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Sleep disturbances are associated with cortical and subcortical
atrophy in alcohol use disorder
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Sleep disturbances are prominent in patients with alcohol use disorder (AUD) and predict relapse. So far, the mechanisms
underlying sleep disruptions in AUD are poorly understood. Because sleep-related regions vastly overlap with regions, where
patients with AUD showed pronounced grey matter (GM) reduction; we hypothesized that GM structure could contribute to sleep
disturbances associated with chronic alcohol use. We combined sleep EEG recording and high-resolution structural brain imaging
to examine the GM-sleep associations in 36 AUD vs. 26 healthy controls (HC). The patterns of GM-sleep associations differed for N3
vs. REM sleep and for AUD vs. HC. For cortical thickness (CT), CT-sleep associations were significant in AUD but not in HC and were
lateralized such that lower CT in right hemisphere was associated with shorter N3, whereas in left hemisphere was associated with
shorter REM sleep. For the GM density (GMD), we observed a more extensive positive GMD-N3 association in AUD (right
orbitofrontal cortex, cerebellum, dorsal cingulate and occipital cortex) than in HC (right orbitofrontal cortex), and the GMD-REM
association was positive in AUD (midline, motor and paralimbic regions) whereas negative in HC (the left supramarginal gyrus). GM
structure mediated the effect of chronic alcohol use on the duration of N3 and the age by alcohol effect on REM sleep. Our findings
provide evidence that sleep disturbances in AUD were associated with GM reductions. Targeting sleep-related regions might
improve sleep in AUD and enhance sleep-induced benefits in cognition and emotional regulation for recovery.
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INTRODUCTION
Sleep disturbances are highly prevalent in alcohol use disorder (AUD)
[1]. Both N3 (slow-wave sleep) and rapid-eye-movement (REM) sleep
are altered in AUD and only limited sleep improvement is observed
within the first 30 days of abstinence [2]. Sleep disturbances increase
the risk of relapse in AUD [3, 4] and failed sleep treatment interferes
with abstinence [2], highlighting the need to understand the
mechanisms underlying sleep disturbances in AUD.
Slow-wave sleep (SWS) and REM sleep involve distinct brain

regions. Slow waves occur locally and then propagate across the
cortex, particularly the frontal and temporal lobes [5–7]. In contrast,
during REM sleep parietal and occipital visual attentional areas
[8–10] and limbic regions [10, 11] are greatly activated. There are
also regions shared by SWS and REM sleep: the midline cingulate
regions, which is a core component of the default mode network
(DMN), not only spreads slow waves from anterior to posterior brain
areas but also activated during REM sleep [5, 6, 9, 11].
Intriguingly, these sleep-related regions vastly overlap with

regions where patients with AUD showed prominent gray matter
(GM) reduction [12]. Lower GM density (GMD) and cortical thickness
(CT) in AUD are most prominent in frontal lobe subregions (e.g.,
superior frontal gyrus, precentral gyrus), midline DMN (e.g., medial
orbitofrontal cortex [OFC], anterior cingulate cortex [ACC] and
precuneus), inferior parietal cortex (especially supramarginal gyrus),

temporal gyrus, limbic regions (e.g., entorhinal and parahippocam-
pal cortex, amygdala, and insula) and occipital cortex [12–16]. GM
reductions in many of these regions are associated with less SW
activity (SWA) and/or density in healthy adolescents and adults
[17–19]. Although direct evidence for a relationship between REM
sleep and GM structure is sparse, patients with REM behavioral
disorders (RBD) have diminished CT and GMD in frontal (e.g.,
medial superior frontal, OFC and ACC), postcentral gyrus, medial
temporal, and occipital regions compared to healthy controls (HC)
[20–22]. So far, the link between sleep (SWS and REM) and GM in
AUD has not yet been investigated. Therefore, we examined
whether sleep disturbances in AUD, particularly in N3 and REM
sleep, were associated with GM differences as compared to healthy
social drinkers. We examined both GMD and CT because they
provide different information about changes in GM structure and
do not always correspond to each other [23, 24]. We hypothesized
that GM reductions would mediate the effect of chronic alcohol use
on SWS and REM sleep in AUD.

MATERIALS AND METHODS
Participants
Data of 36 AUDs and 26 HCs were used in the current analyses. See
Supplementary section “Participants: inclusion and exclusion criteria”.
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AUDs and HCs did not differ in age and gender (Table 1). Clinical and
demographic information of participants were assessed on the first day of
study (Table 1).
Sleep (two nights) and MRI data (one MRI scan) of AUD participants were

