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Study Objectives: Recent studies have suggested that structural abnormalities in insomnia may be linked with alterations in the default-mode network 
(DMN). This study compared cortical thickness and structural connectivity linked to the DMN in patients with persistent insomnia (PI) and good sleepers (GS).
Methods: The current study used a clinical subsample from the longitudinal community-based Korean Genome and Epidemiology Study (KoGES). Cortical 
thickness and structural connectivity linked to the DMN in patients with persistent insomnia symptoms (PIS; n = 57) were compared to good sleepers (GS; 
n = 40). All participants underwent MRI acquisition. Based on literature review, we selected cortical regions corresponding to the DMN. A seed-based 
structural covariance analysis measured cortical thickness correlation between each seed region of the DMN and other cortical areas. Association of cortical 
thickness and covariance with sleep quality and neuropsychological assessments were further assessed.
Results: Compared to GS, cortical thinning was found in PIS in the anterior cingulate cortex, precentral cortex, and lateral prefrontal cortex. Decreased 
structural connectivity between anterior and posterior regions of the DMN was observed in the PIS group. Decreased structural covariance within the DMN 
was associated with higher PSQI scores. Cortical thinning in the lateral frontal lobe was related to poor performance in executive function in PIS.
Conclusion: Disrupted structural covariance network in PIS might reflect malfunctioning of antero-posterior disconnection of the DMN during the wake to 
sleep transition that is commonly found during normal sleep. The observed structural network alteration may further implicate commonly observed sustained 
sleep difficulties and cognitive impairment in insomnia.
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INTRODUCTION
Insomnia, characterized by difficulty initiating and main-
taining sleep despite adequate opportunity, is one of the most 
common sleep complaints of the adult general population. The 
most consistent observation on the pathophysiology of in-
somnia is hyperarousal, which is pervasive across neurophysi-
ological, cognitive, and autonomic domains.1 However the 
neural correlates of insomnia still remain poorly understood.

Recent structural magnetic resonance imaging (MRI) 
studies that provide a unique in vivo assessment of brain struc-
tural integrity suggest that insomnia is associated with cortical 
morphology deviated from the range of healthy sleepers.2,3 
Different parameters (e.g., smoothing kernel size) and methods 
(e.g., use of optimized voxel-based morphometry, use of dif-
feomorphic nonlinear registration) chosen across studies and 
generally small sample sizes (n < 29) may have caused incon-
sistency of finding in structural abnormalities in insomnia.4 
The previous findings have often included part of regions be-
longing to the default mode network (DMN), such as the me-
dial prefrontal, anterior cingulate, and precuneus.2,3 Another 
study found no cortical structural abnormalities.5

Recently, there has been great interest in studies exam-
ining cortico-cortical structural covariation network that is 
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Significance
The current study found decreased structural connectivity between anterior and posterior regions of the default mode network (DMN) in patients with 
persistent insomnia symptoms compared to good sleepers. Decreased structural connectivity within the DMN was associated with higher levels of sleep 
disturbance and impaired working memory. Altered connectivity may further contribute to sustained sleep difficulties and cognitive impairment commonly 
reported by insomnia patients. The DMN, which is associated with diverse forms of self-relevant mentalizing and helps modulate consciousness, may be 
associated with insomnia. This may especially be clinically relevant for insomnia patients, who frequently complain about worrying about their own sleep 
during the day and report sleep misperception.

derived from correlational analysis of morphometrics be-
tween various cerebral regions.6–11 Structural covariance is a 
between-subject analysis based on the assumption that brain 
areas that show similar variations in volumes across subjects 
are connected.6 Unlike “direct” structural connectivity esti-
mated using diffusion tensor imaging-based tractography,12 
such morphological covariance may indicate altered neural 
connectivity resulting from relatively long-term processes 
such as neurodevelopment13 or neurodegeneration.14 Anal-
yses of cortical thickness indeed demonstrates structural 
covariance within regions of the DMN in healthy develop-
ment and aging, and have been applied in meaningful areas 
of investigation.13,15

The DMN is a network of brain regions that display in-
creased activity at wakeful rest in the absence of cognitively 
demanding tasks, and plays a central role in the modulation 
of consciousness.16,17 During sleep, functional connectivity 
within the DMN becomes reduced, particularly during slow 
wave sleep as compared to wakefulness: in good sleepers, the 
descent to slow wave sleep is characterized by a functional 
dissociation between frontal (anterior cingulate, medial pre-
frontal) and posterior (precuneus, posterior cingulate) regions 
of the DMN.18,19 This decoupling realizes a breakdown of 
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cortical connectivity in the descent to sleep, which is associ-
ated with the reduction of consciousness.

