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Abstract

Introduction: Alcohol use in bipolar disorder (BD) is associated with mood lability and

negative illness trajectory, while also impacting functional networks related to emo-

tion, cognition, and introspection. The adverse impact of alcohol use in BD may be

explained by its additive effects on these networks, thereby contributing to a poorer

clinical outcome.

Methods: Forty BD-I (DSM-IV-TR) and 46 psychiatrically healthy controls underwent

T1 and resting state functional MRI scanning and the Alcohol Use Disorders Identi-

fication Test-Consumption (AUDIT-C) to assess alcohol use. Functional images were

decomposed using spatial independent component analysis into 14 resting state net-

works (RSN), which were examined for effect of alcohol use and diagnosis-by-alcohol

use accounting for age, sex, and diagnosis.

Results: Despite the groups consuming similar amounts of alcohol (BD: mean score

± SD 3.63 ± 3; HC 4.72 ± 3, U = 713, p = .07), for BD participants, greater alcohol

use was associated with increased connectivity of the paracingulate gyrus within a

default mode network (DMN) and reduced connectivity within an executive control

network (ECN) relative to controls. Independently, greater alcohol use was associated

with increased connectivity within an ECN and reduced connectivity within a DMN.

A diagnosis of BD was associated with increased connectivity of a DMN and reduced

connectivity of an ECN.

Conclusion: Affective symptomatology in BD is suggested to arise from the aberrant

functionality of networks subserving emotive, cognitive, and introspective processes.

Taken together, our results suggest that during euthymic periods, alcohol can con-

tribute to the weakening of emotional regulation and response, potentially explaining

the increased lability of mood and vulnerability to relapse within the disorder.
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1 INTRODUCTION

Bipolar disorder (BD) is a chronic relapsing condition, characterized by

fluctuations in mood state affecting approximately 1% of the world’s

population (Grande et al., 2016). Prevalence estimates of alcohol use

disorders (AUD) in those with a diagnosis of BD are between 30% and

35%, suggesting that there is a significant proportion of this groupwho

may consume alcohol below the clinical threshold for anAUD (Gordon-

smith et al., 2020). Moreover, those with a diagnosis of BD who do

consume alcohol at non-dependent levels aremore likely to experience

increased lability of mood than those who do not engage in alcohol

use (Gordon-smith et al., 2020; Goldstein et al., 2006). Most research

examining the associations between resting state functional connectiv-

ity and alcohol use in BD has been undertaken in those with an AUD;

however, this does not represent a complete spectrum of alcohol use

by people with a diagnosis of BD (di Florio et al., 2014). While alcohol

at the levels used most broadly in society may have some impact on

functional connectivity (Table 1) (Hu et al., 2018), we hypothesize that

its impact upon the already disrupted default, affective, and executive

control networks (ECNs) in individuals with BD (Sha et al., 2018; Syan

et al., 2018) may be additive thereby contributing to impaired mood

stability and poorer clinical outcome in BD. Using a data driven model,

this studywill investigate the interactive effects of non-dependent lev-

els of alcohol use on intrinsic resting state networks (RSNs) in BD

relative to psychiatrically healthy controls (HC).

1.1 Resting-state connectivity in bipolar disorder

InBD, reduced resting-state connectivity is demonstratedbetween the

amygdala, prefrontal cortex, the anterior cingulate cortex (ACC), and

the orbitofrontal cortex (OFC) in BDand is suggested to underliemood

dysregulation (Chase&Phillips, 2016;Meda et al., 2012). Alternatively,

data driven approaches, such as independent component analysis (ICA)

can be used to decompose patterns of intrinsic functional connectivity

into discernible networks thus avoiding a spatially restricted approach

introduced by the selection of seed regions of interest. Additionally, by

utilizingBOLDspectral power analysiswithin ICA it is possible to inves-

tigate the spatial organization of brain oscillatory activity to describe

with more depth the functional organization of the brain (Baria et al.,

2011). Historically, preservation of intrinsic networks was suggested

to be a feature of BD, with a review finding no difference in func-

tional connectivitywithin networks decomposed through ICA (Table 1)