acquired between day 2–6 of their detoxification at the NIAAA inpatient
unit in the NIH Clinical Center. Nicotine and caffeine use were allowed
during patients’ inpatient stay. Nicotine and caffeine use were not
correlated with sleep or sleep-related GM in AUD participants (see “Results”
section). Benzodiazepines were given only if moderate or severe
withdrawal symptoms emerged (Table 1). The use of benzodiazepines
was controlled as a covariate in the sleep analyses because benzodiaze-
pines can suppress SWS, although there is also evidence that SWA-
generating mechanisms are not impaired by benzodiazepines [25–27]. The
sleep assessments of HCs were also performed at the NIAAA inpatient unit
after a night of adaptation. HCs were provided with caffeine-free
beverages during their overnight stays and were scanned the following
day. Both AUDs and HCs reported relatively low daily caffeine use, which
was assessed on the day of admission to the unit and there were no group
differences in caffeine consumption (Table 1). Care was taken to ensure
that none of the participants ingested any alcohol while at the inpatient
unit. They all had a negative urine drug screen and a negative breath test

result for alcohol consumption on the days of testing. All participants
provided written informed consent, which was in accordance with the
declaration of Helsinki and was approved by the Institutional Review Board
at the National Institutes of Health. Assuming α = 0.05 and β = 0.2, the
current sample size allowed us to detect an effect size of 0.73.

Sleep monitoring and stage scoring
For overnight sleep monitoring, we used an ambulatory device (the X4
Sleep Profiler, Advanced Brain Monitoring) that provides three channels of
frontal EEG, a pulse rate, and a sensor to detect head movement [28]. This
multichannel frontopolar EEG recording device yields an comparable sleep
architecture estimates to full polysomnography (PSG) [29, 30]. Sleep stages
were auto-scored using a web-based portal with an automated scoring
algorithm [31, 32]. See Supplementary section “Sleep stage scoring and
justification” for detailed information.

MRI acquisition and preprocessing
Participants underwent MRI on a 3.0 T Magnetom Prisma scanner (Siemens
Medical Solutions USA, Inc., Malvern, PA) equipped with a 32-channel head
coil. T1-weighted 3D magnetization-prepared gradient-echo (MP-RAGE;

Table 1. Clinical, demographic, and sleep information for AUD and HC.

Characteristic AUD (N = 36) HC (N = 26) P-value

Mean (SD) Mean (SD)

Age 41.51 (13.21) 40.53 (13.13) 0.774

Gender (Female %) 27.8 46.2 0.136

Race (%) African–American 38.9
White 47.4
Asian 0
Multiracial 2.8
Unknown 11.1

African–American 53.8
White 34.6
Asian 3.8
Multiracial 2.8
Unknown 3.8

0.441

ADS 21.40 (8.65) 0.11 (.43) <0.001

AUDIT 29.43 (6.33) 1.46 (1.33) <0.001

Maximum CIWA at admission 4.86 (2.94) – –

LDH: Total lifetime drinks 80663.02 (82904.01) 1472.17 (3254.03) <0.001

LDH: Years of heavy drinking 13.80 (8.70) 0.27 (1.37) <0.001

LDH: Age of first drink 15 (6.90) 18.29 (3.20) 0.068

Years of alcohol use 26.97 (13.93) 5.70 (8.30) <0.001

TLFB 90 days (drinks/day) 15.23 (9.05) 0.90 (0.92) <0.001

Type of Benzo use (% of patients) Diazepam 8.3
Oxazepam 63.9
No use 27.8

– –

Average dose of Benzo use on 1st WK
(mg Oxazepam)a

17.02 (27.86)

Smokers (%) 52.8 0 <0.001

FTND 3.95 (1.87) – –

BDI 13.78 (9.20) 1.13 (3.02) <0.001

STAI anxiety 50.43 (11.85) 25.35 (5.76) <0.001

Caffeine use (mg/day) 29.08 (94.32) 17.15 (52.00) 0.562

Sleep parameter

TST (h) 4.69 (1.23) 7.50 (1.41) <0.001

N2
(h)/(% of TST)

2.64 (1.02)/54.81(12.75) 4.26 (0.90)/56.99 (8.46) <0.001/0.422

N3
(h)/(% of TST)

0.63 (0.51)/15.05 (12.53) 0.99 (0.57)/13.29 (7.81) 0.010/0.498

REM sleep
(h)/(% of TST)

0.94 (0.50)/19.42 (10.12) 1.58 (0.75)/20.66 (8.36) <0.001/0.611

AUDIT alcohol use disorders identification test, ADS alcohol dependence scale, CIWA the Clinical Institute withdrawal assessment for alcohol, TLFB the timeline
follow-back for daily alcohol consumption in the last 90 days prior to the study, LDH the lifetime drinking history for the total lifetime alcohol consumption,
FTND Fagerström test for nicotine dependence; STAI state-trait anxiety inventory, BDI the Beck depression inventory.
aOne milligram of Diazepam was converted into 3mg Oxazepam.
The bold values highlight that they are statistically significant.
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TR/TE = 2400/2.24 ms, FA = 8 deg) and variable flip angle turbo spin-echo
[33] (Siemens SPACE; TR/TE = 3200/564ms) pulse sequences were used to
acquire high-resolution anatomical brain images with 0.8 mm isotropic
voxels field-of-view (FOV) = 240 × 256mm, matrix = 300 × 320, and
208 sagittal slices.

