Research

JAMA Psychiatry | Original Investigation

Functional Connectivities in the Brain That Mediate the
Association Between Depressive Problems and Sleep Quality

Wei Cheng, PhD; Edmund T. Rolls, DPhil, DSc; Hongtao Ruan, MSc; Jianfeng Feng, PhD

Supplemental content
IMPORTANCE Depression is associated with poor sleep quality. Understanding the neural
connectivity that underlies both conditions and mediates the association between them is
likely to lead to better-directed treatments for depression and associated sleep problems.

OBJECTIVE To identify the brain areas that mediate the association of depressive symptoms
with poor sleep quality and advance understanding of the differences in brain connectivity in
depression.

DESIGN, SETTING, AND PARTICIPANTS This study collected data from participants in the
Human Connectome Project using the Adult Self-report of Depressive Problems portion of
the Achenbach Adult Self-Report for Ages 18-59, a survey of self-reported sleep quality, and
resting-state functional magnetic resonance imaging. Cross-validation of the sleep findings
was conducted in 8718 participants from the UK Biobank.

MAIN OUTCOMES AND MEASURES Correlations between functional connectivity, scores on the
Adult Self-Report of Depressive Problems, and sleep quality.

RESULTS A total of 1017 participants from the Human Connectome Project (of whom 546
[53.7%] were female; age range, 22 to 35 years) drawn from a general population in the
United States were included. The Depressive Problems score was positively correlated with
poor sleep quality (r = 0.371; P < .001). A total of 162 functional connectivity links involving
areas associated with sleep, such as the precuneus, anterior cingulate cortex, and the lateral
orbitofrontal cortex, were identified. Of these links, 39 were also associated with the
Depressive Problems scores. The brain areas with increased functional connectivity
associated with both sleep and Depressive Problems scores included the lateral orbitofrontal
cortex, dorsolateral prefrontal cortex, anterior and posterior cingulate cortices, insula,
parahippocampal gyrus, hippocampus, amygdala, temporal cortex, and precuneus. A
mediation analysis showed that these functional connectivities underlie the association of the
Depressive Problems score with poor sleep quality (8 = 0.0139; P < .001).
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any individuals with depression report poor sleep
quality' and disturbances of sleep, including insom-
nia and less slow-wave sleep.? What is the associa-
tion between depression and sleep? What are the brain sys-
tems associated with both depression and sleep quality?
Understanding the answers to these questions may lead to bet-
ter treatments for depression and may improve sleep quality.

Significant correlations between depression and poor sleep
quality have been found in a meta-analysis.! Poor sleep qual-
ity is typically measured with a high value on the Pittsburgh
Sleep Quality Index (PSQI),?> which is closely correlated with
insomnia.* The widespread use of the PSQI has shown that sub-
jective sleep disturbances are associated with depression.'>”
Moreover, there is a genetic component to the association be-
tween poor sleep quality and depression,?” and this makes it
especially interesting to search for possible neural mecha-
nisms that may mediate the association. Previously, it has been
shown that sleep deprivation affects brain systems that are in-
volved in emotion, such as the amygdala,® and the anterior cin-
gulate cortex has been described as a region in which genes
that control circadian rhythms are dysregulated in depression®
and in which neurons increase their activity during sleep and
disengagement from tasks.'®

Depression is ranked by the World Health Organization as
the leading cause of years of life lived with disability."** In most
countries, the percentage of people with depression during
their lifetimes falls within an 8% to 12% range.''* There is a
major personal burden to these individuals and their families
of depression as well as a major economic burden.** Thus, ad-
vances in our understanding of the neural bases of depres-
sion, and how they may be associated with poor sleep qual-
ity, are key areas for investigation.

In this study, we analyzed the neural association be-
tween depression and sleep quality by measuring the associa-
tions between functional connectivity between brain areas in
the resting state and both poor sleep quality and depressive
problems and used a mediating analysis to assess the under-
lying mechanisms. Resting-state functional connectivity be-
tween brain areas, which reflects correlations of activity, is a
fundamental tool in augmenting understanding of the brain
regions with altered connectivity and function in mental
disorders.'®

Methods

Participants and Data Preprocessing

Primary Data Set From the Human Connectome Project

The data set used for this investigation was selected from the
March 2017 public data release from the Human Connectome
Project (HCP; N = 1200) from the Washington University-
University of Minnesota (WU-Minn HCP) Consortium. The par-
ticipants included in this sample were scanned on a 3-T con-
nectome-Skyra scanner (Siemens). The WU-Minn HCP
Consortium obtained full informed consent from all partici-
pants, and research procedures and ethical guidelines were fol-
lowed in accordance with Washington University institu-
tional review board approval. The resting-state data were
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Key Points

Question Is it possible to identify brain functional connectivities
that mediate the association of depressive symptoms with poor
sleep quality and advance understanding of the differences in
brain functional connectivity in individuals with higher scores on
the Depressive Problems scale?

