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Purpose: Alcohol dependence (AD) is a relapsing mental disorder, typically occurring with
concurrent tobacco misuse. Studies have reported disruption of the structural connectivity
between hemispheres in the brain of individuals with AD. However, alterations in interhemi-
spheric interactions and the specificity of frequency bands in individuals with AD remain
unknown. Voxel-mirrored homotopic connectivity (VMHC) allows examination of functional
interactions between mirrored interhemispheric voxels. Here, we use VMHC to investigate
homotopic connectivity in AD and alcohol and nicotine co-dependence (AND) subjects.
Patients and methods: VMHC and seed-based functional connectivity (FC) in 24 AD, 30
AND, and 35 sex-, age-, and education-matched healthy control (HC) subjects were calculated
for different frequency bands (slow-5, slow-4, and typical bands).

Results: Individuals with AD demonstrated significantly reduced VMHC in bilateral cere-
bellum posterior lobe (CPL) and increased VMHC in bilateral middle frontal gyrus (MFG)
compared to that in HCs in the typical and slow-4 bands; higher VMHC in the MFG was
positively correlated with the dependence-severity score. In all bands of the VMHC analysis,
no significant differences were found between the AND and other groups. Subsequent seed-
based FC analysis demonstrated all regions with abnormal VMHC exhibited altered FC with
its counterpart in the contralateral hemisphere in the typical and slow-4 frequency bands. The
FC value between bilateral CPL within AD subjects negatively correlated with alcohol intake.
Conclusion: Our findings provide further evidence of the role of disruptions within the
brain circuitry supporting cognitive control in the development of AD. Alterations in neural
activities in the CPL and MFG might be a biomarker of dependence severity in AD patients
as assessed using clinical questionnaire and features. Because of the frequency specificity in
VMHC, we must consider frequency effects in future AD functional magnetic resonance
imaging studies.

Keywords: alcohol, dependence, homotopic connectivity, frequency band, resting-state
fMRI

Introduction

Alcohol dependence (AD) is a mental disorder characterized by continued alcohol
seeking and consumption despite significant adverse consequences.' Globally, AD
occurs in 2.6% of people aged >15 years old, and the harmful use of alcohol results
in a large burden of disease and injury, leading to more than 3 million deaths in
2016.% In addition to alcohol, the concurrent use of other substances, especially
tobacco, is also prevalent.*® Recently, it has been estimated that over 80% of
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individuals with AD also smoked heavily, and about 30%
of smokers are alcoholics.” Alcohol and nicotine co-
dependence may exacerbate the health effects of either
substance alone.® Thus, when studying individuals with
AD-related changes in the brain, considering the effects
of nicotine is necessary. Some individuals with AD man-
ifest cognitive deficits, including inattention and impaired
judgement and executive functions.” However, the neuro-
biological underpinnings of these deficits are incompletely
understood. With the rapid development of neuroimaging
techniques, structural and functional brain imaging enables

the exploration of the neuromechanisms of AD in vivo.

Neuroimaging Findings In AD

Plentiful morphometric magnetic resonance imaging (MRI)
studies have demonstrated decreases in gray and white
matter volume in individuals with AD in several brain
regions (eg, dorsolateral frontal cortex, temporal cortex,
and cerebellum) when compared with that in healthy con-
trols (HCs).'™'" Diffusion tensor imaging (DTI) studies
have shown that individuals with AD have lower white
matter integrity in bundles running between the midbrain
and pons compared to that in HCs.'? Our previous resting-
state functional MRI (rsfMRI) study showed individuals
with AD exhibited different degree centrality values in
widespread left lateralization brain areas compared to
those in HCs."> Aberrant regional brain activities were
also detected in individuals with AD."

Executive Control-Related Structures In
AD

Functional neuroimaging studies have reported the important
role of the executive control network (ECN),'> which
includes portions of the lateral prefrontal cortex and parietal
cortex, in substance dependence. This network is associated
with cognitive control;'> damage to the ECN will result in
reduced executive control function and loss of control over
drug use despite adverse consequences.'® Weaker within-
network connectivity was detected in the ECN in individuals
with AD compared to that in HCs,'” while higher connectiv-
ity within the ECN was found in abstinent AD patients,'®'”
indicating an adaptive mechanism during abstinence. In addi-
tion to the ECN, extensive neuroimaging and neuropatholo-
studies
morphology,” white matter structure,

abnormalities in brain

12,21

gical have reported
neurochemistry,”

and neural activation® in the frontocerebellar circuitry of

individuals with AD, another important structure involved
in executive control function.