(Syan et al., 2018). However, a recent meta-analysis demonstrated

increased and decreased functional connectivity within areas of the

default mode network (DMN), sensorimotor, attention, and visual net-

works within the disorder (Sha et al., 2018). Dysconnectivity within

and between default mode, salience, and cognitive networks modu-

lating emotion processing is suggested to underlie symptoms of BD,

with impairment in processing of emotional stimuli evident in the

disorder (Lois & Linke, 2014). Moreover, altered functional connec-

tivity between intrinsic networks has been demonstrated within the

disorder, with increased connectivity between meso/paralimbic and

fronto-temporal and right frontoparietal networks (Meda et al., 2012;

Lois & Linke, 2014). This increase in connectivity between networks

subserving affective and interoceptive processing is additionally asso-

ciated with increased negative symptoms, although usually not core

symptoms of BD (Meda et al., 2012). Longitudinal imaging studies sug-

gest compensatory and decompensatory activation patterns within

frontolimbic networks which relate to illness phase and mood state

(Lim et al., 2013). Taken together, this suggests that vulnerability to

relapse within the disorder may be mediated by connectivity alter-

ations within and between RSNs disrupting affective, cognitive, and

introspective processes.

1.2 Resting-state connectivity and alcohol use

Research on resting state connectivity in association with non-

dependent alcohol use is limited; however, reduced functional con-

nectivity between the amygdala seed region and the right dorsal ACC

has been demonstrated (Table 1) (Hu et al., 2018). Reduced functional

connectivity in association with binge alcohol use is demonstrated

between the amygdala and the OFC, as well as between the inferior

frontal gyrus and hippocampus, areas involved in emotion and atten-

tion processes (Crane et al., 2018; Arienzo et al., 2020). Additionally,

increased connectivity between striatal areas within the reward net-

work and frontal areas involved in salience and attention networks are

found in association with binge alcohol use (Arienzo et al., 2020). The

increased connectivity demonstrated within the reward and salience

networks are consistent with results found in AUD groups, which may

point to a greatermotivation to consume alcohol (Arienzo et al., 2020).

Moreover, increased connectivity within nodes of the DMN was asso-

ciated with increasing alcohol use in a sample of 25,378 UK residents;

this study identified that the harms related to alcohol were more

detrimental than those attributable to other modifiable factors (Top-

iwala et al., 2021). Recent studies within college-aged samples have

demonstrated increased connectivity in the left ECN in association

with binge alcohol use and aberrant connectivity between the ventral

attention network and right supramarginal gyrus (Sousa et al., 2019;

Herman et al., 2019). Cycles of intoxication and withdrawal can lead

to dysregulation of networks responsible for the effective processing

of executive tasks, such as attention, inhibition, and goal-orientated

behavior (Volkow et al., 2004). Prior work has also demonstrated alter-

ations to neural structure: Longitudinal samples have demonstrated

that alcohol use is associated with reduced hippocampal volume and

poorer cognitive outcomes in college-aged students and older adults

(Meda et al., 2019; Topiwala et al., 2017). In conjunction with the find-

ings inBDsamples, these studies suggest that alcohol usemayplaceBD

participants at additional vulnerability to aberrant connectivity within

and between networks, particularly those associated with affective,

cognitive, and introspective processing.

Alcohol use in BD is associated with mood lability and a poor clin-

ical trajectory, and also with functional alterations to intrinsic RSNs

subserving affective, cognitive, and introspective processes (Gordon-

smith et al., 2020; Goldstein et al., 2006; Sousa et al., 2019; Herman
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TABLE 1 Studies examining the association of alcohol or Bipolar Disorder with functional connectivity

Authors Sample size Women:men

Age (years

mean± SD)

MRI data analysis

methods

Assessment of alcohol

use Findings

Non-dependent alcohol use

Hu et al., 2018 N= 83 68:32 49± 19 Rs fMRI, SBA:

amygdala

NIDAQuick Screen ↓ connectivity right dACC and

amygdala, stronger relationship in

men.

Potential hazardous alcohol use

Vergara et al., 2017 N= 188 38:62 33± 9 Rs fMRI, ICA AUDIT ↓ FC between SN, SM, precuneus,

and visual networks.

↑ FC between reward and visual

networks.

Binge alcohol use

Arienzo et al., 2020 N= 35 54:46 25± 4 Rs fMRI, SBA AUDIT ↑ connectivity between striatum,

ACC, andOFC.

↓ connectivity between IFC and

hippocampus.

Sousa et al., 2019 N= 34 52:48 20± 2 Rs fMRI, ICA AUDIT ↑ FC in left ECN.