Findings In 1017 participants in the Human Connectome Project,
brain areas with increased functional connectivity associated with
both sleep and Depressive Problems scores included the lateral
orbitofrontal cortex, dorsolateral prefrontal cortex, anterior and
posterior cingulate cortices, insula, parahippocampal gyrus,
hippocampus, amygdala, temporal cortex, and precuneus. A
mediation analysis showed that these functional connectivities
underlie the association of depressive problem scores with poor
sleep quality.

Meaning In this study, the increased functional connectivity
between these brain regions provides a neural basis for the
association of depression with poor sleep quality; in this general
population from the United States that was not selected for
depression, Depressive Problems scores were correlated with
functional connectivities in the brain, including the lateral
orbitofrontal cortex, which has implications for the treatment of
depression and poor sleep quality.

obtained and preprocessed by the HCP with its standardized
method,!®-2! with details provided in eFigure 1in the Supple-
ment. We emphasize that the participants in this investiga-
tion were from the Human Connectome Project and were not
selected for their existing symptoms or diagnosis of depres-
sion; rather, measures of depressive feelings and behavior were
available and were used in these analyses.

Construction of the Whole-Brain Functional Network

After preprocessing, the gray matter of the whole brain was par-
cellated into 250 regions of interest using the Shen atlas,??
which has been validated in resting-state functional mag-
netic resonance imaging (fMRI) studies®>-2* as described in the
eMethods in the Supplement. Then the time series were ex-
tracted in each region of interest by determining the mean of
the signals of all voxels within that region. Pearson cross-
correlations between all pairs of regional blood oxygen level-
dependent signals were calculated for each participant, fol-
lowed by z transformation to improve normality, and the
whole-brain functional connectivity network (250 x 250 re-
gions with 31125 edges) was constructed using 2 scans, as de-
scribed in the eMethods in the Supplement. Anatomical re-
gions are listed in eTable 1 in the Supplement.

Sleep and Depression Phenotypes
The sleep phenotype of participants in the HCP was assessed
by the self-reported PSQI total score, which combines 7 com-
ponent scores: subjective sleep quality, sleep latency, sleep du-
ration, habitual sleep efficiency, sleep disturbances, use of
sleeping medication, and daytime dysfunction in the past
month (with further details in eFigure 1 in the Supplement),
and which is considered to be a good measure of insomnia.*
The measure of depressive problems in the HCP, the Adult
Self-report DSM-IV Depressive Problems raw score, is based
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on the Achenbach Adult Self-report for Ages 18-59.2° Specifi-
cally, the 123 items from Section VIII were administered (of
which only 2 were on the topic of sleep quality). Then items
associated with depressive symptoms were used to generate
the raw score. In addition, this stage of data collection in-
cluded obtaining information from participants on whether
they had ever been diagnosed with depression via the ques-
tion, “Has the participant experienced a diagnosed DSM-IV Ma-
jor Depressive Episode over his/her lifetime?”

Statistical Analysis

Identifying Correlations of Functional Connectivity With Sleep
Quality

To investigate the association between functional connectiv-
ity and sleep quality (PSQI total score, a very widely used mea-
sure of sleep quality that is a good measure of insomnia*7),
linear regression analysis was used, after removing 14 con-
founding variables: age, sex, years of education, race (catego-
rized as white or other), handedness, head motion (mean
framewise displacement), body mass index (calculated as
weight in kilograms divided by height in meters squared), blood
pressure (diastolic and systolic), total gray matter volume, total
white matter volume, alcohol use, tobacco use, and mari-
juana use. To take into account the family relationships of the
participants in the HCP dataset, the significance for all asso-
ciation analyses in this study was estimated by the permuta-
tion analysis of linear models technique?® in accordance with
prior studies.?°-2” To address the problem of multiple com-
parisons, the network-based statistic (NBS),%® a well-
validated method for brain network association analysis that
has previously been used widely in neuroimaging studies,?8-3!
was used to identify and ascribe significance to any con-
nected subnetworks found in the set of significantly altered
links found in the group with poor sleep quality (eTable 2 in
the Supplement). We considered P < .05 (corrected for mul-
tiple comparisons) to be significant.

