other exclusions include 
travel across time zones within one week of the study, 
current use of sleep-altering medications or supple-
ments, relevant substance use (excessive caffeine, nic-
otine, alcohol, illicit drugs), or less than ninth-grade 
English reading equivalent. The protocol for this pro-
ject was approved by the Institutional Review Board 
at the University of Arizona and the U.S. Army Human 
Research Protections Office. All participants provided 
written informed consent before enrollment.

Materials and procedure
Participants completed a baseline intake that included 
the Wechsler Abbreviated Scale of Intelligence-II (IQ) 
[11], and returned about a week later for a brain scan 
and overnight sleep assessment. Participants were 
required to maintain a regular sleep schedule for the 
week prior to the in-lab stay and to abstain from caf-
feine-containing products for 48 h before reporting to 
the study. These procedures were part of a larger study 
examining the effects of repetitive transcranial mag-
netic stimulation (rTMS) on sleep and brain function, 
however, all data reported here were collected during 
the night following the sham condition (i.e. no partici-
pants received any form of active TMS prior to MRI or 
sleep). At 8:30 p.m. on the evening of the overnight run, 
after completing a 40-second sham rTMS session, each 

participant underwent a series of MRI scans including 
a 6-minute rsFC scan. Upon completion of the scan, 
each participant was escorted to a private, sound-at-
tenuated, temperature-controlled bedroom where they 
were allowed to eat a pre-selected meal and were fitted 
with polysomnographic (PSG) electrodes with a stand-
ard 10–20 placement. Lights were turned off at 11:00 
p.m. and participants were monitored over an 8-hour 
sleep period using a Nihon Kohden JE-921 PSG 
recording system. Data from PSG were subsequently 
scored using Polysmith software by a trained and cer-
tified sleep technician who was blind to participant 
status. The overnight PSG metrics including number 
of minutes and percentage of time spent in N1, N2, 
N3, and rapid eye movement (REM) sleep, as well as 
total sleep time (TST; i.e., the total number of min-
utes of time scored as sleep) and sleep efficiency (SE; 
i.e., the percent of time in bed spent in sleep) were 
manually scored by the technician using the standard 
Rechtschaffen and Kales scoring approach [12]. Due 
to an unanticipated morning disruption during the last 
hour of sleep for one participant, sleep stage scoring 
was truncated to the first 7 hours of sleep (i.e. from 
11:00 p.m. to 6:00 a.m.) for all participants to insure 
uniformity in sleep staging.

Neuroimaging methods
Neuroimaging data were collected with a Skyra 3T MRI 
scanner (Siemens, Erlangen, Germany) with a 32-chan-
nel head coil. First, a T1-weighted structural MRI was 
acquired with a 3D MPRAGE sequence (TR/TE/
flip angle = 2.1 s/ 2.33 ms/12°) across 176 sagittal slices 
(256 × 256) and a slice thickness of 1 mm (voxel size = 
1 × 1 × 1 mm3). Resting-state functional MRI (T2*) scans 
were acquired over 60 transverse slices (2.0 mm thick-
ness; matrix: 128 × 128) using an interleaved sequence 
(TR/TE/flip angle = 2 s/36 ms/90°; 2.0 × 2.0 voxel size 
(i.e. with a 10% slice gap, 180 volumes; FOV = 240 mm) 
over a 6-min acquisition time. To minimize noise in the 
scanner, all participants wore foam earplugs. Participants 
were given the following instruction: ‘Please keep your eyes 
open, focused on the fixation point. Take this time to rest and 
let your thoughts come and go. Remember to stay as still as 
possible’.

Resting state connectivity preprocessing
The rsFC data were analyzed using the CONN func-
tional connectivity toolbox (version 21.a; www.nitrc.
org/projects/conn). Functional volumes were realigned, 
unwarped, slice-time corrected, and coregistered with 
individual T1 images in accordance with standard algo-
rithms. Noise was removed with the aCompCor method 
[13,14], band-pass filtering (0.01–0.1 Hz), tissue seg-
mentation, and removal of confounding effects through 
linear regression. Nuisance covariates (i.e. scan-to-scan 
motion exceeding 0.5 mm; >3 SD mean global signal 
intensity) were regressed out of the first-level analysis. 
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Functional images were normalized to the Montreal 
Neurologic Institute stereotaxic space and spatially 
smoothed (8 mm full width at half maximum), and 
resliced to 2 × 2 × 2 mm.