Homotopic Connectivity Analysis

In a study of alcoholics, DTI measures of the corpus
callosum were correlated with behavioral measurements
referring to interhemispheric information transfer, reflect-
ing that disruption of the microstructural integrity of the
corpus callosum affects the efficiency of interhemispheric
processing.”* Furthermore, Jansen et al*> reported higher
connectivity between the left and right cognitive control
networks in individuals with AD compared with that in
HCs. Those results indicate that interhemispheric interac-
tions in AD could be abnormal, which is important for the
integrity of brain function. Functional homotopy, the high
degree of synchrony in spontaneous fMRI signal fluctua-
tions between geometrically symmetric interhemispheric
regions, is a key characteristic of the brain’s intrinsic

functional architecture.?®

Based on this feature, homotopic
connectivity may provide a sensitive indicator of the
effects of alcohol exposure on the functional architecture
of brain. Voxel-mirrored homotopic connectivity (VMHC)
is an approach to quantify the homotopic connectivity
between each voxel in one hemisphere and its mirrored
counterpart in the contralateral hemisphere.?” Several stu-
dies have already shown decreased VMHC values in some
regions of cocaine®® and nicotine?® dependent patients.
Therefore, we hypothesize that the VMHC values in indi-
viduals with AD will also be aberrant.

Multi-Frequency Band Analysis

The neuronal network demonstrated several oscillatory bands
from 0.05 to 500 Hz,® and those were linked with input
selection, binding, synaptic plasticity, and consolidation of
information.*® Based on the above framework, Zuo et al*!
divided the frequency bands into slow-5 (0.01-0.027 Hz),
slow-4 (0.027-0.073 Hz), slow-3 (0.073-0.198 Hz), and
slow-2 (0.198-0.25 Hz) in a study of amplitude of low-fre-
quency oscillation (LFO). They found significant slow-4 and
slow-5 oscillations were primarily detected within the gray
matter, while slow-3 and slow-2 oscillations were primarily
restricted to the white matter. Additionally, they observed that
the fractional amplitude of low-frequency fluctuations in slow-
4 and slow-5 differed between some regions.>’ Another study
noted that functional connectivity in cortical networks is domi-
nated by ultra-low frequencies (0.01-0.06), whereas that in
limbic networks is found in frequency ranges up to 0.14 Hz.*>
In other words, those findings imply that multiple spontaneous
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oscillations coexist during the resting state, which may have
specific frequency characteristics within different brain
regions;>> therefore, it is necessary to consider multiple fre-
quencies as factors in resting-state fMRI studies. Because slow
4-5 frequency bands (0.01-0.1 Hz) contribute to resting-state
functional connectivity and slow 2-3 are responsible for
respiratory and aliased cardiac signals,”® we only studied
slow-5 and slow-4 bands in this study. The distinct fre-
quency-specific features in LFO have already been observed
in several diseases, such as internet addiction disorder,** major

35

depressive disorder,” and social anxiety disorder.>® Apart

from the amplitude of oscillations, local connectivity,”’~* dis-

o . 3
tant connectivity,”” and networks>>*’

also showed frequency-
dependent properties. Thus, in view of the effects of frequency
in the blood oxygen level-dependent (BOLD) signal, it is
necessary to examine the VMHC in individuals with AD

using different frequency bands.

The Aims And Hypothesis

The aims of the present study were to examine whether
individuals with AD exhibit abnormal VMHC compared
to that of HCs, and whether those abnormalities have
frequency-specific features. We hypothesized that com-
pared to HCs, individuals with AD will exhibit VMHC
impairments in the nodes of control-function related areas,
such as the ECN or frontocerebellar circuitry, in our study.
In addition, because slow-4 has been reported to be more
sensitive in previous studies,*' we hypothesized that any
VMHC changes will be found more often in the slow-4
band. Furthermore, we also hypothesized that the altered
VMHC in individuals with AD will be related to the
severity of alcohol dependence.'?

Materials And Methods

Subjects

From 2012 to 2019, 25 AD subjects (24 men; mean age
50.249.6 years), 30 alcohol and nicotine co-dependent
(AND) subjects (30 men; mean age 50.4+8.5 years), and
35 sex-, age-, and education-matched (34 men; mean age
47.449.8 years) HCs participated in the study. All AD and
AND subjects were recruited from the Department of
Psychiatry at the First Affiliated Hospital of Nanchang
University, whereas the HCs were recruited from the
local community. The inclusion criteria for the AD or
AND group were as follows: 1) met the diagnostic criteria
of alcohol dependence (for AD) or alcohol and nicotine
co-dependence (for AND) as defined by the Diagnostic

and Statistical Manual of Mental Disorders, 4th Edition
(DSM-IV);! 2) no history of psychoactive medication use;
3) no history of other substance abuse or dependence, eg,
cocaine, marijuana; and 4) no history of other psychiatric
disorders, eg, depression, insomnia, and anxiety. All sub-
jects were asked not to consume alcohol or nicotine for 24
hrs before scanning. Exclusion criteria included: 1) severe
physical disease or neurological diseases, such as trau-
matic brain injury, degenerative brain disease, or epilepsy;
2) the presence of brain lesions, such as a tumor, cerebral
infarction, or cerebral hemorrhage; and 3) MRI contra-
indications, such as claustrophobia or metallic implants.
All patients underwent a series of assessments performed
by a psychiatrist. The alcohol use disorders identification
test (AUDIT)* and the severity of alcohol dependence
questionnaire (SADQ) scales*® were applied to assess the
severity of alcohol craving in the AD and AND groups.
The information regarding drinking lifetime and daily
alcohol consumption were also recorded. All HCs were
healthy individuals with no history of psychiatric diag-
noses, including substance abuse/dependence and psychia-
tric disorders.