The current study first assessed structural abnormalities in 
a large sample of patients with persistent insomnia symptoms 
(PIS, n = 57) compared to good sleepers (GS, n = 40) using a 
cortical thickness metric that has been suggested to increase 
sensitivity of voxel-based morphormetry (VBM), which can 
be diluted by sulcogyral folding.20 We then investigated struc-
tural covariance in PIS and GS groups, looking at differences of 
volumetric cross-correlations between regions and comparing 
group differences, with the hypothesis that altered connectivity 
of the DMN would characterize PIS. Furthermore, we assess 
the relationship between structural covariance of the DMN in 
PIS and GS and sleep quality or neuropsychological scores.

METHODS AND MATERIALS

Study Design and Sample
From a database as part of a population-based cohort study, 
namely the Korean Genome and Epidemiology Study,21 we ran-
domly selected 60 patients with PIS who completed questions 
about insomnia at 3 time points at every 2 years. Inclusion into 
the PIS group was assessed by the presence of the following 
four insomnia symptoms during the past month: (1) difficulty 
initiating sleep; (2) difficulty maintaining sleep; (3) experience 
of early morning awakenings; and (4) unrefreshed sleep using 
a 4-point Likert scale. Individuals who endorsed at least 1 of 
these 4 symptoms more than 3–4 times a week (score ≥ 3 on 
any item) were categorized as having insomnia symptoms. All 
participants were followed over 4 years with biennial exams, at 
3 data points spaced 2 years apart. We defined the PIS group as 
the presence of insomnia symptoms at all 3 consecutive assess-
ments. Forty-four GSs who reported no insomnia symptoms at 
all time points were also randomly chosen from the original 
database and were age and gender-matched with the PIS group.

All patients with PIS and GS underwent subsequently brain 
MRI scans. Among the PIS and GS, 7 participants were finally 
excluded due to moderate or severe obstructive sleep apnea de-
termined by respiratory polygraphy, resulting in a total sample 
of 97 participants (57 PIS and 40 GS). Participants taking sleep 
or antidepressant medication at any time point were excluded.

Informed consent was obtained from each participant, and 
the study was approved by the institutional review board.

Measures

Beck Depression Inventory (BDI)
The BDI is a 21-item self-report inventory used to assess the 
severity of depressive symptoms.22 Participants were asked to 
indicate which statement best describes the way they had felt 
over the past 2 weeks. BDI scores were calculated without the 
sleep item to avoid overlap with other sleep measures.

Pittsburgh Sleep Quality Index (PSQI)
Participants completed the PSQI, a self-report questionnaire 
assessing sleep quality and disturbances over a one-month in-
terval.23 The scale yields a total score that ranges from 0–21, 
with higher scores indicating more difficulties with sleep. 

The questionnaire has 7 subscales including subjective sleep 
quality, sleep latency, sleep duration, habitual sleep efficiency, 
sleep disturbances, use of sleeping medications, and daytime 
dysfunction. Subjective sleep duration was derived from the 
sleep duration subscale of the PSQI.

Respiratory Polygraphy (RP)
Overnight RP was performed with a comprehensive portable 
device (Embletta X-100; Embla Systems, Broomfield, CO, 
USA) and conducted at home. Apneas were defined when air-
flow was reduced by ≥ 90% of the baseline values for ≥ 10 sec, 
and apneas were further classified as obstructive if respiratory 
efforts were noted on either the chest or abdominal inductance 
channel, or as central if no respiratory effort was noted. Ad-
ditionally, hypopneas were defined by ≥ 30% reduction of air-
flow ≥ 10 sec accompanied by ≥ 4% drop in oxygen saturation 
(SpO2). The apnea-hypopnea index (AHI) was calculated by 
averaging the total number of obstructive apneas and hypop-
neas per hour of sleep.24

Data were scored by 2 well-trained technicians with ≥ 5 
years of experience with RP monitoring and scoring based on 
standard AASM scoring guidelines.25 Internal consistency for 
detecting apneas and hypopneas was high (Cronbach α = 0.996 
and 1.00 for each rater), and interrater reliability was also very 
strong (Cronbach α = 0.998). The scorers were also blinded to 
each other’s scoring results.