Correlation Between Sleep Quality and Depressive Score

We first investigated the association between the poor sleep
quality measure and the depressive measure (ie, Adult Self-
report DSM-IV Depressive Problems raw score) by partial cor-
relation analysis after removing the 14 confounding variables
described. The correlation was highly significant (r = 0.371;
P <.001; Figure 1B). We note that only 2 of the 123 items in the
Adult Self Report questionnaire, which are used to calculate
the Depressive Problems Score, are on the topic of sleep qual-
ity, and so these are unlikely to account for the correlations in
this study. Although participants of the HCP data set were not
selected to have a psychiatric disorder and most are healthy
control participants, the Depressive Problems raw score was
a useful indicator of depression, in that 92 participants who
reported having been diagnosed with a major depressive epi-
sode also had significantly higher scores on this measure.

Cross-validation Using the UK Biobank Data set

We used a separate large data set (from the UK Biobank) to test
whether the analyses of the HCP data are robust. This data set
included 8718 participants.
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. |
Results

Demographics
The sample used in these analyses included 1017 participants
(of whom 546 [53.7%] were female; age range, 22-35 years).
Data on the participants, including their sleep and depres-
sion scores, are shown in Table 1. Further details are in eTable
2 of the Supplement.

Notably, 92 participants (9.0%) had been diagnosed with
a major depressive episode (as defined by the DSM-IV) over
their lifetimes. These participants had a significantly mean (SD)
higher score (7.55 [4.83] points) than the other participants
(3.70 [3.07] points; teg, = —10.8; P < .001) on the Depressive
Problems scale.

Functional Connectivity Links Associated With Sleep Quality
There were 162 significant links after NBS correction. Table 2
shows the 60 functional connectivity links that had associa-
tions of greatest significance with the PSQI score, including
names, supporting statistics, and P values. All are signifi-
cantly positively correlated with the poor sleep quality assess-
ment. All links that are correlated with the PSQI score are shown
in Figure 2. Many significantly correlated links involved the
precuneus, the anterior cingulate cortex, the lateral orbito-
frontal cortex, the hippocampus and parahippocampal cor-
tex, and some motor areas (Figure 2; eFigure 2 in the Supple-
ment). The correlation between the sleep quality and the mean
strength of these significant functional connectivities is shown
in Figure 1A (r = 0.181; P = 6.7 x 107°).

Functional Connectivity Links Associated With Depressive
Problems Scores and Sleep Quality

In the correlation analysis between functional connectivity,
poor sleep quality, and depressive scores, we found that the
PSQI score was positively correlated with the Depressive Prob-
lems raw score (r = 0.371; P < .001; Figure 1B). Then a permu-
tation test was performed, which showed that the 162 signifi-
cant links identified in the correlation analysis with the PSQI
score were also significantly correlated with the Depressive
Problems score (Table 2). Figure 2D shows 39 significant in-
dividual links identified in the sleep analysis that are also sig-
nificantly correlated with Depressive Problems scores. The dis-
tribution of brain areas associated with these significant links
included the lateral orbitofrontal cortex, the anterior cingu-
late cortex, and the precuneus, as shown in Figure 2C and eFig-
ure 3in the Supplement. Furthermore, we found that the mean
strength of each of the 39 functional connectivities involved
in both sleep quality and the Depressive Problems score (shown
in Figure 2D) was also positively correlated with the Depres-
sive Problems raw score (r = 0.133; P = 2.1 x 10~°; Figure 1C).

Functional Connectivity Links Associated With the
Depressive Problems Score

eFigure 4 and eTable 2 in the Supplement show correlations
between the functional connectivities across the whole brain
and the Depressive Problems score. Key areas shown include
the lateral orbitofrontal cortex, the dorsolateral prefrontal cor-
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Figure 1. Association Between Depression, Sleep, and Functional Connectivity
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@ Associations of depressive problems scores, sleep quality, and functional connectivity links

Extent to which taking functional connectivity
into account explains association of depressive
problems scores with sleep =0.0139
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Functional connectivity

Association of depressive
problems scores with functional
connectivity B=0.0025

(95% Cl, 0.00-0.01);
P=6.4x10"5

Association of depressive problems scores with sleep
B=0.2882 (95% Cl, 0.23-0.35); P=8.2 x 10>