Cortical thickness
Structural images were first minimally preprocessed by the Human
Connectome Project (HCP) standardized pipelines [34]. FreeSurfer version
5.3.0 (http://surfer.nmr.mgh.harvard.edu) was then used to compute the pial
and white matter surfaces and to segment the anatomical MRI scans into 68
cortical parcels. We used the estimated average CT for each of the cortical
parcels in the Desikan–Killiany atlas [35].

Grey matter density
We assessed GMD using voxel-based morphometry (VBM) [36]. Structural
images were first co-registered to the MNI average template distributed with
SPM12 (Wellcome Trust Center for Neuroimaging; http://www.fil.ion.ucl.ac.uk/)
using normalized mutual information. Bias-corrected structural images were
created to reduce the influence of intensity inhomogeneity on segmentation.
Structural images were then segmented into GM, white mater, cerebrospinal
fluid, soft tissue, skull, and non-brain regions using unified segmentation [37].
The tissue class images created during segmentation were then used to
generate a custom template using diffeomorphic anatomical registration
through exponentiated lie algebra (DARTEL) and an 8mm FWHM isotropic
Gaussian kernel [38]. A binary mask was created from the mean of all
participants’ smoothed DARTEL-normalized GM images, thresholded at 0.1
and used as an explicit mask in the statistical analyses of GM. To compare
cortical GMD with CT, we wrapped the cortical volumetric data to the surface
and estimated average GMD for each parcel in the Desikan–Killiany atlas [35].

Statistical analyses
The whole-brain vertex/voxel-wise analyses were performed for CT and GMD.
For CT, we used nonparametric permutation testing with FSL’S PALM software
for multiple comparison correction with spatial statistics for each hemisphere
separately (familywise error [FWE] PFWE = 0.05, 10,000 permutation), and then
Bonferroni-corrected for two hemispheres (PFWE = 0.05/2). For GMD, clusters
were corrected for multiple comparisons using cluster-level PFWE < 0.05 with a
cluster-defining threshold of P = 0.001, and cluster size >100 voxels. Two-
sample t-tests were used to examine group differences in total sleep time
(TST), REM, N2, N3, negative mood, CT, and GMD. A generalized linear
regression model (GLM) was applied for the independent effects of group,
sleep (REM, N2, and N3) and their interactions (i.e., to examine whether sleep-
related CT/GMD differed between two groups). Next, we additionally added
age and gender as covariates in the original GLM models to examine their
potential effects. For CT, we also conducted ROI analyses that provides a
rough overview of spatial distribution of CT variations and corrected for
multiple comparison using the false discovery rate Benjamin−Hochberg
method (FDR). The correlation between CT and cortical GMD was also
examined. Finally, we tested whether total lifetime drinks (TLD) were
associated with sleep and sleep-related CT/GMD in AUD. Age, gender,
caffeine use, anxiety, depression, nicotine dependence, and benzodiazepine
use were controlled, if they were correlated with group, TLD, CT/GMD, or sleep
(N3 and REM). We reported our analyses both uncorrected and corrected for
these potential covariates and explored the effect of age*alcohol on REM and
REM-related CT/GMD. To examine the potential confounding effects of
nicotine and caffeine use in AUD participant an independent t-test was
performed to compare sleep stages and sleep stage related GM in AUD
smokers (n = 19) vs. AUD non-smokers (n = 17). Additionally, Pearson’s
correlation was used to examine the correlation between Fagerstrom Test for
Nicotine Dependence (FTND) score, self-reported daily caffeine consumption
and sleep and GM.

Mediation analyses
We hypothesized that both CT and GMD would mediate the effect of
chronic alcohol use on N3 and REM. To test this, we examined (1) whether
group differences (categorical variable AUD = 1, HC = 0) in N3 and REM
were mediated by GM structure, and (2) whether GM structure mediated
the association between TLD and sleep (N3 and REM) in AUD. Mediation
analyses (Fig. S1) were performed with the toolbox PROCESS v3.4 for SPSS
22 (IBM Corp., Armonk, NY) (bootstrap samples: 5000; confidence intervals:
95%) [39]. We ran the mediation analyses separately for CT and GMD and
for N3 and REM.

RESULTS
Group differences in sleep, negative mood, and GM structure
AUD had shorter sleep duration in TST, REM, N2, and N3 and
higher anxiety and depression ratings than HC (all t(60) < −2.67,
p < 0.01) (Table 1). REM and N3 sleep were not associated with
each other in either group (|r| < 0.258, p > 0.203). The whole-
brain analyses (two-sample t-tests) revealed overall lower CT
(p < 0.05/2) that was most prominent in the occipital cortex
(Fig. 1A), and reduced GMD throughout frontal, occipital, parietal
and temporal regions that was most prominent in the opercular
cortex and insula (p < 0.001 with k > 100 and cluster-level pFWE <
0.05) (Fig. 1B and Table 2).

Fig. 1 Group differences in GM structure (HC>AUD). Group
differences in A CT: Color bar represents −log10(p) value. The
significance threshold was −log10(0.05/2) = 1.602, Bonferroni-
corrected for two hemispheres. and B GMD: Color bar represents
t values.