Written informed consent was obtained from all sub-
jects. This study was approved by the Ethics Committee
and the Institutional Review Board of the First Affiliated
Hospital of Nanchang University and was conducted in
accordance with the Declaration of Helsinki.

MRI Data Acquisition

All MRI data were collected using a Trio 3.0 T scanner
(Siemens, Erlangen, Germany) at the First Affiliated
Hospital of Nanchang University. The scanning sequences
included: 1) Tl-weighted 3D MP-RAGE sequence (176
sagittal slices, TR=1900 ms, TE=2.26 ms, flip angle=9°,
FOV=250 mm %250 mm, matrix=256x256, slice thickness/
gap=1.0/0 mm); 2) echo-planar imaging (EPI) sequence (29
axial slices, TR=2000 ms, TE=30 ms, flip angle=90°,
FOV=220 mmx220 mm, matrix =64x64, slice thickness/
gap=4.0/1.2 mm), this rsfMRI scan collected 240 volumes
in 8 mins; and 3) conventional T1- and T2-weighted images
to exclude lesions in the brain. During the resting scan, the
subjects were required to keep their eyes closed and avoid
thinking. Foam pads were applied to restrict head motion. An
Epworth sleepiness scale questionnaire was administered
immediately after the scanning sessions to ensure the sub-

jects were awake during the scan.
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Functional Data Preprocessing

rsfMRI data were preprocessed using the Data Processing
Assistant for Resting-State fMRI (DPARSEF, http://www.
restfmri.net) based on Statistical Parametric Mapping
(SPMS, http://www.fil.ion.ucl.ac.uk) and the Resting-state
Data Analysis Toolkit (REST, http://www.restfimri.net),
which were run on Matlab 8.4.0 (Mathworks, Natick, MA,
United States). The first 10 volumes of each subject’s
rsfMRI data were discarded to eliminate the effects of

scanner instability and adaptation of the subjects to the
circumstances. The remaining 230 volumes were corrected
for the differences in slice acquisition times. Realignment
was performed for correcting small movements between
scans. The subjects with head motion >3 mm of maximum
displacement in any of the X, y, or z directions or >3° of
angular rotation in any axis were excluded. Based on the
above criteria, one AD subject was excluded. As rsfMRI
measures are sensitive to micro-head motions, we calcu-
lated the mean framewise displacement (FD) (Table 1),
according to the FD criteria described by Van Dijk et al,**
to measure the micro-head motion of each subject. The
individual T1-weighted images were co-registered to the
mean realigned functional images. The realigned functional
images were then normalized to Montreal Neurological
Institute (MNI) space using the transformation information
acquired from the segmentation of the T1-weighted images
using the Diffeomorphic Anatomical Registration Through
Exponentiated Lie (DARTEL) tool.* To further reduce the
effects of confounding factors, the signals from the white
matter, cerebrospinal fluid, whole brain, and Friston-24
head motion parameters, which include six head motion
parameters, six head motion parameters one time point

46,47

before, and 12 corresponding squared items, were

removed through linear regression. Meanwhile, linear and

quadratic trends were removed from the data. Finally, spa-
tial smoothing with an isotropic 6 mm full-width half-max-
imum Gaussian kernel was performed.

Interhemispheric Functional Connectivity
We used the DPABI toolkit to compute VMHC in the
typical frequency band (0.01-0.08 Hz), slow-5 band
(0.01-0.027 Hz), and slow-4 band (0.027-0.073 Hz). The
VMHC value was calculated as the Pearson correlation
coefficient between every pair of mirrored interhemispheric
voxels’ time series.?” Fisher’s Z transformation was then
performed to those correlation values. The resultant corre-
lation values constituted the VMHC map and were used for
subsequent group-level analyses.

Seed-Based Functional Connectivity (FC)
We selected areas with significantly different VMHC
between groups as regions of interests (ROIs). The mean
time course of each ROI was extracted. The Pearson’s
correlation coefficient was computed between each ROI
and the whole brain voxel’s time course. Fisher’s Z trans-
formation was performed on the correlation maps before
being entered into a group comparison.

Statistical Analysis
We used the SPSS 23.0 software package (IBM Inc.,
Seattle, WA, USA) to compare group differences in demo-
graphic and clinical variables. Appropriate statistical
methods were used to assess the differences in age, educa-
tion, mean FD, years of drinking, daily drinking, AUDIT,
and SADQ between the three groups. We set the signifi-
cance level at p<0.05.