Association of functional
connectivity with sleep
B=5.459 (95% Cl, 3.10-7.95);
P=12x10"

Depression score

Association of depressive problems score with sleep
after controlling for functional connectivity

Sleep quality score

B=0.2743 (95%Cl, 0.22-0.33); P=2.1 x 104

A, The correlation between the sleep quality and the mean strength of 162
significant functional connectivities. B, The correlation between the sleep
quality and the depressive score. C, The correlation between the depressive
score and the mean strength of 162 significant functional connectivities
associated with sleep quality. D, The mediation implemented by functional
connectivity from the depressive problems score on poor sleep quality
(Pittsburgh Sleep Quality Index [PSQI] score; B = 0.0139; P < .001). The total

assocation of the Depressive Problems score with the outcome shows that the
regression coefficient? (B) of the Depressive Problems score on the PSQI score
was high when the functional connectivities were not taken into account. The
direct association of the Depressive Problems score with the outcome (PSQI
score), after controlling for the mediator (functional connectivity), shows some
reduction in the regression coefficient when the association of the functional
connectivities was removed.

tex, the anterior and posterior cingulate cortices, and the in-
sula. If the 92 participants who had ever been diagnosed with
depression were removed from this analysis, the correlations
of some of these areas with the Depressive Problems score were
still significant, including the anterior cingulate gyrus and
middle frontal gyrus (middle frontal gyrus with right anterior
cingulate cortex: r = 0.115; P = .001; left cuneus with left su-
perior frontal gyrus, dorsolateral: r = -0.109; P = .002; right
inferior parietal gyrus, excluding supramarginal and angular
gyri with left middle cingulate and paracingulate gyri:
r = 0.059; P = .01; right middle frontal gyrus with left ante-
rior cingulate cortex: r = 0.059; P = .01; left postcentral gyrus
with left inferior temporal lobe: r = 0.059; P = .01; eTable 2 in
the Supplement). This provides evidence that some areas can
be associated with depressive symptoms even in individuals
who had never been diagnosed with depression. However, all
of the links involving the lateral orbitofrontal cortex became
nonsignificant if this subgroup of 92 individuals was re-
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moved (eTable 3 in the Supplement). This was supported by
the finding of correlations between the depressive score and
many functional connectivities involving the lateral orbito-
frontal cortex when only this subgroup of 92 were included.
In particular, in this subgroup of 92, correlations were found
for the Depressive Problems score for 6 links involving the lat-
eral orbitofrontal cortex (to the left middle frontal gyrus:
r = 0.410; P < .001; left supramarginal gyrus: r = 0.377; P < .001;
left middle cingulate and paracingulate gyri: r = 0.385; P < .001;
left precuneus: r = 0.430; P < .001; left insula: r = 0.348;
P < .001; and to 2 ROIs within the right middle cingulate and
paracingulate gyri: r = 0.368 and r = 0.402; P < .001 for both),
7links involving the anterior cingulate cortex (to the left supple-
mentary motor area: r = 0.446; P < .001; right postcentral gy-
rus: r = 0.368; P < .001; temporal pole [middle temporal gy-
rus]: r = 0.338; P < .001; left inferior temporal lobe: r = 0.365;
P <.001; left middle frontal gyrus: r = 0.321; P < .001; left
middle occipital lobe: r = 0.329; P < .001; inferior frontal gy-
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Table 1. Demographic Characteristics of the 1017 Human Connectome

Project Participants®

Characteristic No. (%)
Age, mean (SD), y 28.8 (3.7)
Female 546 (53.7)
Handedness® 66.4 (43.5)
Race
White 767 (75.4)
Other 250 (24.6)
Education, mean (SD), y 15.0 (1.8)
BMI, mean (SD) 26.4 (5.1)
Head motion, mean (SD), mm 0.09 (0.03)
Blood pressure, mean (SD)
Diastolic 76.3 (10.6)
Systolic 123.4 (13.8)

Total brain volume, mean (SD), mm?
Gray matter
White matter
Twin status
Monozygotic
Dizygotic
Nontwin
Substance use

Marijuana use, mean (SD),
incidents

Frequency of alcohol use in the
last 12 mo*©

Drinks per drinking day
Smoking history
Never

Smoked 1-19 cigarettes over
lifetime

Smoked =20 cigarettes over
lifetime

Regular smoker

Pittsburgh Sleep Quality Index,
mean (SD), points®

Total score

Subjective sleep quality

Sleep latency

Habitual sleep efficiency

Sleep duration®

Sleep disturbance

Use of sleep medications

Daytime dysfunction
Amount of sleep, mean (SD), h

Adult self-report DSM-1V Depressive
Problems scale score, mean (SD)