Neuropsychological Assessments
All participants underwent a neuropsychological test battery 
(30 minutes) including 6 broad cognitive domains. Verbal 
Memory was assessed with the Story Recall Test 26 from the 
logical memory test in the Wechsler Memory Scale-III.27 
Visual memory was assessed using Visual Reproductions 
(WMS-III),27 and Language Processing was measured using 
the Controlled Oral Word Category Association Test.28 Addi-
tionally, we used the Trail Making Test29 and the Digit Symbol 
Test (Weschler Adult Intelligent Scale-III) for assessing Pro-
cessing Speed and Mental Flexibility and Visual Information 
Processing, respectively. Executive Functioning was measured 
using the Stroop Test.29 All tests were administered according 
to standard protocol.

MRI Acquisition and Image Processing
All scans were performed on a GE Signal HDxt 1.5T MR im-
aging scanner (GE Medical Systems, Waukesha, WI) with an 
8-channel head coil. T1-weighted MRI was performed using 
sagittal spoiled gradient recalled acquisition with the fol-
lowing parameters: TR = 10.9 ms; TE = 5.01 ms; NEX = 1; flip 
angle = 13°; matrix size = 256 × 256; FOV = 240 mm; slice 
thickness = 1.2 mm; 165 slices. Each image underwent auto-
mated correction for intensity non-uniformity and intensity 
standardization.30 To control for changes in relation to brain 
volume, MR images were linearly registered into the MNI-
ICBM 152 template.31

Measurement of Cortical Thickness
Outer and inner cortical interfaces were extracted using the 
CIVET image processing pipeline developed at Montreal 
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Neurological Institute.32 Briefly, images were first classified 
into gray matter (GM), white matter (WM), and cerebro-
spinal fluid using Statistical Parametric Mapping version 8 
(http://www.fil.ion.ucl.ac.uk/spm/software/spm8/) with default 
priors. We then used a surface-fitting algorithm33 that itera-
tively warped a surface mesh to fit the GM-WM interface in the 
classified image. This surface was inflated along a Laplacian 
map to generate the outer pial surface. These 2 surfaces were 
nonlinearly aligned to a symmetric surface template using a 
spherical registration that guarantees point correspondence 
across all subjects.34 We measured cortical thickness across 
80,492 of vertices spanning on the cortical surface. Thickness 
data were blurred using a surface-based diffusion-smoothing 
with a kernel size of 20 mm full width at half maximum that 
preserves cortical topologic features.

Statistical Analysis
All statistical tests included age and sex as covariates. As 
BDI scores in PIS was significantly lower than in GS 
(P < 0.001), effects of depression were also corrected in the 
analysis of cortical thickness and covariance network. Sta-
tistical analyses were performed using SurfStat toolbox 
(http://www.math.mcgill.ca/~keith/surfstat/).35

Prior to analysis, 6 composite scores were computed from 
the neuropsychological tests by transforming all scores into 
Z-scores and then averaged to represent each domain: verbal 
memory, visual memory, language processing, processing 
speed and mental flexibility, visual information processing, 
and executive functioning.

To compare demographic, clinical, and neuropsychological 
parameters between groups, t-tests were used.

Group Comparison of Cortical Thickness
We assessed differences at each surface point between patient 
and GS groups using two-tailed t-tests. The main body of 
structural MRI studies (n = 3/4 = 75%, Table S1, supplemental 
material) in insomnia have used VBM. We thus performed 
VBM for the purpose of data reproducibility in a different mor-
phometric analysis as well as of the sensitivity of each analysis 
(see supplemental material).

Mapping Cortico-Cortical Covariance Using Cortical Thickness 
Correlations
Most neuroimaging studies, whether or not examining neo-
cortical areas implicated in the DMN in insomnia, (Table S1) 
have reported that regions involved in the DMN (8/8/12 = 67% 
in all neuroimaging studies) presented metabolic (5/8 = 63%) 
and structural changes (3/4 = 75%) in patients with insomnia 
compared to healthy controls. These studies consistently 
found changes in the medial frontal cortex (mFC) including 
medial prefrontal cortex (mpFC) and/or the anterior cingu-
late cortex (aCC). The precuneus (PC) was identified as the 
second most common locus of changes of the DMN regions 
(2/10 = 20%). The location of mFC clusters found in the lit-
erature were averaged at MNI coordinate = (left: −4,16,36; 
right: 4,16,36). The location of PC changes has not been 
specified in previous insomnia studies. Thus, we selected 
the representative voxels (left: −10,−57,50; right: 10,−57,50) 

from a review of studies of the PC.16 The mFC and PC voxels 
are shown in Figure S1 (supplemental material). We pro-
jected these voxels to the closest points on the cortical sur-
face. Subsequently, we investigated structural covariance by 
correlating cortical thickness of each seed (mFC, PC) with 
the thickness at all other surface points of the entire cortex. 
These pairwise correlations constructed covariance maps in 
each GS and PIS group. This was achieved by applying the 
following equations following previous studies,11,36 and we 
used the linear model fitted for the thickness T at a surface 
point i (Equation 1):