Table 2. Group differences in gray matter density (two-sample t-test).

Brain areas BA MNI
coordinates
(x y z)

K T

HC>AUD

Central Opercular cortex 48 −45 −18 14 13,286 6.20

Insula 48 38 −9 12 9653 5.83

Precentral cortex_R 6 30 −3 52 2762 5.58

Precentral cortex_L 6 −38 −4 60 2098 5.46

Subcallosal cortex 25 0 14 −3 2852 5.39

Lingual 19 33 −81 −16 6722 5.23

Lateral occipital cortex
(superior)

19 −39 −81 16 760 5.18

Superior frontal gyrus 32 −6 51 27 8560 5.08

Parahippocampal gyrus 36 26 −10 −33 1087 4.97

Temporal pole 28 24 8 −26 536 4.96

Lateral occipital cortex
(inferior)

37 −45 −62 15 505 4.67

BA Brodmann area, K cluster size.
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Sleep-CT association
We included group (AUD vs. HC), duration of sleep stages (REM,
N2 and N3) and their interactions in the GLM. For the combined
group, whole-brain vertex-wise analysis showed longer N3 sleep
was significantly associated with greater CT in the right insula and
temporal gyrus (Fig. S2) and REM sleep was positively correlated
with CT in the left hemisphere especially motor, temporal, parietal,
and occipital cortices (Fig. S3A).

These combined results were driven by associations in AUD as
revealed by the separate group analyses showing that in AUD
only, N3 sleep was associated with CT in the right frontal
(including anterior midline regions), insula, temporal, and parietal
cortices and longer REM sleep was associated with CT throughout
the whole brain, prominently in the left hemisphere (Fig. 2). In HC,
the correlations were not significant after FWE correction.
However, while not significant, the association in HC were
opposite to that in AUD, such that longer REM was associated
with less CT and the group differences in the REM-CT association
were significant (Fig. 3A). The results remained after correcting for
age and gender except that the association in AUD between N3
and CT was restricted to the left temporal pole (Fig. S4). Also see
Supplementary section “Results of ROI analyses for CT: Table S1,
Table S2, and Fig. S5” for ROI results. No N2-related CT correlations
or group interactions were found.

Sleep-GMD association
For the combined group, whole-brain voxel-wise analyses showed
that longer N3 sleep was associated with higher GMD in
cerebellum, supplementary motor cortex, prefrontal cortex, and
temporal gyrus (Table 3A and Fig. 4) and longer REM sleep was
associated with higher GMD in cerebellum and left temporal pole
(Table 3A and Fig. S3B). The correlation between N3 and GMD did
not differ between groups. However, separate group analyses
showed a larger range of regions with N3-GMD associations for
AUD (right OFC, cerebellum, dorsal cingulate, and occipital cortex)
than for HC (right OFC) (Table 3A and Fig. 4). Similar to the REM-CT
association, we found an interaction between REM and group for
GMD in motor cortex, precuneus, left supramarginal cortex, left
amygdala and insula (Table 3A and Fig. 3B). AUD displayed
positive correlations between REM and GMD in midline DMN,
motor, and paralimbic regions, whereas HC showed negative
correlations in the left supramarginal gyrus (Table 3A and Fig. 4).
The results of N3-GMD association remained unaltered after
including age and gender, while the interaction effect of REM-
GMD for the separate groups and the REM*group interaction
disappeared (Table 3B). With further explorative analyses, we
found that GM structure mediated the effect of age on REM sleep

Fig. 2 Sleep-CT association in AUD. N3-related and REM-related CT
in AUD. The significance threshold was −log10(0.05/2) = 1.602,
Bonferroni-corrected for two hemispheres.

Fig. 3 Effect of REM by group interaction on GM structure. REM sleep was differently correlated with GM in AUD vs. HC. A CT for the left
motor, temporal, and parietal cortex. The significance threshold was −log10(0.05/2) = 1.602, Bonferroni-corrected for two hemispheres;
B GMD for the left postcentral gyrus, supramarginal gyrus, amygdala, and Insula and right supplementary motor cortex and precuneus. Color
bar represents t values. The correlation between REM time and CT/GMD (averaged across all the significant clusters) was plotted to
demonstrate the direction of the interactions.
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in AUD (results below). In AUD but not in HC, cortical GMD was
correlated with CT (Fig. S6). No N2-related GMD or interaction
was found.

Covariates
We further controlled other covariates. The correlations
between GM structure (averaged CT or GMD across the related

regions) and sleep (N3 and REM) remained significant after
correcting for age, anxiety, depression, and benzodiazepine use
(all |β| > 0.664, all |t| > 3.60, all p < 0.001) (see Table 4 for
covariates for GM structure and sleep). In HC but not in AUD,
REM-related GMD was negatively correlated with anxiety and
depression and more REM sleep was associated with higher
anxiety scores (Table 4).

Table 3. A) Associations between sleep and gray matter density (GLM). B) Associations between sleep and gray matter density (GLM) (Controlled for
age and gender).