First, one-way analysis of variance (ANOVA; full factor-
ial model) was used to evaluate the main effect of group in

Table | Demographics And Clinical Characteristics Of The Subjects

Variables AD (n=24) AND (n=30) HC (n=35) p-Value
Sex (number of men (%)) 23 (96%) 30 (100%) 34 (97%) 0.562
Age (years) 49.8+9.8 50.4+8.5 47.4+9.8 0.411°
Education (years) 8 (8 Il) 8(8 Il) 85 1) 0.283°
Years of drinking (years) 26.1x11.9 26.1+8.9 NA 0.995¢
Daily drinking (mL) 200 (150, 288) 300 (150, 413) NA 0.017¢
AUDIT 23.2+6.4 23.4+6.0 NA 0.907¢
SADQ 19.5+7.0 19.7+7.9 NA 0.923¢
Mean FD 0.19 (0.12, 0.30) 0.14 (0.10, 0.21) 0.13 (0.09, 0.21) 0.095°

Notes: Data are presented as mean£SD or median (P,s, P7s). *one-way ANOVA; Kruskal-Wallis H-test; “two-sample t-test; “Mann—Whitney U-test.

Abbreviations: AD, alcohol dependence; AND, alcohol and nicotine co-dependence; HC, healthy control; NA, not applicable; AUDIT, alcohol use disorders identification
test; SADQ, severity of alcohol dependence questionnaire.
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the typical frequency band. We then used two-sample #-tests
to compare the VMHC differences between the three groups
in the typical frequency band. Second, to determine the main
effect of group, frequency band, and their interactions, two-
way ANOVA (full factorial model) was performed. Next, the
group comparison of VMHC in the slow-5 and slow-4 band
was also performed using two-sample #-tests, respectively.
Third, the group differences in seed-based functional con-
nectivity for each ROI (areas with significantly different
VMHC between groups) were also evaluated using two-
sample t-tests. All multiple comparison corrections were
performed using the Gaussian random field (GRF) correction
with a voxel-level p<0.01 and a cluster-level p<0.05. Age
and education were treated as covariates. Finally, to learn
about the relationship between functional results and clinical
assessment performance, we further performed a partial cor-
relation analysis between the VMHC and FC value of the
significantly different brain areas and the clinical variables,
with age and education treated as covariates.

Results

Demographics And Clinical Features

The AD, AND, and HC subjects showed no significant
differences in terms of sex (p=0.562), age (p=0.411), educa-
tion (p=0.283), or mean FD (p=0.095). There were no sig-
nificant differences in years of drinking (p=0.995), AUDIT
(»=0.907), and SADQ (p=0.923) scores between the AD and
AND subjects (Table 1). However, there was a significant
difference in daily drinking (p=0.017).

VMHC Analysis In Typical Frequency Band
The spatial distributions of the whole brain mean VMHC
for the AD, AND, and HC groups in the typical frequency
band were similar (Figure S1). There were some regions
with significantly stronger VMHC than the global mean
values and those regions were mainly distributed in the
most prominent intrinsically connected hubs, typically
referred to as the default mode network (DMN).

One-way ANOVA analysis showed that the main effect of
group in the typical frequency band were located in the cere-
bellum posterior lobe (CPL), inferior temporal gyrus (ITG),
and middle frontal gyrus (MFG) (GRF correction, voxel-level
p<0.01 and cluster-level p<0.05) (Table SI, Figure 1).
Compared with the HC group, the AD group demonstrated
significantly reduced VMHC in bilateral CPL and increased
VMHC in bilateral MFG (GRF correction, voxel-level p<0.01
and cluster-level p<0.05) (Table 2, Figure 2A), while the AND

group exhibited higher VMHC in bilateral cerebellum 8, pre-
cuneus, MFG, and superior frontal gyrus (»p<0.01, uncor-
rected) (Table 2 and Figure 2B). No region with decreased
VMHC relative to the HC group was found in the AND group.
There were no significant differences following the compar-
ison between the AD and AND groups after correction for
multiple comparisons.

VMHC Alterations In The Slow-5 And
Slow-4 Frequency Band

The patterns of the whole brain mean VMHC in the three
groups were similar in the slow-4 and slow-5 frequency
bands (Figure S2). Regions with stronger VMHC than the
global mean values were also mainly distributed in DMN.

To explore the group and frequency changes in VMHC,
we performed two-way ANOVA analysis twice with group
(AD and HC, AND and HC) as a between-subject factor and
frequency band (slow-4 and slow-5) as a within-subject factor.
We found that the main effect of AD was located in the
bilateral CPL, ITG, MFG, parahippocampal gyrus (PHG),
and middle temporal gyrus (MTG) (GRF correction, voxel-
level p<0.01 and cluster-level p<0.05; Table S2, Figure S3A),
while no main effect of frequency or interaction between AD

and frequency was found. Subsequently, we observed that the
regions showing a main effect of AND comprised the bilateral
CPL, ITG, and MFG (GREF correction, voxel-level p<0.01 and
cluster-level p<0.05; Table S2, Figure S3B). No main effect of
frequency was found, but there was a nonsignificant interac-

tion between AND and frequency in the bilateral inferior
occipital gyrus (p<0.01, uncorrected; Table S3, Figure S4).
The results of a supplemental 3x2 ANOVA analysis (full
factorial model) with group (AD, AND, and HC) as a
between-subject factor and frequency band (slow-4 and

slow-5) as a within-subject factor see in Figure S5.