Herman, et al.,

2018

N= 30 70:30 23± 5 Rs fMRI, ICA Alcohol Use

Questionnaire

↓ FC in VAT.

Crane et al., 2018 N= 46 21:89 26± 4 Rs fMRI, SBA:

amygdala

Timeline Follow Back ↓ FC between right amygdala and

OFC.

Bipolar disordera

Syan et al., 2018 N= 23 studies — — Review Not asked ↔within network alterations.

Aberrant FC between amygdala,

cingulate, medial, and

ventrolateral prefrontal cortices.

Sha et al., 2018 N= 242 studies 41:59 29± 11 Review Not asked ↓ FC in areas of SMN, DMN, DAN,

VAT

↑ FC in areas of DMN, DAN, VAT,

visual networks.

Vargas et al., 2013 N= 8 studies — — Review Not asked Largest differences in FCwithin

limbic-striatal network

Du et al., 2015 N= 93 54:46 34± 11 Rs fMRI, ICA Not asked Insula cortex as discriminative

region for BD.

Khadka et al., 2013 N= 374 53:47 38± 13 Rs fMRI ICA Not asked ↑ FC inmeso/paralimbic and

↓posterior DMN in patients.

↓ FC in fronto-occipital,

frontal/thalamic/basal ganglia,

and

↑ SMNnetworks in patients and

first-degree relatives.

Meda et al., 2012 N= 374 53:47 38± 13 Rs fMRI ICA Not asked ↑ FC betweenMPN and

fronto-temporal networks.

↓ FC between fronto-occipital and

anterior DMN/prefrontal.

Öngür et al., 2010 N= 46 43:57 39± 10 Rs fMRI, ICA: DMN Not asked ↓ FCwithinmPFC, abnormal

recruitment of parietal cortex.

Lois et al., 2014 N= 65 57:43 41± 9 Rs fMRI, ICA Not asked ↑ FC betweenMPN and right FPN.

Abbreviations: AUDIT, Alcohol Use Disorders Identification Test; ACC, anterior cingulate cortex; BD, Bipolar disorder; B-YAACQ, Brief Young Adult Alcohol

Consequences Questionnaire; dACC, dorsal anterior cingulate cortex; DAN, dorsal attention network; DMN, default mode network; DMQ-R SF, Drinking

motive questionnaire revised short form;DRN, drinking only; ECN, executive control network; FC, functional connectivity; FPN, frontoparietal network; ICA,

Independent component analysis; IFC, inferior frontal cortex; mPFC, medial prefrontal cortex; MPN, mesoparalimbic network; NIDA, National Institute on

Drug Abuse; OFC, orbitofrontal cortex; PACS, Penn Alcohol Craving Scale; Rs fMRI, resting state functional magnetic resonance imaging; SBA, seed based

analysis; SMN, sensorimotor network; SMAST, ShortMichigan Alcohol Craving Scale; VAT, ventral attention network.
aBD participants were not comorbid for AUD.
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et al., 2019). We propose that non-dependent alcohol use may place

those with a diagnosis of BD at vulnerability to relapse through

compound alterations to connectivity within and between functional

networks. We expect a differential impact of alcohol use on intrinsic

connectivity for those with a diagnosis of BD relative to controls, par-

ticularly in networks related to emotion, cognition, and introspection

in addition to independent effects of use and of diagnosis on these core

intrinsic networks’ functional connectivity.

2 METHODS

2.1 Participants

Participants to the study met with a registered psychiatrist for a

Structured Clinical Interview (SCID), patient or control edition, and a

diagnosis of BD type-I or type-II was confirmed using the DSM-IV-

TR criteria (American Psychiatric Association 2000). All participants

were between the ages of 18 and 65 years. Healthy control partici-

pants (HC)were admitted to the study if they had noDSM-IV-TRAxis-I

disorder, no first degree relative with a confirmed mental health diag-

nosis, and no current or historical use of psychotropic medication for

themanagementof anxietyormooddisorders. Exclusionary criteria for

all participants were: (i) a history of an AUD, (ii) a loss of consciousness

lasting more than 5 min, (iii) pregnancy or breastfeeding, (iv) a current

gastrointestinal disorder, and (v) heart problems, or uncontrolled blood

pressure. All participants were sober and had not consumed alcohol

prior to all of their study visits. All participants provided written con-

sent; ethical approval was granted by the Galway University hospitals

research ethics committee.