A) Brain areas BA MNI coordinate
(x y z)

K T Brain areas BA MNI coordinates
(x y z)

K T

HC>AUD (controlled for sleepa)

Precentral 6 −34 −6 45 237 4.29

Middle temporal 21 −69 −26 −8 280 4.22

N3 (AUD&HC) (controlled for group) N3 (AUD)

Cerebellum8_R 38 −50 −45 1074 5.28 Cerebellum8_R 36 −50 −46 588 4.66

Cerebellum_Crus2_R 38 −81 −45 824 4.71 Cerebellum8_L −32 −52 −46 238 4.03

Cerebellum8_L −32 −51 −46 642 4.82 Paracingulate 32 15 12 42 382 4.18

Supplementary motor cortex 6 12 −6 45 223 5.15 Medial frontal 11 9 39 −20 226 3.98

Anterior cingulate 25 −8 26 3 1201 5.01 Inferior frontal 45 −46 38 0 212 3.94

Middle frontal 9 −32 16 48 200 4.88 Temporal pole 38 40 24 −22 238 4.03

Superior temporal 22 −68 −28 10 195 4.81 Lingual 18 14 −86 −9 648 4.79

Planum temporal 41 −38 −32 8 279 4.50 N3 (HC)

Middle temporal 21 −62 −15 −12 599 4.45 Orbitofrontal 11 9 26 −18 200 4.33

Central opercular 48 40 −3 22 334 4.45

Insula 48 −38 −15 27 424 4.45

REM (AUD&HC) (controlled for group) REM (AUD)

Cerebellum8_L −24 −60 −45 193 4.61 Postcentral 3 −42 −34 54 279 4.78

Cerebellum8_R 28 −63 −46 209 4.28 Supplementary motor cortex 6 9 −3 74 230 4.23

Temporal pole 36 −28 8 −33 432 4.45 Parahippocampal_L 36 −32 −2 −24 560 4.63

REM*Group (AUD>HC) Orbitofrontal 11 24 46 −14 309 4.81

Postcentral_L 3 −40 −33 54 336 4.86 Orbitofrontal 11 −20 50 −20 201 4.37

Postcentral_L 43 −64 −4 32 395 4.46 Precuneus 23 14 −56 28 370 4.91

Supplementary motor cortex 6 10 8 69 247 4.45 Parahippocampal_R 30 28 −21 −27 188 3.91

Precuneus 23 14 −60 27 507 4.33 REM (HC negative association)

Supramarginal 40 −52 −51 34 270 4.33 Supramarginal 40 −32 −50 40 216 4.60

Amygdala −28 0 −22 252 3.99

Insula 48 −33 15 −6 178 3.89

B) Brain areas BA MNI coordinates
(x y z)

K T Brain areas BA MNI coordinates (x y z) K T

N3 (AUD&HC) (controlled for group) N3 (AUD)

Cerebellum_8 39 −51 −44 934 5.13 Lingual 18 14 −86 −9 174 4.57

Cingulum_mid 6 12 −6 45 198 5.04 Cerebellum_8_R 38 −51 −46 797 4.79

Anterior cingulate 25 −10 26 −3 1017 4.79 Inferior frontal 45 −48 38 0 191 4.21

Cerebellum_8 −36 −52 −45 594 4.76 Cerebellum_8_L −33 −54 −46 299 4.19

Cerebellum_Crus1_R 40 −81 −32 190 4.67 Inferior parietal 7 −27 −56 40 185 4.60

Cerebellum_Crus2 38 −81 −44 730 4.57 Cerebellum_Crus2 −16 −87 −46 274 4.17

Heschl’s Gyrus 41 −34 −33 6 183 4.24 Medial frontal 11 10 38 −18 194 3.83

Central opercular 48 42 −6 22 187 4.27 N3 (HC)

Orbitofrontal _mid 47 −38 56 −8 218 4.21 Rectus 11 9 26 −18 177 4.35

Temporal_mid 21 −62 −15 −12 312 4.24 Cerebellum_9 4 −38 −54 184 4.28

REM (AUD&HC) (controlled for group)

Cerebellum_8_L −22 −60 −45 212 4.27

Cerebellum_8_R 28 −63 −46 275 4.49

Fusiform 36 −27 8 −40 270 4.23
aThe observed group differences here are independent of sleep differences in AUD vs. HC (sleep measures as covariates were regressed out) and are likely
contributed by other unknown factors.
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TLD correlate with N3 and GM in AUD
In AUD, TLD were associated with shorter N3 sleep (rs(35) =
−0.358, p = 0.035) but not with duration of other sleep stages
or TST and this correlation was not altered after controlling for
benzodiazepine use and anxiety (β = −0.481, t = −2.28, p =
0.030) (See Table 4 for covariates for TLD and N3). TLD were also
negatively correlated with N3-related CT (β = −0.379, t =
−2.64, p = 0.013) and GMD (β = −0.338, t=−2.25, p= 0.031),
but not REM-related GM structure after regressing out age. Age
was negatively associated with both CT and GMD (all β <
−0.382, all t < −2.55, all p < 0.016). Of note, although
benzodiazepine use was correlated with TLD and GM structure
in AUD (Table 4), we did not include it as a covariate because it
is unlikely that short-term benzodiazepine use affected GM
structure and mediated the correlation between TLD and N3.
Instead, AUD participants with greater TLD and GM reduction
seemed to have required more benzodiazepine to control their
withdrawal symptoms.