The group comparison of VMHC in the slow-5 and
slow-4 bands was furthered using two sample #-tests. In
the slow-5 band, compared to the HCs, the AD group
showed decreased VMHC in bilateral CPL, ITG, PHG,
caudate, MTG, and superior frontal gyrus (SFG), and
increased VMHC in bilateral MFG (p<0.01, uncorrected;
Table 3, Figure 3A). Compared to HCs, the AND group
exhibited higher VMHC in bilateral CPL, precuneus
(PCu), and supramarginal gyrus (SMG) (p<0.01, uncor-
rected; Table 3, Figure 3B). In the slow-4 band, the AD
group showed decreased VMHC in bilateral CPL and
increased VMHC in bilateral MFG compared to HCs
(GRF correction, voxel-level p <0.01 and cluster-level
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Main effect of addiction

Figure | The main effect of group (addiction) on the typical frequency band (GRF correction, voxel-level p<0.01 and cluster-level p<0.05). The cool color indicates brain
regions with decreased VMHC, and the warm color indicates brain regions with increased VMHC. The left side of the picture represents the left side of the brain.
Abbreviations: L, left; R, right; GRF, Gaussian random field; VMHC, voxel-mirrored homotopic connectivity.

p<0.05; Table 3, Figure 3C). Compared to HCs, the AND
group had lower VMHC in bilateral fusiform gyrus and
SFG, and higher VMHC in bilateral cerebellum 8, inferior
parietal lobule (IPL), and MFG (p<0.01, uncorrected;
Table 3, Figure 3D). No results survived in the comparison
between the AD and AND groups after multiple compar-
ison correction in the slow-4 and slow-5 bands.

Seed-Based FC Of The Regions With
Altered VMHC

We examined whole brain FC associated with the eight
ROIs (one per hemisphere; Figures 2A and 3C), including
the CPL and MFG, that exhibited altered VMHC in AD
subjects in the typical and slow-4 bands.

All ROIs exhibited altered FC with their counterparts in
the opposite hemisphere (GRF correction, voxel-level p<0.01
and cluster-level p<0.05; Table S4, Figures 4 and 5).
Consistent with the VMHC analysis, the AD group had
lower FC between the CPL (seed) and its contralateral CPL
compared with HCs both in the typical and slow-4 frequency
bands. Compared to HCs, all MFG (seed) of the AD group
showed higher FC with the contralateral MFG, which was also
in accordance with the VMHC results.

Correlations Between Functional Results
(VMHC And FC) And Clinical Variables

To calculate the relationship between functional results
and clinical variables, the VMHC and FC values of

submit your manuscript

3236

Dove!

Neuropsychiatric Disease and Treatment 2019:15


https://www.dovepress.com/get_supplementary_file.php?f=221010.docx
http://www.dovepress.com
http://www.dovepress.com

Dove

Guo et al

Table 2 Differences In VMHC Between The AD, AND, And HC
Groups In The Typical Frequency Band

Brain Area BA | MNI Peak Voxel
Size
xX,Y,Z
AD vs HC
AD<HC
Cerebellum posterior | / +30, —81, =33 | —4.453 | 227
lobe
AD>HC
Middle frontal gyrus 10 +42, 54,0 4.497 107
AND vs HC
AND>HC
Cerebellum 8 / +18, —48, =57 | 3.872 16
Precuneus 7 +24, 63, —27 3.987 16
Middle frontal gyrus 6 +33, -6, —60 3.555 14
Superior frontal gyrus | 6 *15, 15,72 3.702 13

Abbreviations: VMHC, voxel-mirrored homotopic connectivity; AD, alcohol
dependence; AND, alcohol and nicotine co-dependence; HC, healthy control; BA,
Brodmann’s area; MNI, Montreal Neurological Institute.

significantly different brain regions between groups in the
typical frequency band and slow-4 frequency band were
extracted from the AD group. Within the AD group, sig-
nificant positive correlations were observed between the
AUDIT score and VMHC value in the bilateral MFG in
the typical and slow-4 bands (Figure 6, Table S5).
Furthermore, alcohol intake in individuals with AD was
negatively correlated with the FC value between the right

CPL (seed) and contralateral CPL (Figure 6, Table S5). No
significant correlations between other clinical variables
and VMHC or FC value were found in any brain region
(shown in Table S5).

Discussion

In this study, we studied the abnormalities of homotopic
connectivity in individuals with AD and AND in different
frequency bands (typical, slow-4, and slow-5 bands). We
found: 1) compared to HCs, in the typical and slow-4
bands, the AD group had lower VMHC in bilateral CPL
and higher VMHC in MFG. No significant difference in
VMHC was found between the AND and HC groups, nor
between the AND and AD group. 2) The abnormal interhe-
mispheric FC in different brain regions could be better
detected in the slow-4 band than in the slow-5 band. 3) The
main effect of group in all the bands was mainly located in
the CPL and MFG. 4) All seed (CPL and MFG) regions with
group differences in VMHC showed abnormal FC only with
its homotopic counterpart. 5) A significant correlational rela-
tionship was observed between the functional results of the
AD group and clinical features.