 Ti = β0 + β1,i Tseed (Eq 1)

At each point i, we assessed covariance alterations in PIS com-
pared to GS by fitting a linear model containing independent 
variables as main effects of group (GS or PIS) and cortical 
thickness Tseed, and the interaction term group × Tseed, i.e.,

 Ti = β0 + β1,i Tseed + β2,i group + β3,i group × Tseed (Eq 2)

Assessing Relationship of Cortical Thickness and Covariance 
Strength to Sleep Quality and Neuropsychological Parameters
To investigate whether decreased sleep quality or impaired 
cognitive function was associated with cortical thinning, we 
first correlated either PSQI or each of neuropsychological 
scores presenting significant impairment relative to GS with 
cortical thickness while correcting for age, sex and depression 
levels. To assess the association between clinical parameters 
and the strength of mFC and PC covariance network, we fitted 
linear models that included PSQI or each of neuropsycholog-
ical scores as a main effect Emain, seed thickness, and the inter-
action term between seed thickness and Emain. The model was 
accordingly defined as:

 Ti = β0 + β1,i Emain + β2,i Tseed + β3,i Emain × Tseed (Eq 3)

In each GS and PIS group, we assessed the significance of the 
interaction term in this model.

Correction for Multiple Comparisons
We corrected significance using the false discovery rate (FDR) 
procedure,37 with FDR < 0.05. In the analysis of demographic 
data, Bonferroni-adjustment was applied to control for family-
wise error rate.

RESULTS

Demographics, Clinical Characteristics and 
Neuropsychological Scores (Table 1)
The PIS group was slightly older than the GS group (P = 0.04), 
and had significantly worse scores on the PSQI and BDI 
(P < 0.0001). There was one person in the GS group and 13 in 
the PIS group who reached the threshold for pathological BDI 
scores (< 16). The PIS group had significantly lower scores 
on visual memory (P = 0.001), visual information processing 
(P = 0.007), and executive functioning (P = 0.04) compared to 
the GS group.
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Analysis of Cortical Thickness in PIS and GS
Analysis of mean cortical thickness over each hemisphere 
showed significant cortical thinning in both hemispheres 
of patients with PIS compared to GS (left: 2.61 ± 0.13 
mm vs. 2.66 ± 0.11 mm, P < 0.05; right: 2.60 ± 0.14 vs. 
2.67 ± 0.12, P < 0.01). Regional analyses (Figure 1) revealed 
cortical thinning in PIS, which was circumscribed to the 
left medial frontal cortex (more precisely anterior cingu-
late cortex) (t > 2.6, FDR < 0.05), bilateral precentral cor-
tices (FDR < 0.05), and right lateral prefrontal cortex (right: 
FDR < 0.05). No cortical thickening was found in PIS com-
pared to GS (FDR > 0.3).

Our data were well-reproduced in dif-
ferent morphometry as VBM showed a 
similar pattern of GM density decreases 
(Figure S2, Table S2, supplemental material).

Analysis of Cortico-Cortical Morphological 
Covariance (Figure 2)
We previously found hemispherically 
similar atrophy pattern in PIS. Vertex-
wise one-sample t-tests on asymmetry 
(2 × [L − R] / [L + R]; L/R denotes the cor-
tical thickness at a given vertex in the left 
hemisphere and R the cortical thickness at 
the mirror vertex in the right hemisphere) 
of cortical thickness between PIS and GS 
groups indeed confirmed no significant uni-
lateral atrophy (FDR > 0.1). We thus aver-
aged local thicknesses at the same location 
between the left and right sides to facilitate 
the subsequent covariance network analysis.

Our analysis of cortical thickness cor-
relations (Equation 1) showed that in GS, 
regions presenting high covariance (r > 0.5; 
FDR < 0.001) with the mFC seed included 
prefrontal cortex, precuneus, lateral parietal 
cortex as well as scattered clusters in the 
temporal lobe. Noteworthy, these cortices 
are similar to areas of the DMN that were 
found in other imaging modalities.38 In con-
trast, the PIS group only displayed a signifi-
cant correlation of the mFC with most of the 
frontal cortices, but not with the posterior 
regions appearing in GS (r > 0.5).

Mapping the covariance of cortical thick-
ness between the PC and other regions in 
GS (Figure 2B) revealed a pattern similar to 
the mFC network (Figure 2A), yet the PC 
network showed a stronger correlation with 
posterior cortices and included a larger ex-
tent of parietal and occipital cortices. In PIS, 
however, the areas presenting high correla-
tion with PC thickness were limited within 
the posterior brain (FDR < 0.001).