Functional Connectivity Analysis
Within CONN, the four primary nodes of the DMN 
(i.e. MPFC; left lateral parietal cortex; right lateral pari-
etal cortex; posterior cingulate cortex), were selected as 
seed regions based on the standard DMN atlas included 
in the software (Fig.  1a). All four seed regions were 
weighted equally in the between-sources contrast and 
analyzed for whole-brain connectivity. These connec-
tivity maps were then correlated separately with each 
PSG sleep variable, after controlling for age, sex, and 
IQ, implementing a voxel threshold of P < 0.005 (uncor-
rected) and a cluster size threshold of P < 0.05 (FDR 
corrected). This cluster correction approach reduces the 
probability that the observed correlations between con-
nected regions and subsequent sleep stages are spuri-
ous (i.e. reduces Type I error). The outcomes of interest 
focus on the correlation between overall DMN-region 
connectivity and individual overnight PSG measures, 
but the figures also provide plots of the effect sizes for 
each of the individual associations for each DMN region 
separately.

Results
Wake
As shown in Table  1 and Fig.  1b, greater connectivity 
between the DMN and the right angular gyrus (AG) was 
associated with fewer minutes of wake (R2 = 0.79) and 
lower percentage of wake during the sleep period (R2 = 
0.77).

N1
Greater connectivity between the DMN and the precu-
neus (PC) region predicted fewer minutes (R2 = 0.65) 
and lower percent (R2 = 0.57) of the sleep period spent in 
stage N1 light sleep (Table 1 and Fig. 1c).

N2
Although rsFC of the DMN seed was not significantly 
correlated with the absolute number of minutes of stage 
N2 sleep, there were two patterns of connectivity that 
predicted the percentage of the sleep period in N2. First, 
a greater percent of time in N2 was predicted by greater 
positive connectivity between the DMN and right medial 
prefrontal cortex (R2 = 0.65) but predicted by anticorre-
lated activity between DMN and the insular cortex (IC; 
R2 = 0.67; Table 1).

N3
DMN whole brain connectivity did not predict subse-
quent number of minutes or percent of the sleep period 
spent in stage N3 deep sleep.

Rapid eye movement 
As shown in Table 1 and Fig.  1d, positive connectivity 
between the DMN and a region of the left lateral orb-
itofrontal cortex (OFC) was predictive of the number of 
minutes of REM sleep (R2 = 0.77) and the percentage of 
the sleep period spent in REM (R2 = 0.77).

Total sleep time
Greater TST was predicted by positive connectivity 
between the DMN and several cortical regions, including 
the left IC (R2 = 0.65), left OFC (R2 = 0.74), left superior 
frontal gyrus (SFG; R2 = 0.77), and a region comprising 
right SFG and anterior cingulate cortex (ACC; R2 = 0.70; 
Table 1 and Fig. 1e).

Sleep efficiency
Sleep efficiency was predicted by a combination of anti-
correlated connectivity between DMN and brainstem/
pons (R2 = 0.80) and positive connectivity with the left 
OFC (R2 = 0.71; Table 1 and Fig. 1f).

Discussion
Consistent with our hypothesis, we found that rsFC 
between the DMN and several brain regions was predic-
tive of subsequent overnight sleep as measured by PSG. 
Specifically, in this correlational study, greater positive 
connectivity between the DMN and anterior cortical 
regions (i.e. OFC, SFG, ACC, IC) was associated with 
greater time spent in more restorative aspects of sleep 
including greater REM sleep and TST. Similarly, greater 
connectivity between the DMN and adjacent cortical 
regions such as the AG and precuneus was predictive of 
less time spent in non-restorative PSG stages including 
wake and light N1 sleep. Interestingly, we also found 
that SE was associated with a combination of greater 
connectivity between DMN and OFC and anticorrelated 
connectivity with the brainstem/pons. These findings 
suggest that greater sleep quality and quantity is pre-
dicted by greater congruence of pre-sleep brain activity 
between regions involved in higher-order cognition and 
those involved in self-reflective thought, rumination, and 
worry.