In our study, bilateral MFG and CPL continuously
appeared abnormal in nearly all group comparative analyses,
representing the crucial role of these regions in AD. The MFG
is a component of the executive control network (ECN), which
has specific relevance in controlling substance consumption
and reacting to relevant cues.'® The weakening of the ECN

VMHC analyses in typical frequency band

j AND vs HC

Figure 2 (A) The VMHC differences between individuals with AD and HCs in the typical band (GRF correction, voxel-level p<0.01 and cluster-level p<0.05). (B) The
VMHC differences between individuals with AND and HCs in the typical band (p<0.01, uncorrected). The hot color indicates that individuals with AD or AND had a
significantly higher VMHC value compared to HCs, while the cool color indicates the opposite. The left side of the figure is the left side of the brain.

Abbreviations: VMHC, voxel-mirrored homotopic connectivity; AD, alcohol dependence; AND, alcohol and nicotine co-dependence; HC, healthy control; L, left; R, right;

GRF, Gaussian random field.
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Table 3 Differences In VMHC In The Slow-5 And Slow-4 Frequency Bands Between Groups
Brain Area BA MNI Peak Voxel Size
X, Y Z
In slow-5 frequency band
AD<HC
Cerebellum posterior lobe / +30, —81, —33 —4.452 39
Inferior temporal gyrus 20 +54, —12, 24 -2.993 21
Parahippocampal gyrus 30 +12,-42,0 —4.430 38
Caudate / +12,9,3 —4.604 20
Middle temporal gyrus 19, 39 +33, —69, 24 —-3.878 20
Superior frontal gyrus 9 +15, 48, 33 -3.015 23
Superior frontal gyrus/middle frontal gyrus 6 +24, 0, 48 —3.488 39
AD>HC
Middle frontal gyrus 10 +42,51,0 4.580 59
AND>HC
Cerebellum posterior lobe / +15, —54, -57 3.130 20
Precuneus 7 +18, —66, 33 3.842 39
Supramarginal gyrus 40 +60, —48, 36 3.302 30
In slow-4 frequency band
AD<HC
Cerebellum posterior lobe / +24, 81, 21 —3.647 103
AD>HC
Middle frontal gyrus 10 +42, 54,0 3.791 105
AND<HC
Fusiform gyrus 19 +21, -84, 21 —3414 20
Superior frontal gyrus 8 +21, 15, 45 —3.587 49
AND>HC
Cerebellum 8 / +18, —45, -57 4.000 26
Inferior parietal lobule +33, —57, 48 3.595 35
Middle frontal gyrus 6 +33, -3, 60 4.114 29

Abbreviations: VMHC, voxel-mirrored homotopic connectivity; AD, alcohol dependence; AND, alcohol and nicotine co-dependence; HC, healthy control; BA, Brodmann’s

area; MNI, Montreal Neurological Institute.

will result in a loss of control over drug-related behaviors and
contribute to addiction and relapse.'® Disruption of the ECN
has already been reported in many AD studies.'”*>** The
increased connectivity of the ECN in individuals with AD in
this study is consistent with some previous studies that were
performed using data-driven independent component analysis
methods. Jansen et al observed higher connectivity within the
left fronto-parietal control network, also referred to as the
ECN, and between the left and right ECN in AD patients
compared to HCs.*> Zhu et al also found higher within-net-
work and between-network FC in the ECN in AD patients
relative to HCs.*® In addition, some seed-based rsfMRI studies
in individuals with AD showed a similar finding as well.
Camchong et al observed stronger FC in the ECN in long-

term abstinent alcoholics compared to HCs.'® From the same
team, higher FC in the ECN was also found in short-term
abstinent alcoholics,'® which correlated with behavior. Based
on those results, they proposed that increased FC of the ECN
reflects an ongoing compensatory mechanism for abstinent
alcoholics to prepare the use of executive control when
needed. However, the opposite result has also been reported
in the seed-based rsfMRI literature. In a study by Muller-
Ochring et al,'” lower within-network connectivity of the
ECN was found in individuals with AD compared to HCs,
which may be regarded as a form of functional network
dedifferentiation. Above all, the different results regarding
the FC of the ECN in seed-based studies may be attributed

to the differences in seeds’ locations. Camchong et al'®'’
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VMHC analyses in slow-5 frequency band

AD vs HC

AND vs HC

Figure 3 Group comparison of the VMHC in the slow-5 and slow-4 frequency bands. (A) and (B) show the group differences in slow-5 frequency band (p<0.0l,
uncorrected). (C) and (D) show the group differences in the slow-4 frequency band. In (C) GRF correction was applied at a voxel level of p<0.01 and cluster-level p<0.05,
while (D) was uncorrected with p<0.01. The cool color indicates brain regions with decreased VMHC, and the warm color indicates brain regions with increased VMHC in

the comparison between individuals with AD (or AND) and HCs.