GM structure mediates the effect of chronic alcohol use on
N3 sleep
The mediation analyses showed that group differences in N3 sleep
were explained by group differences in GM (GMD: 46.55%, CT:
47.93% of total effect) (Fig. 5A, B). In AUD, the association between
TLD and N3 sleep was significantly mediated by GMD (62.50% of
total effect) and CT (53.30% of total effect) in N3-related regions
(Fig. 5C, D).

GM structure mediates the effect of age on REM sleep in AUD
We observed a negative association between age and REM in AUD
but not in HC (Table 4). Age was negatively correlated with REM-
related GM variations (Table 4). Thus, we conducted follow-up
mediation analyses in AUD and revealed that the effect of age on REM
was attributed to GM (both CT and GMD) in AUD (Total effect: b =
−0.334, p= 0.046; CT: Indirect effect: b=−0.403, 95% CI [−0.761,
−0.121]; direct effect: b = 0.069, p = 0.687; GMD: Indirect effect: b =
−0.420, 95% CI [−0.768, −0.195]; direct effect: b = 0.086, p = 0.594).

Fig. 4 Sleep-GMD association. N3-related GMD in AUD and HC pooled together (upper panel). N3 and REM-related GMD in AUD only (lower
panel left) and in HC only (lower panel right). Color bar represents t values.

Table 4. Correlations between total lifetime drinks (TLD), gray matter structure (CT and GMD), sleep, and potential covariates in AUD and HC.

TLD (AUD/HC) N3-related GMD
(AUD/HC)

REM-related GMD
(AUD/HC)

N3-
related
CT (AUD)

REM-
related
CT (AUD)

N3 (AUD/HC) REM (AUD/HC)

Age 0.303/0.544* −0.481**/−0.462* −0.586**/−0.529** −0.481** −0.507** −0.133/−0.198 −0.335*/0.276

Gender −0.163/−0.322 −0.180/0.033 −0.228/0.063 −0.191 −0.117 −0.181/0.377 −0.241/−0.116

Caffeine use 0.203/0.278 −0.041/−0.268 −0.019/−0.069 −0.047 0.009 −.135/-.296 0.206/0.125

STAI anxiety 0.465**/0.092 0.073/−0.192 0.077/−0.518** 0.106 0.157 −0.066/0.086 0.058/0.530**

BDI 0.186/0.143 0.132/−0.208 0.109/−0.442* 0.066 0.153 −0.074/0.069 0.066/0.388

FTND (AUD) 0.059 0.179 0.078 0.221 0.217 0.094 0.116

Benzo
use (AUD)

0.531** −0.430** −0.353* −0.471** −0.304 −0.230 −0.215

*Correlation is significant at the 0.05 level (two-tailed).
**Correlation is significant at the 0.01 level (two-tailed).
The bold values highlight that they are statistically significant.
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As the effect of age on REM differed between groups (Table 4),
we performed conditional process analyses (i.e., moderated
mediation analyses) using GM as mediator and group as the
moderator to further explore the age × alcohol interaction
(Fig. S7). The moderated mediation effect was significant for
both GMD and CT. GM mediated the age × alcohol/group
interaction effect on REM sleep.

Nicotine and caffeine effects
In the current study, half of AUD patients used nicotine, while
none of the HC were smokers and caffeine and nicotine use
were allowed during AUD detoxification. Thus, we further
examine the effect of nicotine and caffeine use on sleep and
sleep-related GM. To address potential effects from nicotine we
compared AUD smokers versus AUD non-smokers and showed
that they did not differ in TST, N3, REM, or sleep-stage related
GMD and CT (all t < 1.61, all p > 0.117). Also, in AUD participants,
sleep and sleep-related GM were not correlated with FTND
scores or self-reported caffeine use.

DISCUSSION
In AUD, the prominent reductions in GM structure (both in CT
and GMD) were associated with disrupted sleep (reduced
duration of N3 and REM). For most brain regions (except medial
prefrontal cortex) the patterns of associations with GM structure
differed for N3 vs. REM and between HC vs. AUD. For CT, the
associations with sleep, which were significant in AUD but not
in HC, were lateralized such that CT reductions in right
hemisphere were associated with shorter N3, whereas in left
hemisphere were associated with shorter REM sleep. For GMD, a
larger range of regions showed an association with N3 in AUD
(right OFC, cerebellum, dorsal cingulate, and occipital cortex)
than in HC (right OFC) and the association with REM revealed
positive correlations in AUD with midline DMN, motor, and
paralimbic regions, whereas negative correlations in HC with
the left supramarginal gyrus. The mediation analyses revealed
that changes in GM structure mainly mediated the effect of
chronic alcohol use on the duration of N3 and an age by alcohol
effect on REM sleep.