These findings may be best understood in light of the 
typical effects of increasing homeostatic sleep pressure 
(e.g. due to sleep deprivation or prolonged wakefulness) 
on the DMN. Although the DMN is typically most active 
during resting wake periods, once the period of wake-
fulness approaches or is extended beyond normal bed-
time, the homeostatic pressure for sleep accumulates and 
there is a corresponding suppression of activity within 
the DMN [15,16]. The positive (congruent) connectiv-
ity we found between DMN and anterior cortical regions 
implies that as the DMN is suppressed by mounting 
sleep pressure, these other regions are correspondingly 
reduced in activation as well. Here, such a pattern was 
found to predict better sleep later the same night, as 
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Fig. 1

Regions showing connectivity with the Default Mode Network (DMN) that correlates with each polysomnographically measured sleep stage. The bar 
graphs show the strength of association for each DMN node separately. (a) Map showing the four primary nodes of the DMN that were used as a 
combined seed region in the present analysis (green = medial prefrontal cortex node—MPFC; turquoise = left lateral parietal node—LP (L); magenta = 
right lateral parietal node—LP (R); purple = posterior cingulate/precuneus node (PCC). (b) Connectivity between the DMN and right angular gyrus is 
associated with fewer minutes of wake during the night. (c) Connectivity between the DMN and the precuneus (PC) was associated with less stage 
N1 sleep during the night. (d) Connectivity between the DMN and the left orbitofrontal cortex (OFC) was positively correlated with greater rapid eye 
movement (REM) sleep. (e) Connectivity between the DMN and several regions including the left OFC, left insula, superior frontal gyrus, and right 
anterior cingulate cortex was associated with greater minutes of total sleep time (TST). (f) Connectivity between the DMN and regions including the left 
OFC (red = positive correlation) and the pons (blue = negative correlation) were each associated with opposite correlations with sleep efficiency (SE).
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measured by greater REM and TST. As the anterior cor-
tical regions tend to be associated with high-level cog-
nitive processing, executive control, and interoceptive 
awareness [17,18], it follows that congruent reduction of 
these processes in conjunction with the suppression of 
self-directed cognitive processes of the DMN (e.g. rumi-
nation) would likely facilitate better sleep.

Similarly, greater connectivity between the DMN and 
adjacent cortical areas (i.e. right AG and the PC) was 
associated with reduced time in wake or in non-restora-
tive N1 sleep. The AG is known as a cross-modal hub for 
multisensory integration [19] that has been linked to the 
experience of consciousness [20]. It therefore follows that 
reduced AG activation coincident with reduced DMN 
activation (i.e. functional connectivity) would be associ-
ated with reduced conscious wakefulness during the sleep 
period. Similarly, connectivity between the DMN and a 
region of the PC that was proximal to the posterior-medial 
DMN node was associated with less time and percentage 
of the total sleep period in N1 sleep, the lightest and least 
restorative sleep stage, which is generally considered to 
be transitional between wake and deeper stages [21]. The 
PC has been shown to play an important role in autobi-
ographical memory [22] and integrating information from 
multiple networks, particularly at rest [23]. It follows then 
that if the activation of the adjacent PC region is reduced 
concomitantly with the DMN, this could be associated 
with reduced activation of autobiographical memory and 
connectivity with other brain regions that interfere with 
the ability to fall into deeper sleep. Together, greater con-
nectivity between DMN and these cortical areas tends to 
be associated with reduced time in wake or the lightest 
stages of sleep.

Interestingly, SE was predicted by a combined pat-
tern of connectivity with the DMN, including positive 

connectivity with the left OFC and negative connectiv-
ity with the pons. As described above for the role of OFC 
connectivity in TST, the correlated activity between 
the DMN and OFC would predict better SE. However, 
better SE was also simultaneously associated with anti-
correlated connectivity to the pons. This suggests that 
with accumulating sleep pressure, suppression of DMN 
activation would also be associated with increased acti-
vation of the pons, which then predicts greater SE. This 
is consistent with human research showing that deep 
brain stimulation of the pons was associated with nearly 
twice as much REM activity than during the sham con-
dition [24].