Abbreviations: VMHC, voxel-mirrored homotopic connectivity; AD, alcohol dependence; AND, alcohol and nicotine co-dependence; HC, healthy control; L, left; R, right;

FDR, false discovery rate.

chose the subgenual anterior cingulate cortex as the seed to
establish the ECN, while Muller-Oehring et al'” chose the
superior frontal gyri. The different selection of seeds may
have a great effect on connectivity patterns.** In a word,
those studies and our study indicated that the enhanced homo-
topic connectivity and FC in the MFG in AD subjects are
compensatory mechanisms, possibly related to neuroplasticity,
to meet the increased requirement of cognitive control, even
though it is still insufficient with regard to alcohol-related
cues.? Furthermore, we observed that VMHC values of the
MFG were positively correlated with AUDIT score in the AD
group. This correlation further indicates that the compensatory
increased VMHC in the MFG is exacerbated with the severity
of dependence to meet the increased cognitive control require-
ments. Based on our results and the recent findings of the
correlation between resting-state FC and severity of

dependence,”™' we propose that the VMHC of the MFG
may be a biomarker of dependence severity in AD patients.
The cerebellum has usually been regarded as an area
related to motor control.”® However, an increasing number
of studies have found that the cerebellum is also involved
in many cognitive functions to regulate higher order beha-
vior, such as attention, language, executive control, and
affection.”®>* Neuroimaging studies have reported that
different regions of the cerebellum have distinct functions
and the CPL is one region that administrates cognitive
abilities.”* Hence, some studies have proposed that impair-
ments of the cerebellum may be associated with AD.
Emerging evidence of the cerebellum’s role in AD have
been reported in many studies. The AD patients exhibited
shrinkage of the cerebellum,?® which was correlated with
performance in a spatial working memory task.’”> During a
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Figure 4 Alterations of the FC between seeds that exhibited altered VMHC in group comparison (shown in Figure 2A) and whole brain voxels in the typical frequency band
(GRF correction, voxel-level p<0.01 and cluster-level p<0.05). All seeds show a similar positive connectivity pattern in individuals with AD and HCs. The cool color indicates
decreased seed-based FC in individuals with AD compared to HCs, while the warm color indicates increased seed-based FC.

Abbreviations: L, left; R, right; CPL, cerebellum posterior lobe; MFG, middle frontal gyrus; AD, alcohol dependence; HC, healthy control; FC, functional connectivity; ROI,
regions of interest; VMHC, voxel-mirrored homotopic connectivity; GRF, Gaussian random field.

L_MFG

(-42,54,0;1=10)

HC group

+407 T-values 1348

3240 submit your manuscript Neuropsychiatric Disease and Treatment 2019:15
Dove!


http://www.dovepress.com
http://www.dovepress.com

Dove Guo et al

Altered FC of ROI

Seed
R_CPL

361 T-values 1348

(24,-81,-21;r=10)

HC group

+4.13 T-values 129

Positive connectivity pattern Altered FC of ROI

L_CPL (AD vs HC)

(-24,-81,-21;r=10)

"[gl e
,;!ﬂ\ AL J
"> Y L\
\¥ 7

HC grou <)
group +434 T-values 1256 @

Positive connectivity pattern Altered FC of RO
(AD vs H(C)

R_MFG

|
HC group Q

2\
Al %
+432 T-values +3438 NI &
Positive connectivity pattern Altered FC of R

(AD vs H(C)

L_MFG

(-42,54,0;1=10)

HC group

+4.14 T-values +314

Figure 5 Alterations of the FC between seeds that exhibited altered VMHC in the group comparison (shown in Figure 3C) and whole brain voxels in the slow-4 band (GRF
correction, voxel level p<0.01 and cluster-level p<0.05). All seeds show a similar positive connectivity pattern in individuals with AD and HCs. The cool color indicates
decreased seed-based FC in individuals with AD compared to HCs, while the warm color indicates increased seed-based FC.

Abbreviations: L, left; R, right; CPL, cerebellum posterior lobe; MFG, middle frontal gyrus; AD, alcohol dependence; HC, healthy control; FC, functional connectivity; ROI,
regions of interest; VMHC, voxel-mirrored homotopic connectivity; GRF, Gaussian random field.
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Figure 6 Correlations between functional results (VMHC and FC) and clinical variables (AUDIT score and alcohol intake) in individuals with AD.
Abbreviations: CPL, cerebellum posterior Lobe; MFG, middle frontal gyrus; FC, functional connectivity; AUDIT, alcohol use disorders identification test; VMHC, voxel-

mirrored homotopic connectivity; AD, alcohol dependence.

verbal working memory task, AD patients showed abnor-
mal neural activation of the prefrontal cortex and superior
cerebellum.> Our previous study also showed lower
degree centrality values in the left CPL of the AD group
compared to HCs."? In the present study, a decrease in
homotopic connectivity and FC in the CPL in individuals
with AD reflected damage to the CPL, which was in line
with the above studies. In addition, we further observed a
negative correlation between the FC of the bilateral CPL
in the typical and slow-4 bands and alcohol intake per day
in the current study, which may indicate that increased
daily alcohol consumption will exacerbate impairment of
the cerebellum.