GM reduction in AUD
Early postmortem studies reported focal neuronal loss in AUD
throughout frontal, parietal, temporal, and occipital regions [40].
Subsequently brain imaging studies have consistently reported
reductions in brain GM in patients with AUD compared to HC and
even when compared to patients with other substance use disorders
[12, 13, 15, 41]. Our results replicate these findings showing that AUD
participants had lower CT [12, 15] and GMD [13, 41] in most brain
regions including frontal lobe, insula, anterior and posterior cingulate
cortex, motor areas (precentral and postcentral gyrus), temporal,
parietal, and lateral occipital cortex.

SWS and GM structure in AUD
The correlation between SWS and GM has been well-documented.
From early childhood to late adolescence, the topographical
distribution of SWA parallels GM development shifting from
posterior to anterior regions [42, 43]. Furthermore, evidence
supports the mediation effect of GM structure on the age-related
SWA changes during adolescence and adulthood [18, 19, 44] and
GM contributions to inter-individual differences in SWA among
young adults [17].
As expected, the AUD participants who were studied during

recent alcohol withdrawal had shorter duration of SWS than
age-matched and gender-matched HC. SWA is dominant over
prefrontal EEG derivation in adults and frequently initiated in
frontal regions [44–46]. Consistent with previous studies
[17, 44], we observed a significant association between SWS
and GMD in OFC both in AUD and HC, particularly the right OFC.
Our findings not only support the contribution of GMD
variations in medial prefrontal cortex to inter-individual
differences in SWS, but also provide evidence that GMD
changes in this region underlie the reduced SWS in AUD
beyond that from age effects. Consistently, SWS-CT correlations
in right frontal regions especially OFC and anterior midline
regions was observed in AUD. However, unlike GMD, no SWS-
related association with CT was observed in HC. As shown in
Fig. S6, the lack of a correlation between GMD and CT in HC
might account for these differences, which stresses the
necessity to assess both of these GM measures as they might
offer complementary information about GM structure [23].

Fig. 5 Mediation effects. A CT and B GMD mediated the group effect on N3 sleep. C CT and D GMD mediated the relationship between total
lifetime drinks and N3 sleep in AUD.
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GM structure (both GMD and CT) was associated with SWS in
a larger extent of regions in AUD than HC including cerebellum,
frontal, cingulate, temporal and lingual cortex. SWS-related GM
variations in these regions have been reported in adults
[17, 18]. While multiple frontal, cingulate and temporal regions
are assumed to relate to SW source generation [6], mounting
evidence also shows the involvement of posterior brain regions
and cerebellum in SWS [5, 17, 18, 47, 48]. This might reflect the
global cortical synchrony and cortico-cerebellar interactions
during SWS [7, 49, 50]. In the current study, the GM deficits in
AUD including those in medial prefrontal cortex that are
relevant for SWS-initiation might shift the responsibility for
generating and maintaining SWS to other regions [44–46].
Similarly, poor sleep quality was associated with CT for a
broader set of brain regions in patients with insomnia than in
HC [51]. The engagement of more expanded areas of activation
while performing specific tasks is frequently observed as a
compensation mechanism in patients with brain lesions
[52, 53]. Further mediation analyses revealed that changes in
GM structure not only explained group differences in SWS, but
also mediated the association between TLD and SWS in AUD.

REM and GM structure in AUD
In the current study, the correlation between REM and GM
structure differed between AUD and HC. While AUD participants
showed strong positive correlations between REM and GM in
OFC, motor (pre-central and postcentral, supplementary motor
cortex), limbic (amygdala, insula, parahippocampal gyrus),
temporal and parietal (precuneus, left inferior parietal cortex)
regions, HC displayed negative correlations in these regions,
particularly in the left inferior parietal cortex. Early 18FDG PET
studies reported elevated brain glucose metabolism in the left
amygdala, insula, parahippocampal gyri, and midline frontal
regions including OFC, ACC, and medial prefrontal cortex and
reduced metabolism in left inferior parietal cortex, precuneus,
and posterior cingulate cortex during REM sleep compared to
wakefulness [9–11]. Furthermore, patients with RBD showed GM
reduction in regions that overlapped with our findings on REM-
related regions in AUD [20–22]. Supporting previous findings
[5, 6, 9, 11], we found GM reductions in anterior midline regions
associated with both SWS and REM sleep.
The negative correlation between REM and GMD in the left

inferior parietal regions in HC was unexpected. The opposite
findings in AUD vs. HC suggested an inverted U-shaped
relationship between GMD and REM, which might relate to the
deactivation of this region during REM sleep [9]. REM-related
GMD was negatively correlated with anxiety and depression and
more REM sleep was associated with higher level of negative
mood in HC but not in AUD (Table 4). Similar observations have
been reported in major depressive disorder [54, 55].
The age by alcohol/group effect on REM sleep was also