Therefore, compared to GS, there was a 
smaller extent of mFC and PC structural co-
variance in PIS, which was limited within 

areas neighboring the seed points.
The interaction analysis using Equation 2 confirmed that 

the covariance of mFC or PC with the posterior brain of GS 
indeed significantly decreased in PIS (FDR < 0.05). The most 
marked decrease in covariance occurred in the frontoparietal 
junctional area, including medial parietal and posterior cingu-
late cortices (Figure 2C, 2D).

Association of Sleep Quality to Cortical Thickness and Its 
Covariance Network (Figure 3)
Cortical thickness did not change in relation to variation of age, 
gender, education, depression (BDI) in either GS or PIS group 

Table 1—Demographic information of participants (n = 97).

PIS (n = 57)
Mean (SD) 

GS (n = 40)
Mean (SD) P Value

Age 51.23 (8.07) 47.93 (6.54) 0.04
% gender (male) 35 (61.4) 24 (60) 0.528
% education (≥ 12 years) 13 (23.6) 13 (33.3) 0.21
% marital status (married) 52 (91.2) 38 (95) 0.38
Body mass index, kg/m2 24.34 (2.65) 25.04 (2.73) 0.14
Sleep and psychological questionnaires

PSQI at baseline 8.81 (3.31) 3.51 (2.27)  < 0.0001
PSQI at endpoint 8.17 (3.47) 3.47 (2.50)  < 0.0001
BDI at baseline 11.80 (8.73) 4.51 (4.14)  < 0.0001
BDI at endpoint 10.31 (8.97) 2.20 (3.42)  < 0.0001

Respiratory polygraphy
Apnea-hypopnea index, events/h 4.96 (3.95) 3.80 (3.77) 0.58

Subjective sleep measures
Total sleep time, min 300.6 (76.8) 395.8 (59.4) < 0.0001

Neuropsychological testing 
Verbal memory −0.17 (0.80) 0.12 (0.91) 0.1

Logical memory_Immediate −0.25 (0.97) 0.19 (0.95)
Logical memory _ delayed 0.09 (1.02) −0.18 (1.0)
Logical memory _ recognition −0.16 (0.83) 0.16 (1.06)

Visual memory −0.19 (0.88) 0.40 (0.70) 0.001
Visual reproduction_immediate −0.23 (1.04) 0.50 (0.74)
Visual reproduction_delayed −0.21 (1.03) 0.31 (0.94)

Language processing −0.14 (1.02) 0.12 (0.72) 0.15
Verbal fluency_letters −0.15 (1.12) 0.14 (0.89)
Verbal fluency_animals −0.12 (1.17) 0.11 (0.73)

Processing speed & mental flexibility −0.05 (0.76) −0.14 (0.58) 0.59
Trail making A 0.06 (0.99) −0.17 (0.74)
Trail making B −0.13 (1.02) −0.03 (0.68)

Visual information processing −0.17 (0.73) 0.22 (0.63) 0.007
Digit symbol-coding −0.15 (0.98) 0.25 (0.95)
Digit symbol-incidental learning −0.27 (0.98) 0.16 (1.01)
Digit symbol-free recall −0.09 (1.01) 0.25 (0.81)

Executive functioning −0.13 (0.92) 0.23 (0.73) 0.04
Stroop-word reading −0.10 (1.04) 0.21 (0.82)
Stroop-color-word reading −0.19 (1.01) 0.26 (0.84)

All neuropsychological testing raw scores have been transformed to Z-scores. PIS, persistent 
insomnia symptom group; GS, good sleeper group; PSQI, Pittsburgh Sleep Quality Index; 
BDI, Beck Depression Inventory.
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(FDR > 0.3). We found no correlation between subjective sleep 
quality (PSQI) and cortical thickness changes neither in PIS 
nor GS (FDR > 0.2).

With respect to thickness covariance, a significant associa-
tion between the decrease in the PC covariance and depressed 
mood was found in the orbitobasal frontal cortex and lateral 
occipital cortex in PIS (FDR < 0.05; Figure S3, supplemental 
material). No significant association was found for the mFC 
covariance (FDR > 0.1).