2.2 Assessment of alcohol use

Alcohol use data was collected via the Alcohol Use Disorders Iden-

tification Test-Consumption (AUDIT-Consumption, AUDIT-C), which

consists of the first three questions of the larger 10-question AUDIT,

and is validated for use in a variety of settings (Kristen et al., 1998). The

scalemeasures frequency and amount of alcohol use over the previous

12 months, as well as the frequency of binge alcohol use occasions (≥

6 standard drinks in one episode). Each item is scored from 0 to 4, with

a maximum score of 12, while a score of > 5 on the AUDIT-C indicates

a potential for harmful use (Long & Mongan, 2013). A history of AUD

excluded a participant from the study, and this assessment was made

by a registered psychiatrist during a SCID.

2.3 Assessment of clinical signs and symptoms

The Hamilton Depression Rating Scale (HDRS) objectively and reliably

quantifies depressive episodes (Hamilton, 1960). The scale is clinician

ratedandcomprises24questions; scoring is basedon the first 17 items,

with a range of 0–53, a score of ≤ 8 indicates the absence of symptoms

of a depressive episode (Hamilton, 1960). The Young Mania Rating

Scale (YMRS) is an 11-item scale which is valid and reliable for the

identification of (hypo)manic episodes (Young & Meyer, 1978). Scor-

ing is based upon objective ratings during a clinical interview, with a

score of< 7 indicating the absence of (hypo)manic symptoms in the BD

participants (Young & Meyer, 1978). Absence of symptoms related to

depressive mood or (hypo)manic symptoms in the participants defines

a participant as euthymic.

2.4 MRI acquisition

MRI data for all participants were obtained using a high-resolution 3T

Achieva scanner (Philips Medical Systems, Netherlands) at the Well-

comeTrustHealthResearchBoardCentre forAdvancedMedical Imag-

ing (CAMI), at St James’s Hospital, Dublin, Ireland. A high-resolution

3-dimensional structural T1-weighted Magnetization Prepared Rapid

Acquisition Gradient Echo sequence was acquired using an 8-channel

head coil (echo time [TE] 3.9 ms; repetition time [TR] 8.5 ms; flip angle

8◦; 1 mm3 isotropic voxel size, 180 slices). Resting state data were

acquired using a single shot gradient echo planar imaging sequence,

involving whole-brain acquisition of 180 volumes (repetition/echo

times= 2000/28 ms, flip angle 90
◦
, field of view 240 × 240 × 133 mm,

3×3mmvoxel dimensions, 80×80matrix size, and 38 axial slices of 3.2

mm each). Resting state scans were acquired while participants were

supine with eyes open and instructed to remain fixed on a crosshair for

the 6-min scan duration.

2.5 Subject-level image preprocessing

Motion correction of MR images were undertaken using a six-

parameter rigid body transformand interpolatedusing a fourth-degree

b-spline. Corrected images were inspected to assess translation and

rotation parameters; all motion correction was within the bound of

one voxel, with no spikes in motion greater than half a voxel. Within

subject co-registration of structural to functional images was under-

taken using a rigid-body model and image reslicing. Images were again

inspected to ensure anatomically accurate alignment for each partici-

pant. Structural images were segmented to create maps of gray, white,

and CSF tissue types, with a bias corrected image created. This image

was then spatially normalized using affine transformations. Functional

and structural images were normalized to the Montreal Neurological

Institute (MNI) template. Imageswere spatially smoothedwith aGaus-

sian kernel of 6mmat full width half maximum. Pre-processing of fMRI

data was undertaken using Statistical Parametric (SPM12) software

(Wellcome Centre for HumanNeuroimaging) (Friston et al., 1994).

2.6 Group-level spatial independent component
analysis

A model order of 30 was chosen to ensure spatial stability of derived

components with RSNs replicated in literature (Abou-Elseoud et al.,
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2010). Group component extractionwas undertakenusing the Infomax

algorithm,whichwas repeated20 times in ICASSOtomaximize the sta-

bility of the decomposed components (Jafri et al., 2008). Group level

IC’s were back reconstructed using GIG-ICA, a method which obtains

subject-specific ICswith stronger independenceand spatial correspon-

dence across subjects, as well as increased accuracy (Du & Fan, 2013).