As MFG and CPL were nodes of the frontocerebellar
circuitry, even though no direct altered FC between those
two regions was found in our study, this finding still indi-
cates impairments of the frontocerebellar circuitry, which
was consistent with our previous hypothesis. During a fin-
ger tapping task, a reduction in the FC in the frontocerebel-
lar circuitry between the prefrontal cortex and Lobule VIII
of the inferior cerebellum in individuals with AD was
found;>° this is in accordance with our results. A consistent

]’57

finding was also reported by Sullivan et al,”” who detected

volume deficits in AD subjects in many nodes of the fron-
tocerebellar circuitry, including the cerebellum, pons, and
prefrontal cortex; furthermore, some of the regions were
correlated with each other.

In addition to the above positive findings, we also found
there were no VMHC differences between individuals with
AND and AD, nor AND and HCs, which means that there
were no positive effects of nicotine on AD. This is not in
line with previous studies, which demonstrated smoking-
related aberrant brain volumes, metabolites, blood flow, and
neurocognition in smoking AD subjects.’® Compared to
non-smoking AD subjects, smoking AD subjects had
lower gray matter volume in the parietal, temporal, and
occipital lobes; lower N-acetylaspartate concentrations in
the frontal white matter; and lower N-acetylaspartate and
choline in the midbrain.>® Furthermore, behavioral studies
indicated alcohol and tobacco potentiate each other’s health
effects through cross-reinforcement and cross-tolerance
psychopharmacological mechanisms.® We speculated that
the low level of nicotine dependence in individuals with
AND and small samples size may be the main reasons why
there were no significant differences between AND and the
other groups.
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Several studies demonstrated that FC** and regional
homogeneity (ReHo)*® in cortical networks were concentrated
at ultra-low frequencies (0.01-0.04 Hz) and were more fre-
quency-dependent, while in limbic networks they were dis-
tributed over a wider frequency range (0.01-0.14 Hz) and
were less frequency-dependent. The frequency-specific fea-
tures may have contributed to the differences in the cytoarch-
itecture and synaptic types in those regions59 and may be
related to different neural manifestations. In the current
study, we also found frequency-dependent abnormalities in
VMHC in individuals with AD. Additionally, we found that
the slow-4 band is more sensitive in detecting changes in
VMHC in the frontal and cerebellar regions. This result was
in line with previous studies that showed abnormal sponta-
neous neuronal activity could be better detected by the slow-4
band*' and that the slow-4 band has higher testretest relia-
bility than the slow-5 band in both amplitude of low-frequency
fluctuations (ALFF) and fractional amplitude of low-fre-
quency fluctuations (FALFF).*' The increased chance of find-
ing differences in the slow-4 band may be generated by certain
mechanisms and we will explore this in subsequent studies.
Furthermore, the results indicated that the effects of the fre-
quency band should be considered in future studies.

Although our findings are promising, several limitations
should be noted. First, the sample size of this study was
relatively small. Larger samples will be required to further
replicate our findings. Second, as almost all AD patients in
our country are male, nearly all the subjects in this study
were male. However, rsfMRI research in the AD group
should consider sex effects on alcohol-induced neurobiolo-
gical and neurocognitive abnormalities. Thus, larger num-
bers of female subjects are needed to strengthen our
findings. Third, considering the reports of regional volu-

metric differences in AD subjects,®*¢’

there may be a
structural basis underlying deficits in VMHC. In order to
understand the interhemispheric interaction between the
structure and function of the AD brain, structural studies,
especially DTI, should be implemented in those subjects in
the future. Fourth, based on this cross-sectional design, we
revealed the deficits of VMHC in the AD group relative to
HCs. However, we also want to know how the aberrant
VMHC regions change in the course of persistent addiction
or abstinence. With regard to this, longitudinal studies are
required. Fifth, we set the voxel-level p-value threshold to
p<0.01 in the GRF correction, which may increase the false
positive rate. Hence, we should use more strict voxel-level
thresholds, such as p<0.001 62

did not use a battery of neuropsychological tests to assess

in future studies. Finally, we

cognitive performance in the present study. However, the
brain—behavior relationship is critical for clarifying the
neuromechanisms of AD. Thus, we will broaden tests of
cognitive function in AD subjects in future studies.

Conclusion

Abnormal VMHC and FC in AD subjects were mainly
located in the bilateral MFG and CPL, which are nodes of
the ECN and part of the frontocerebellar circuitry asso-
ciated with executive control function. Functional altera-
tions in those regions might be a biomarker of dependence
severity in individuals with AD, which could be used in
the prevention, clinical detection, and management of AD
in the future. Meanwhile, those group differences in intrin-
sic connectivity can be more easily detected in the slow-4
band than in the slow-5 band. Thus, future rsfMRI studies
of AD should take frequency bands into account. There
was no positive nicotine-related aberrant brain VMHC in
smoking AD subjects. Further studies are needed to
explore the mechanism of these effects.
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