Raw score

Sex-adjusted, age-adjusted T
score

No depressive symptoms
Major depressive episode

No

Yes

687195.0 (66512.9)
445283.3 (56273.5)

264 (26.0)
154 (15.1)
490 (48.2)

1.39 (1.67)
4.29 (1.54)

2.27 (1.57)

549 (54.0)
87 (8.6)

119 (11.7)

258 (25.4)

4.7 (2.8)

0.88 (0.63)
0.96 (0.82)
0.56 (0.82)
0.43 (0.78)
1.08 (0.48)
0.23 (0.66)
0.58 (0.64)
6.83 (1.13)

4.09 (3.46)
53.80 (5.72)

1.29 (2.57)

925 (91.0)
92 (9.0)

Abbreviation: BMI, body mass index (calculated as weight in kilograms divided

by height in meters squared).

rus, opercular part: r = 0.373; P < .001), and 1 between the lat-
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2@ Further definitions are available at the Human Connectome Project Data
Dictionary.>?

b Handedness of participant is measured from 100 to 100. Negative numbers
indicate that a participant is more left-handed, while positive numbers
indicate that a participant is more right-handed.

€ Frequency of any alcohol use in past 12 months was measured on an inverse
scale of 1to 7, where alcohol use on 4 to 7 days per week was scored 1for male
participants and 2 for female participants and 3 days per week was scored 2, 2
days per week was scored 3, 1day per week was scored 4, 1to 3 days per
month was scored 5, 1to 11 days per year was scored 6, and no use in the past
12 months was scored 7 for both sexes.

The Pittsburgh Sleep Quality Index was scored on a scale of O to 21, with each

subscore on a scale of O to 3.

€ Amount was defined by the patient’s answer to the question, “During the past
month, how many hours of actual sleep did you get at night?”

f The T scores are calculated based on the distribution of the score for different
ages and sexes.

eral orbitofrontal cortex and anterior cingulate cortex
(r = 0.365; P < .001). The evidence from the HCP data set was
thus that high lateral orbitofrontal cortex functional connec-
tivities were especially associated with the Depressive Prob-
lems score, with this association being especially significant
in people who at some point in the past had been diagnosed
with depression. In the same 92 participants, other areas with
high correlations (all with r values greater than 0.32 and cor-
responding P values less than .001) with the depressive prob-
lems score included the angular gyrus, anterior cingulate cor-
tex, parahippocampal gyrus, and temporal cortex (eTable 3in
the Supplement).

Mediation Analysis

Given that the strengths of the functional connectivities were
significantly associated with the PSQI score (8 = 5.459 [95%
CI, 3.10-7.95]; P = 1.2 x 10™%) and Depressive Problems score
(B = 0.0025[95% CI, 0.00-0.01]; P = 6.4 x 107°), we assessed
whether the functional connectivities significantly mediated>?
this association. The mean strength of the 39 significant func-
tional connectivities shown in Figure 2D involved in both poor
sleep quality and Depressive Problems scores significantly me-
diated the relationship between the PSQI score and depres-
sive problems score (Figure 1D) (4.8% of the total effect size;
B = 0.0139[95% CI, 0.01-0.03]; P = 2.1 x 107°). We further found
that all 39 links significantly mediated the association be-
tween the PSQI score and the Depressive Problems score
(eTable 4 and eFigure 5 in the Supplement).

Cross-validation Using the Biobank Data set

The association patterns between functional connectivities and
sleep duration were very similar in both the HCP and the Bio-
bank data sets (Figure 3A). Figure 3B shows a high positive cor-
relation (r = 0.524; P < .001) between the r values for the cor-
relation between the functional connectivity links for the whole
brain and sleep duration in the HCP and Biobank data sets. More
details are provided in the eTable 5 in the Supplement.
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Table 2. Top 60 Functional Connectivity Links Correlated With the Pittsburgh Sleep Quality Index Score