All steps related to spatial ICAwereundertakenusing theGIFTToolbox

(Calhoun et al., 2001).

2.7 Selection of RSNs

Two researchers (FMM and JQ) independently assessed each IC to

classify the components as likely signal related toRSNsor noise related

to motion, physiological processes, or low signal drift. A component

was classified as an RSN if it displayed a low number of large clusters

with peaks of activation located in the gray matter, had a regularity of

timecourseoscillationswithpower spectra in the low-frequency range,

was spatially correlated with gray matter templates in SPM8, and had

a higher ratio of gray matter in comparison to white matter and cere-

brospinal fluid (Griffanti et al., 2017). Potential networks were cross

referenced with networks which have been replicated in the litera-

ture (Laird et al., 2011). Neuroanatomical locations of significant signal

changeswereobtainedbyoverlayingmasksof theRSN imagesonto the

MNI template. The Harvard-Oxford cortical and subcortical atlas was

used to label regions based on cytoarchitectonic probabilities, which

was accessed through the SPMAnatomy toolbox (Eickhoff et al., 2005).

2.8 Functional connectivity and statistical
analysis

We analyzed three distinct but complementary aspects of functional

connectivity to describe within and between-network connectivity in

relation to alcohol and diagnosis, these being: spatial map intensity,

BOLD power spectra, and functional network connectivity (Allen et al.,

2011). The spatial maps of each RSN were analyzed to identify differ-

ences in the participation of a voxel or cluster of voxels in a network

which relates to the level of connectivity and degree of coactivation

within a network (Allen et al., 2011). The power spectra of RSN time-

courses relating to the level of coherent activity at a specific frequency

within a network were analyzed by estimating each BOLD spectrum

based on detrended subject-specific timecourses, using a multi-taper

approach: a bandwidth of three and number of tapers set to five using

the Mancovan toolbox (Allen et al., 2011). Functional network con-

nectivity relates to the connectivity between networks of interest;

timecourses of ICA-created RSNs were band-pass filtered with a But-

terworth filter with cutoff frequencies of .008–1.5 Hz to maximize the

likelihood of signal related to RSNs and reduce the likelihood of signal

related tomotion and physiological processes (Luchtmann et al., 2010).

Relationships between spatial map intensities, BOLD spectral power,

functional network connectivity, and independent variables: diagnosis,

AUDIT-C score, and an interaction between diagnosis and AUDIT-C

score, controlling for age, sex, and motion parameters were assessed

using the Mancovan toolbox in GIFT. An alpha level of .05 was used

for all analyzes, with results corrected for multiple comparison using

the false discovery rate (FDR). Group differences in demographic and

clinical data were assessed using Chi-squared for categorical data (sex,

hazardous use, and binge alcohol use), and a t-test for normally dis-

tributed data (age). Non-normally distributed datawere assessed using

the Mann–Whitney U (AUDIT-C, Hollingshead Scale, HDRS, TMRS).

Statistical significance was assessed using a two-tailed α level of .05

(SPSS s v.24 IBMCorp., New York, USA).

3 RESULTS

3.1 Sample demographic and clinical
characteristics

A total of 86 individuals participated in this study, 40 participants

with a diagnosis of BD (33 BD-I, 7 BD-II) and 46 HC. As the groups

were matched for age and sex, no significant differences were found

(Table 2). A significant difference was found between the groups in

scores on theHDRS (U=339.5, p< .000), and theYMRS (U=678.5, p=

.016). Themajority of the BD participants were euthymic at the time of

scanning (n = 28, 70%). A statistically significant difference was found

in socioeconomic status, with BD participants more likely to report a

lower status in comparison to control participants (U=583.5, p= .004).

3.2 Comparable alcohol use scores between the
groups

There was no difference between the diagnostic groups in alcohol use

scores (Table 3; Figure S1). The two groups did not differ significantly in

the reporting of their frequency of engaging in binge drinking episodes,

(i.e., consuming six or more alcoholic drinks in one sitting) (Table 2)

(Kristen et al., 1998). The reported AUDIT-C scores represent a wide

range of non-normally distributed alcohol use scores within our par-

ticipants, ranging from no alcohol use (a score of 0) to a potential for

consuming alcohol daily or almost daily (maximumscore11). Therewas

no association between alcohol use and SES scores for HC (r= -.164, p

= .277) or BD (r= .087, p= .593).