It is important to note that we did not find any asso-
ciation between pre-sleep DMN to voxel connectiv-
ity and deep N3 sleep. Prior research has shown that 
within-network connectivity of the DMN is signifi-
cantly reduced during slow-wave sleep [25]. Moreover, 
since deep sleep is typically not associated with active 
cognitions or ruminations, connectivity of the DMN 
during pre-sleep wakefulness may not be particularly 
relevant to that stage. However, that speculation will 
require further research. This study was also limited 
by our unitary focus on rsFC. Here, we did not uti-
lize any form of cognitive task or comparison group 
of healthy controls, which might provide additional 
understanding of the associations between functional 
connectivity and sleep parameters. Likewise, this 
study was correlational in nature, so causality cannot 
be inferred. Future work may consider methods to 
manipulate these patterns of connectivity to directly 
examine their influence via experimental methods. 
Additionally, it is also important to note that the MRI 
scanner environment is loud, confined, and not inher-
ently restful, which is clearly not a typical situation for 

Table 1  Correlation statistics between each PSG sleep parameter and DMN-to-region functional connectivity

Sleep 
parameter Units 

Region MNI 
coordinate Region label 

T (df =  
15) 

Cluster 
size 

Cluster 
p-FDR 

Sleep parameter-
connectivity correlation 

Beta weights for DMN nodes

MPFC L LP R LP PCC 

Wake (min) 50, −44, 16 R Ang Gyrus −6.69 721 < 0.001 Negative −0.004 −0.005 −0.006 −0.004
(%) 50, −44, 16 R Ang Gyrus −6.11 616 < 0.001 Negative −0.017 −0.021 −0.027 −0.019

N1 (min) 6, −46, 46 R Precuneus −5.11 499 < 0.001 Negative −0.006 −0.014 −0.017 −0.009
(%) −2, −48, 68 L Precuneus −4.28 187 0.026 Negative −0.013 −0.048 −0.056 −0.033

N2 (min) -- -- -- -- -- -- -- -- -- --
(%) −38, 22, 4 L Insula −5.25 314 < 0.001 Negative −0.018 −0.012 −0.014 −0.013

8, 50, −20 R Vent Med FC 5.42 151 0.046 Positive 0.021 0.008 0.022 0.007
N3 (min) -- -- -- -- -- -- -- -- -- --

(%) -- -- -- -- -- -- -- -- -- --
REM (min) −32, 34, −2 L OFC 7.01 177 0.021 Positive 0.006 0.005 0.003 0.003

(%) −32, 36, −4 L OFC 6.89 164 0.032 Positive 0.024 0.025 0.016 0.015
TST (min) −36, 16, −8 L Insula 5.24 273 0.002 Positive 0.200 0.142 0.166 0.129

−16, 24, −26 L OFC 5.97 179 0.015 Positive 0.197 0.154 0.091 0.105
8, 6, 68 L/R SFG 6.65 161 0.017 Positive 0.144 0.133 0.171 0.136

8, 48, 26 R SFG/ACC 5.67 123 0.046 Positive 0.162 0.115 0.147 0.167
SE (%) 16, −14, −40 Brainstem/Pons −7.42 267 0.003 Negative −0.804 −0.864 −0.669 −0.766

−8, 20, −24 L OFC 5.53 143 0.048 Positive 1.527 1.136 0.620 0.817

ACC, anterior cingulate cortex; L LP, left lateral parietal cortex; L, left; MNI, Montreal Neurologic Institute; MPFC, medial prefrontal cortex; OFC, orbitofrontal cortex; PCC, 
posterior cingulate/precuneus cortex; R LP, right lateral parietal cortex; R, right; SFG, superior frontal gyrus; Vent Med FC, ventromedial frontal cortex.
Analyses controlled for age, sex, and WASI-II IQ scores.
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most people to undergo during the hours immediately 
preceding sleep. Further, it is likely that laying for an 
extended period of time and allowing one’s thoughts to 
drift in such an unusual situation could induce anxiety, 
stress, or atypical thoughts that might influence the 
results. Such possibilities should be considered when 
interpreting these findings. Future work could include 
anxiety metrics during the scan to assess such possi-
bilities. Finally, the present findings should be consid-
ered in light of the modest sample size and the fact 
that all participants exceeded clinical scale cutoffs for 
symptoms typical of insomnia. It is possible that differ-
ent results would be observed among persons without 
evidence of insomnia or sleep-related problems.

Conclusion
Overall, greater positive connectivity between waking 
DMN activation and several cortical regions involved 
in executive functioning, consciousness, and complex 
cognition was associated with more time in restorative 
stages of sleep and less time spent awake or in transi-
tional light stages of sleep later the same night. These 
findings suggest that rsFC of the DMN at bedtime is 
predictive of objective measures of subsequent sleep, 
raising the possibility that modulation of the DMN 
could potentially prove useful for improvement of 
sleep.
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