In GS, only focal and scattered areas of mFC and PC covari-
ance maps altered in relation to PSQI variation (FDR < 0.05, 
Figure 3). In PIS, mFC covariance decreased relating to low 
sleep quality in diverse areas including the lateral and medial 
prefrontal, central, and occipital cortices, as well as parahippo-
campal gyrus (FDR < 0.05). Repetition of this analysis with re-
spect to the PC in PIS showed decreased structural covariance 
with anterior/posterior cingulate, prefrontal, central and oc-
cipital cortices in relation to lower sleep quality (FDR < 0.05). 
In the areas of significant association in PIS, we computed the 
effect size (Cohen’s D; D < 0.2: small, 0.2 < D < 0.5: moderate; 
D > 0.8: large) within each group. The analysis showed that the 
effect size of GS was much smaller than that of PIS (D = 0.18 
vs. 0.86).

Association of Neuropsychological Parameters to Cortical 
Thickness and Its Covariance Network (Figure 4)
As we found that executive function, visual memory and visual 
information processing in PIS were significantly poorly per-
formed compared to GS (Table 1), we analyzed the association 
with respect to only these functions.

In GS, changes in cortical thickness were not associated to 
variations in neuropsychological scores (t < 1.5; FDR > 0.2). In 
PIS, right lateral prefrontal area and bilateral areas of junction 
between precuneus and cuneus presented cortical thinning 
relating to lower performance in executive function (t = 3.4, 
FDR < 0.005, Figure 4). In these areas, the interaction anal-
ysis (group × executive function) however found no difference 
in the correlation between the groups, as the trend in the GS 
group was similar to that in the PIS (P > 0.2).

In GS and PIS, the mFC and PC covariance did not alter in 
association to changes in neuropsychological scores (t < 1.2; 
FDR > 0.3).

DISCUSSION
Our study investigated cortical thickness changes in patients 
with PIS and assessed their alterations in structural covariance 
by analyzing cortico-cortical correlations of thickness metrics. 
Compared to GS, our analysis showed morphological altera-
tions in the PIS group were circumscribed to multiple cortices 
primarily including frontal and parietal cortices. Analysis of 
structural covariance revealed disruption in the link between 
these two cortices in the PIS group. Further analyses showed 
that decreased structural covariance related to low sleep 
quality extended beyond the areas presenting initial network 
disruption. Cortical thinning in areas of DMN in persistent in-
somnia symptoms was associated with cognitive impairment. 
This is the first study to investigate cortical thickness changes 
as well as structural covariance in individuals with persistent 
insomnia symptoms. Furthermore, we performed analyses on 
the largest sample ever published in the neuroimaging of in-
somnia patients. Cross-method validation using voxel-based 
morphometry indeed confirmed that changes in our large 
sample size are highly reproducible even though changes with 
a larger effect size are observed using the cortical thickness 
metric (supplemental material).

Cortical Thinning in Insomnia Patients
Bilateral patterns of cortical thinning in patients with PIS 
were found compared to GS, specifically mapped in the central 
cortex, anterior cingulate cortex, lateral prefrontal areas and 
occipital cortex. These areas well-overlap with regions pre-
senting GM loss which have been found in a recent voxel-based 
morphometry study of patients with chronic insomnia.2,39 A 
study also found a similar pattern of changes, which did not 
reach a significant level after correction.3

Our finding is also consistent with evidence from various 
functional imaging studies in chronic insomnia disorder: 
lack of glucose metabolism decrease in the anterior cingulate 

Figure 1—Patterns of cortical thinning in patients with persistent insomnia compared to good sleepers. Age, gender and the severity of depression were 
adjusted. Significant clusters, corrected for multiple comparisons (FDR < 0.05), are shown in dark blue and outlined in red, and are located in the bilateral 
precentral, left anterior cingulate and right middle frontal cortices. Additional clusters at an uncorrected threshold of P < 0.025 are shown in light blue. FDR, 
false discovery rate.
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cortex during NREM sleep relative to wakefulness,40 hypo-
activation in the lateral prefrontal cortex during wakefulness 
compared to controls,40 and reduced modulation of the lat-
eral prefrontal cortex with increasing task difficulty,41 ab-
normal excitability of the pre- and post-central area during 
transcranial magnetic stimulation42,43 and altered gamma-
aminobutyric acid level in the occipital lobe and anterior 

cingulate cortex44,45 during daytime tasks. Although our 
study investigated persistent insomnia symptoms and not in-
somnia disorder, the large overlap of spatial pattern between 
brain functional alterations and morphological changes in 
relation to chronic insomnia suggests that abnormal brain 
responses in specialized cortical areas are subtended by 
structural neural deficits.