Functional Connectivity

Region 1 Region 2 r Value? P Value
Right precuneus Right postcentral gyrus 0.123 <.001
Right middle frontal gyrus Right calcarine fissure and surrounding ~ 0.123 <.001
cortex
Right precuneus Right insula 0.124 <.001
Right olfactory cortex Right caudate nucleus 0.118 <.001
Lateral orbitofrontal cortex Left middle frontal gyrus 0.117 <.001
Rig_ht anterior cingulate and paracingulate Left postcentral gyrus 0.121 <.001
gyri
Left postcentral gyrus Left anterior cingulate and 0.123 <.001
paracingulate gyri
Right caudate nucleus Left superior frontal gyrus, dorsolateral  0.127 <.001
Lateral orbitofrontal cortex Left precentral gyrus 0.135 <.001
Right precuneus Left precentral gyrus 0.129 <.001
Left anterior cingulate and paracingulate gyri  Left precentral gyrus 0.126 <.001
Left thalamus Left precentral gyrus 0.118 <.001
Right precuneus Left insula 0.117 <.001
Lateral orbitofrontal cortex Left superior temporal gyrus 0.121 <.001
Lateral orbitofrontal cortex Left supplementary motor area 0.120 <.001
Left olfactory cortex Right middle frontal gyrus 0.119 <.001
Right superior temporal gyrus Right anterior cingulate and 0.115 <.001
paracingulate gyri
Right precentral gyrus Right caudate nucleus 0.118 <.001
Lateral orbitofrontal cortex Right precentral gyrus 0.115 <.001
Right precuneus Right precentral gyrus 0.122 <.001
Right supramarginal gyrus Right precentral gyrus 0.113 <.001
Right precuneus Left middle frontal gyrus 0.127 <.001
Right precuneus Left postcentral gyrus 0.116 <.001
Rig_ht anterior cingulate and paracingulate Left middle occipital gyrus 0.119 <.001
gyri
Right precuneus Left superior temporal gyrus 0.121 <.001
Right precuneus Left supramarginal gyrus 0.131 <.001
Left hippocampus Left caudate nucleus 0.117 <.001
Left paracentral lobule Left caudate nucleus 0.114 <.001
Right precuneus Left postcentral gyrus 0.121 <.001
Right precentral gyrus Right precuneus 0.128 <.001
Right superior temporal gyrus Right anterior cingulate and 0.118 <.001
paracingulate gyri
Right supplementary motor area Right superior temporal gyrus 0.119 <.001
Right precentral gyrus Right putamen 0.112 <.001
Right hippocampus Right caudate nucleus 0.107 <.001
Right supplementary motor area Right precentral gyrus 0.133 <.001
Lateral orbitofrontal cortex Left inferior temporal gyrus 0.110 <.001
Right middle frontal gyrus Left precuneus 0.108 <.001
Right precuneus LefF middle cingulate and paracingulate  0.130 <.001
gyri
Left thalamus Left hippocampus 0.115 <.001
Rig_ht anterior cingulate and paracingulate Left middle frontal gyrus 0.115 <.001
gyri
Right precuneus Right superior temporal gyrus 0.124 <.001
Right postcentral gyrus Right anterior cingulate and 0.110 <.001
paracingulate gyri
Right postcentral gyrus Right supplementary motor area 0.114 <.001
Right hippocampus Right putamen 0.113 <.001
Right precuneus Right precentral gyrus 0.116 <.001
Left olfactory cortex Left superior frontal gyrus, dorsolateral  0.113 <.001
(continued)
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Table 2. Top 60 Functional Connectivity Links Correlated With the Pittsburgh Sleep Quality Index Score

(continued)

Functional Connectivity

Original Investigation Research
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Region 1 Region 2 r Value? P Value
Right anterior cingulate and paracingulate Left precentral gyrus 0.121 <.001
qyri
Lateral orbitofrontal cortex Left insula 0.117 <.001
Right anterior cingulate and paracingulate Left middle frontal gyrus 0.106 <.001
gyri
Lateral orbitofrontal cortex Left middle occipital gyrus 0.111 <.001
Lateral orbitofrontal cortex Left insula 0.115 <.001
Right precuneus Left insula 0.117 <.001
Right precuneus Left supplementary motor area 0.121 <.001
Left anterior cingulate and paracingulate gyri  Left postcentral gyrus 0.122 <.001
Right precentral gyrus Lateral orbitofrontal cortex 0.109 <.001
Lateral orbitofrontal cortex Right precuneus 0.108 <.001
Lateral orbitofrontal cortex Left middle cingulate and paracingulate  0.110 <.001
qyri
Right precentral gyrus Left middle cingulate and paracingulate  0.121 <.001
qyri
. S . . 2 All correlations are significant
Right ant late and lat Left frontal ,d lateral 0.119 <.001 ) :
g;/gri anterior cingulate and paracingulate eft superior frontal gyrus, dorsolatera (defined as P < .05) with
Right precentral gyrus Left insula 0.106 <.001 whole-brain network-based statistic

correction.