unexpected. A large population-based study reported
decreased REM and SWS with increased age [56]. It has also
been reported that REM sleep mediates age-related decline in
prospective memory consolidation [57]. In the current study,
the absence of age-related decline in REM and SWS in HC likely
reflects our sample size and smaller age range (22–63 years)
than the other two studies (18/20–80 years). Accumulating
evidence shows that alcohol accelerates brain aging as
reflected by GM changes with the strongest effects in limbic,
temporal, and frontal regions [13, 14, 58]. In line with this, our
findings demonstrated that the correlation between age and CT
was moderated by alcohol/group (Fig. S7). Furthermore, older
adults appear to be more vulnerable to alcohol-related brain
aging [58]. In our study, chronic alcohol might have accelerated
the aging process in GM especially in the older AUD
participants and GM changes then drove age-related decrease
in REM sleep. Although the age by alcohol effect on REM sleep

needs to be confirmed in a larger sample size, our results
highlight the relevance of addressing alcohol use problems in
older adults, which are frequently neglected clinically [59, 60].
Comorbid depression, anxiety, and AUD are common in older
adults [61] and drinking increases the risk for late-life suicide
[62]. As REM modulates emotional experiences and their
regulation [63, 64], alcohol use in older adults might impede
emotional processing to a greater extent than in younger
individuals with AUD increasing their risk for severe adverse
outcomes.

Lateralization of sleep-GM association
In general, we observed a N3-GM association in the right
hemisphere and REM-GM association in the left hemisphere,
especially for CT. The right lateralization of SWS has been
reported previously. In HC, slow waves originate more often in
the right relative to the left hemisphere [65]. Delta counts in the
right frontal and central regions were significantly greater than
those of the left during all-night sleep [66] and the rightward
asymmetry increases along with increased sleep depth [67].
Furthermore, callosotomy enhances N3-related asymmetry [65].
Thus, the white matter microstructure disruption in the corpus
callosum reported in AUD might accentuate N3-related
lateralization [65, 68, 69]. In contrast, REM lateralization is less
supported by the literature and previous findings in HC are
inconsistent [70, 71]. So, it unclear whether/how chronic alcohol
use changes REM-related asymmetry and whether there is an
age–alcohol interaction in this asymmetry [72].

Clinical implication and future directions
In this study, we showed that GM changes in AUD are associated
with sleep disturbances using ambulatory polysomnography. These
findings are clinically relevant, because they provide preliminary
evidence that sleep might serve as a biomarker of structural
changes and might be useful to monitor recovery during AUD
treatment. The wireless sleep device is amenable to a home-based
environment, which facilitates its use. Furthermore, we identified a
“hotspot” i.e., anterior DMN that was associated with both SWS and
REM sleep in AUD as well as regions uniquely associated with
different sleep stages. Treatments that target these regions with
transcranial magnetic stimulation (TMS) or transcranial direct
current stimulation (TDCS) might improve sleep and subsequently
bring sleep-related cognitive and emotional benefits to AUD
recovery [64, 73]. Though we interpret our findings to indicate
that GM changes in AUD underlie the sleep disruption it is likely
that the relationship between GM and sleep is bidirectional. Thus,
treatments that improve SWS and REMmight help restore structural
brain changes including those in anterior DMN, which is sensitive to
sleep [74, 75], and is affected in AUD as well as other substance use
disorders [76].

LIMITATIONS
The mediation analyses applied in this study measure associa-
tions and do not prove causality. Brain structural, functional,
and neurochemical changes from alcohol use can cause sleep
problems in AUD [77] and the induced sleep loss might
sequentially lead to GM reduction [2, 78, 79]. Thus, it’s highly
likely that the link between GM and sleep disturbance in AUD is
bidirectional but the cross-sectional nature of our study cannot
clarify the directionality of these associations. Longitudinal
studies are needed to examine whether GM reduction precedes
sleep disturbances in a larger population and to establish
causality. Another limitation was the differences in nicotine
consumption between the groups (half of AUD participants
smoked whereas none of the controls did) since nicotine can
alter sleep architecture, suppress N3, and REM sleep [80–83]
and the co-use of alcohol and nicotine can worsen GM

R. Zhang et al.

8

Translational Psychiatry          (2021) 11:428 



reduction [84]. However, it is not likely that our findings were
significantly affected by nicotine use in AUD because FTND
score was not correlated with N3, REM, or sleep-stage related
GM (Table 4) and AUD smokers did not differ from AUD non-
smokers in sleep or GM. However, our findings need to be
replicated in future studies with larger sample sizes. Finally,
though we excluded participants with mood disorders includ-
ing major depressive disorder, AUD patients reported more
depressive and anxious symptoms (Table 1) than HC and
symptoms of anxiety and depression are known to contribute
to sleep disruption [85]. On the other hand, negative mood is a
key withdrawal symptom in AUD and one that is associated
with AUD severity [86]. Thus, in our study, it is not possible to
disentangle the extent to which sleep impairments in AUD
contribute to negative mood or that negative mood during
withdrawal contributes to sleep impairment.

CONCLUSION
Together, our findings provide evidence for the association
between GM atrophy and sleep disturbances in AUD. Strategies
to ameliorate brain structural changes in AUD could benefit sleep
and vice versa.
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