Figure 2—Cortical-cortical covariance. (A) Significant correlations (r > 0.5, FDR < 0.05) of cortical thickness with medial frontal cortex (mFC) are mapped. 
(B) correlations with precuneus (PC). In GS, both mFC and PC covariance mappings reveal cortical areas involved in the default mode network. In PIS, 
the pattern of correlations is limited to areas neighboring the seed point (black circle), suggesting network disruption in the frontoparietal area. (C,D) the 
interaction between correlation and group indeed shows that the most marked decrease of mFC/PC structural covariance was found in medial parietal and 
posterior cingulate cortices.
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Figure 3—Association between sleep quality and structural covariance of cortical thickness. Decreased correlations to the seed (i.e., mFC or PC indicated 
by circle) in relation to low subjective sleep quality are shown. In GS, only scattered focal areas present disrupted covariance networks. In PIS, decreased 
mFC covariance relating to low sleep quality was found in the lateral prefrontal and central cortices, where cortical thinning in PIS compared to GS was 
found (Figure 1), as well as in the medial prefrontal cortex, parahippocampal gyrus and focal areas of occipital cortex (FDR < 0.05). We found decreased 
PC covariance mainly in frontal cortical areas including anterior/posterior cingulate and prefrontal cortices in relation to lower sleep quality (FDR < 0.05). 
The decreased covariance was also mapped in focal areas of central cortex, and occipital cortex (FDR < 0.05).

Figure 4—Association of neuropsychological parameters to cortical thickness in the PIS group. The t-value indicates poor performance in executive 
function associated with cortical thinning and is thresholded at FDR < 0.05. In the left plot, thickness was averaged in the clusters presenting significant 
association. In this region, an interaction analysis showed no group difference in correlation even though the GS group showed no correlation in any cortical 
area due to its large variability (FDR > 0.1).
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We found no aging effects in PIS and GS groups. The aging 
effect on cortical thinning is generally limited in non-elderly 
group even though longitudinal studies of seniors found a rela-
tively wide-range of effect.46,47 Our subjects, despite a large 
sample size, have a narrow age range and are not the elderly, 
which may result in an insufficient effect size for our cross-
sectional study design.

Disruption in Structural Covariance between the DMN and 
Other Cortices in Insomnia
Previous functional connectivity studies indicate a disconnec-
tion within regions of the DMN, particularly between anterior 
and posterior regions during the transition from wake to slow 
wave sleep in good sleepers.19 In insomnia patients, multiple 
structural imaging studies2,39,48 have found volume changes 
in the DMN regions, including the medial prefrontal, anterior 
cingulate, and precuneus.

Consistent with previous studies, the assessment of cortical 
thickness covariance in our study showed that disruption in the 
DMN in insomnia was also structural, resulting mainly from 
reduced thickness covariance between the frontal and parietal 
cortices. Fronto-parietal functional dissociation is manifested 
during slow wave sleep18,19 as well as at a state of wakeful rest 
under prolonged sleep deprivation, as shown in resting-state 
functional MRI studies.49–51 This result has implications for 
the pathophysiology of insomnia. Since this functional con-
nectivity decrease in the DMN was interpreted as reflecting 
the loss of consciousness during deep sleep and a marker of 
sleep intensity, one could expect that a decrease in structural 
connectivity in this network would also reflect a propensity to 
sleep. Our finding of a decreased structural connectivity in the 
DMN in individuals with persistent insomnia might thus ap-
pear contradictory. However, similarly to the lack of glucose 
metabolism decrease during NREM sleep relative to wakeful-
ness,40 it is possible that it is a lack a connectivity decrease 
during NREM sleep relative to wakefulness that characterizes 
insomnia. In that regard, a decreased structural covariance be-
tween anterior and posterior nodes of the DMN, as we observed, 
might reflect an altered connectivity at baseline in insomniacs, 
which would impair any further connectivity decrease within 
the DMN during sleep attempts. We thus speculate that it is 
not the functional decoupling per se that characterizes the 
loss of consciousness during sleep, but rather the progressive 
decrease in coupling during the descent to deep sleep. This 
altered structural connectivity in insomnia may further con-
tribute to sustained sleep difficulties and cognitive impairment 
frequently reported by insomniacs. Our results in patients with 
persistent insomnia symptoms indeed showed a significant as-
sociation between altered DMN structural connectivity and 
low sleep quality. Furthermore regions involved in the DMN 
presented cortical thinning in relation to cognitive impairment. 
Future studies assessing functional connectivity changes in 
the DMN across the sleep wake-cycle in insomnia patients are 
warranted to further support this model.