.|
Discussion

This is the first study, to our knowledge, to examine the neu-
ral mechanisms underlying the association of depression with
sleep, a topic of great interest, with a large sample (n = 1017).
The results show that both poor sleep quality and depressive
problems are significantly positively correlated with func-
tional connectivities involving the lateral orbitofrontal cor-
tex, the dorsolateral prefrontal cortex, the cingulate cortex, and
the precuneus. Further, a mediation analysis showed that the
functional connectivity links between the brain areas identi-
fied played a significant role in the association of depressive
problems with poor sleep quality. Much smaller associations
were found in the reverse direction; that is, the associations
of sleep quality with depressive problems mediated by these
links were less significant. These findings provides a neural ba-
sis for understanding how depression is associated with poor
sleep quality, and this in turn has implications for treatment
because of the brain areas identified.

Areasin which functional connectivity was associated with
depressive problems and their effects on sleep quality in-
cluded the lateral orbitofrontal cortex, precuneus, and angu-
lar gyrus. There is increasing evidence that the lateral orbito-
frontal cortex is a key brain region associated with depression.
The theory is that it has increased sensitivity in depression of
attractor networks activated by not receiving expected re-
wards (which can lead to sadness and depression).!®-3* Con-
sistently, the lateral orbitofrontal cortex has increased func-
tional connectivity with a number of brain regions, including
the precuneus.!” In depression, the precuneus itself also has
increased functional connectivity with prefrontal cortex areas
involved in short-term working memory (W. Cheng, PhD, writ-
ten communication, June 21, 2018). The precuneus is impli-
cated in representations of the sense of self and space and in

jamapsychiatry.com

© 2018 American Medical Assomatlon All rights reserved.
PAGE: right 7 SESS: 48

autobiographical memory.3> These findings support the theory
that the nonreward system in the lateral orbitofrontal cortex
has increased influence on areas in which the self is repre-
sented, which results in low self-esteem, with the increased
connectivity to the prefrontal cortex short-term memory sys-
tem contributing to the rumination symptoms characteristic
of depression.!®:1”

Part of the importance of the present investigation is that
it provides strong support for a role of the lateral orbitofron-
tal cortex in depression (eFigure 4 and eTables 2 and 3 in the
Supplement). The previous findings'” were in hundreds of pa-
tients with major depressive disorder and healthy control par-
ticipants in China. The present findings were not on patients
selected because of their existing depression but instead were
on a general population in the United States in which a ten-
dency to have depressive symptoms could be assessed. Inter-
estingly, when the patients who had at some time been diag-
nosed with depression were removed, the links involving the
lateral orbitofrontal cortex no longer exhibited the threshold
level of significance. Moreover, if only the 92 participants who
had had a diagnosis of depression were considered, then rela-
tively high correlations with functional connectivities involv-
ing the lateral orbitofrontal cortex were found. This helps to
cross-validate the findings in the data sets from China in which
all these areas have been identified in a network of brain areas
with different functional connectivity in depression.!”#4 This
important cross-validation with participants from the United
States provides support for the theory that the lateral orbito-
frontal cortex is a key brain area that might be targeted in the
search for depression treatments.!®-34-3¢ Consistent with this,
repetitive transcranial magnetic stimulation and inhibition of
the lateral orbitofrontal cortex may be useful in the treat-
ment of depression.>”

This study found that another brain region strongly asso-
ciated with the effects of depressive problems on sleep qual-
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Figure 2. The Shen Atlas Areas With Functional Connectivities

@ Shen Atlas areas of functional connectivities associated with sleep quality

Variation of A with nodes and links shown

Significant
Links, No.

E Shen Atlas areas of functional connectivities associated with sleep quality
and depression

Significant
Links, No.