We observed that the structural covariance between the 
DMN and the medial/lateral prefrontal cortices, central cortex, 
occipital cortex as well as parahippocampal gyrus was de-
creased in relation to lower sleep quality mainly in insomnia 

patients, which was not likely in controls due to a small effect 
size, This suggests that higher insomnia severity is associated 
with more extended levels of structural damage in the path-
ological network of insomnia. These regions have been also 
reported in past studies as primary brain foci that presented 
morphological alteration in relation to subjective/objective 
sleep severity.2,39,48

Relationship between Cognitive Impairment and Cortical 
Thinning of the DMN Regions in Insomnia
Our analysis showed that impaired executive function is related 
to cortical thinning in lateral prefrontal cortex and the junc-
tion between the precuneus and cuneus, which are part of or 
proximal to the DMN. Interaction analysis, however, suggested 
that it is unclear this relationship is only present in insomnia. A 
further study with a larger sample size may clarify this.

It has been frequently reported that cognitive impairment 
in insomnia is related to functional abnormality in prefrontal 
cortex,52–55 which is considered a hub to process such cogni-
tive functions.56,57 Studies analyzing the effect of sleep depri-
vation to brain function have observed increased activation in 
the prefrontal cortex during a complex memory task with si-
multaneous decreased activation in DMN regions.58 This may 
reflect adaptive cognitive functioning in insomnia, in which 
the prefrontal cortex may become overused to compensate 
for the dysfunction of DMN areas given a “difficult-to-solve” 
task. Chronic overuse of the prefrontal cortex in insomnia may 
eventually lead to structural modifications in this structure as 
seen in our study.

Functional connectivity between the prefrontal cortex, pa-
rietal cortex, and sensory regions including the occipital cor-
tices becomes stronger when executive function or visuospatial 
reasoning is performed.59–61 The found connectional modifica-
tions in the parietal and occipital lobes in relation to cognitive 
impairment in PIS may thus indicate secondary changes due 
to the propagation of the primary damages in the prefrontal 
cortex through its neuronal pathway to these regions.

Similarities and Differences between Structural Covariance 
and Other Imaging-Based Connectivity
A central question lies in what the observed corticocortical 
thickness covariance network implies compared to findings 
derived from MR diffusion-weighted imaging of white matter 
pathways or from functional MR imaging. Despite a large 
overlap between functional connectivity and diffusion MRI-
based networks,38,62,63 recent studies suggest that functional 
connectivity more closely agrees with structural networks 
derived from morphological covariance than those from WM 
tractography. This is based on anti-correlation analyses of the 
DMN, in which the attentional network and DMN operate in 
opposition.6,64–67 Intriguingly, the anti-correlation observed in 
the functional analysis is also found in the thickness covari-
ance networks.68,69 The pattern of structural network alteration 
in PIS found in our study is concordant with functional studies 
in insomnia. It should be noted that the different time scales of 
the structural covariance and functional networks might lead 
to a fundamentally different interpretation: i.e., structural co-
variance uniquely reflects brain organization along a relatively 
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long-term time course.14,68,70 Moreover, the proposed approach 
does not assess a direct, causal connection. Thus, it remains 
unclear whether the network alteration found in our study pre-
cedes or results from insomnia.

Limitations
Despite our findings, a number of limitations should be consid-
ered when interpreting the results of this study. One limitation 
that should be noted is the insufficient information we had re-
garding long-term medication use in all participants. While no 
participants in this study were on current medication at the time 
of the experiment, we cannot exclude the possibility that long-
term medication had an impact on the structural differences ob-
served in our study. Previous structural MRI studies observed, 
for example, that long-term use of antidepressants for more than 
3 years was associated with increased hippocampal volumes in 
patients with major depressive disorder.71 However such volume 
change was not observed after 8 weeks72 or 10 months of treat-
ment,73 suggesting that effects on brain structure are mostly 
found after very prolonged and chronic medication exposure.

Additionally, we did not exclude any participants because 
of high depression scores on the Beck Depression Inventory. 
While this would have been ideal, past studies have reported 
that persistent insomnia is strongly associated with depres-
sion at baseline compared to normal sleep, and it is difficult to 
separate the two due to high correlation between insomnia and 
depression.74,75

CONCLUSION
This report constitutes the most comprehensive structural 
imaging study of insomnia, demonstrating anatomical altera-
tions and disrupted structural connectivity, as well as their 
implications on cognitive function and sleep quality. Our re-
sults suggest that patients with persistent insomnia symptoms 
present altered structural connectivity mainly within regions 
of the DMN that reduce their capacity to perform the normal 
transition to sleep accompanied by a functional disconnection 
between the anterior and posterior regions of the DMN. This 
altered connectivity may further contribute to sustained sleep 
difficulties and cognitive impairment commonly reported by 
insomnia patients.
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