Left

Shen Atlas areas with 162 links associated with sleep quality that were
significant after NBS correction shown in red (A), and with 162 links significant
after NBS correction with nodes and links indicated (B). Shen Atlas areas with
30 functional connectivities associated with sleep quality and depressive
problems are shown in red (C) and with links and nodes indicated (D). For the
NBS, the primary threshold for each link-based P value was .05, and the number

of permutations was 10 000. MFG indicates middle frontal gyrus; PreCG,
precentral gyrus; INS, insula; MCC, midcingulate cortex; ACC, anterior cingulate
cortex; OLF, olfactory tubercle; HIP, hippocampus; STG, superior temporal
gyrus; OFClat, lateral orbitofrontal cortex; PCUN, precuneus; SMA,
supplementary motor area.

ity is the precuneus. The precuneusisimplicated in represen-
tations of the sense of self and space and in autobiographical
memory.3>38:3% Acute depression is associated with impaired
self-referential processing.*° On the bases of the findings of
this study and others,'®'” we propose that the low self-
esteem in depression is associated with increased functional
connectivity between the precuneus (which isinvolved in the
representation of self) and the lateral orbitofrontal cortex,
which is involved in nonreward and therefore implicated in
depression.

Another brain region strongly associated with the corre-
lations between depressive problems and sleep quality is the
anterior cingulate cortex. Interestingly, the supracallosal part
of the anterior cingulate has especially increased functional
connectivity with depressive problems and sleep quality and
also poor sleep quality, because the supracallosal anterior cin-
gulate has activations associated with punishment and nega-
tive emotional stimuli.***2 Per separate analyses, we are as-
sessing the implication that the supracallosal part of the
anterior cingulate cortex may contribute to the negative and
nonreward emotions in depression and their association with

JAMA Psychiatry Published online July 25, 2018
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sleep quality, and indeed the supracallosal anterior cingulate
cortex has high functional connectivity with the convexity part
of the lateral orbitofrontal cortex.

Strengths of the present investigation are the large num-
ber of participants (1017), leading to robust findings; cross-
validation with an independent data set; the mediation analy-
sis, which links the findings to recent advances in
understanding brain mechanisms associated with
depression;'®!7 and the inherent interest of the findings to a
wide readership.

Limitations

Several limitations are considered. Most participants were
healthy controls, and the depressive score was used as an in-
dicator of depressive symptoms, not formal diagnosis; how-
ever, we did demonstrate a high correlation between the De-
pressive Problems score and whether a person had at some time
been diagnosed with depression. We note that thereis a strong
association between depression and poor sleep, in that the cor-
relation found in this study between the Depressive Prob-
lems score and PSQI score was high (r = 0.371, P < 1.0 x 10719,
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Figure 3. Cross-validation Between the HCP and UK Biobank Data Sets for Functional Connectivity Correlations

With Sleep Duration

E Correlations between sleep duration and functional
connectivity for HCP and UK Biobank data sets

0.12+
0.094
0.06
0.034
i
-0.034

-0.06+

Shen Atlas Regions, HCP Data

-0.094

Correlation of UK Biobank Dataset, r

-0.124

-0.15

Correlations between correlations in HCP
and UK Biobank data sets

A, Correlations between the sleep
duration and the functional
connectivity for Human Connectome
Project (HCP) data (top right) and for
UK Biobank data (bottom left). Each
axis shows reordered Shen atlas brain
regions.?2 The symmetry about the
diagonal reflects the similarity of the

Shen Atlas Regions, UK Biobank Data

4-3-2-1012 3 45
Normalized Correlation

-0.2 -0.15 -0.10 -0.05 O

sleep-associated connectivity in the
HCP and UK Biobank data sets. B,
Correlation between the r values
between the functional connectivity
links for the whole brain and sleep
duration in the HCP and UK Biobank
data sets.

0.05 0.10 0.15
Correlation of HCP Dataset, r

Figure 1B); however, this does not address the directionality
of the association, which could be in both directions. Indeed,
we note that poor sleep quality also may have an effect on de-
pression, as shown by the mediation analysis. We note that the
causal relations between sleep and depression is an impor-
tant topic that deserves much further investigation.?

. |
Conclusions

Although previous studies have found changes in patients with
depression in some of the regions of interest identified in this
study, including the precuneus and angular gyrus,*® this is to
our knowledge the first study to examine the neural mecha-

nisms underlying the associations of depressive problems with
sleep quality and to associate sleep quality with functional con-
nectivity in a large sample of participants. A strength of this
investigation is that the effects are likely to be very robust, given
the large sample of participants with resting-state fMRI and
the cross-validation with the UK Biobank data set with a sample
of 8718 participants in one of its first uses of resting-state fMRI
data. The understanding that we developed in this study is con-
sistent with areas of the brain involved in short-term memory
(the dorsolateral prefrontal cortex), the self (precuneus), and
negative emotion (the lateral orbitofrontal cortex) being highly
connected in depression, which results in increased ruminat-
ing thoughts that are at least part of the mechanism that im-
pairs sleep quality.'®17:44
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