3.3 Resting state networks within the data

Following decomposition into 30 networks, one ICN (30) was not

retained due to low stability analysis as determined by the cluster qual-

ity index, Iq > .938 (Himberg et al., 2004). After manual classification,

16 ICNs were deemed noise as activation occurred within areas of

white matter and cerebral spinal fluid space, time courses were irreg-

ular, results displayed power spectra within frequency bands aligned

with cardiac pulsation or respiratory noise, or it had low correlation

with gray matter templates in SPM8. Of the remaining 14 components
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TABLE 2 Clinical and demographic characteristics of the sample

Healthy controls n= 46 Bipolar participants n= 40

Statistical comparison

Test statistic, p

Sex (f:m, n) 30:16 22:18 χ2 = 0.934, .381

Age atMRI (years) 41.00± 14 43.08± 13 T= -0.721, .473

SES status (mean± SD) 42.22± 16 31.52± 16 U= 583.5, .004*

HDRS (mean± SD) 1.04± 1.7 6.78± 6.6 U= 339.5, .000*

YMRS (mean± SD) 0.72± 1.5 1.80± 2.6 U= 678.5, .016*

Lithium use (no, %) 0, 0 26, 65 —

Antipsychotic use (no, %) 0, 0 13, 33 —

Note: Socioeconomic status was assessed using the Hollingshead Scale. Data are presented asmean±sd.

Abbrevations: f, female; HDRS, Hamilton Depression Rating Scale; m, male; YMRS, YoungMania Rating Scale.

*significant at α= .05.

TABLE 3 No difference in alcohol use scores between the groups

Healthy controls

n= 46

Bipolar participants

n= 40

Statistical comparison

Test statistic, p

AUDIT-C (mean± SD) 4.74± 2.81 3.63± 3 U= 713.5, p= .072

Positive for hazardous drinking

(n,%)a
21 (46) 14 (35) χ2= 1.006, p= .316

Frequency of binge (n)b Never: 15

Less thanmonthly: 16

Monthly: 5

Weekly: 10

Never: 19

Less thanmonthly: 11

Monthly: 5

Weekly: 5

χ2= 2.658, p= .447

aHarmful use is defined as scoring>5 in the AUDIT-C.
bA binge is defined as drinkingmore than six standard drinks in one setting.

Abbreviation: AUDIT-C, Alcohol Use Disorders Identification Test-Consumption.

(Figure S2), correspondence with templates from Shirer et al. (2012)

was established to describe the RSNs anatomically as: dorsal DMN

(RSNs 6, 12, 21), ventral DMN (RSNs 7, 13), anterior salience (RSNs 4,

9, 16), executive control (RSNs 8, 24), sensorimotor (RSNs 1, 19, 20),

and auditory networks (RSN 18).

3.4 Altered resting state connectivity in relation
to alcohol use and a diagnosis of bipolar disorder

For all participants within this study (HC and BD), within network con-

nectivity or between network connectivity was not associated with

alcohol use only for all 14 RSN. However, spectral analysis demon-

strated that greater alcohol use was associated with reduced BOLD

spectral power at 0.15 Hz in a dorsal DMN network and greater BOLD

spectral power within the low frequency range (> 0.05 Hz) in an ECN

(Figure 1) (all p-values FDR corrected).

A between group test found that for participants with a diagnosis

of BD, greater alcohol use was associated with a statistically signifi-

cant increase in connectivity of the paracingulate cortexwithin a dorsal

DMN (RSN 12, Figure 2; Figure S3). A significant decrease in BOLD

spectral power between 0.05 and 0.1 Hz within an ECN (RSN 24) was

also detected (Figure 2). In contrast, connectivity between the exam-

ined networks did not relate to alcohol consumption in HC or BD

groups.

Awithin-group test found that adiagnosis ofBDwasassociatedwith

a statistically significant increased connectivity of the cuneal cortex

within the ventral DMN (RSN 13) (Figure 3). Additionally, a significant

decrease in BOLD spectral power within an ECN (RSN 24) between

0.05 and 0.1 Hz was detected for participants with a diagnosis of BD,

with greaterBOLDspectral powerwithin a dorsalDMN (RSN6) at 0.15

Hz (Figure 3). A diagnosis of BD did not relate to connectivity between

the examined networks.

4 DISCUSSION

Using the data-driven multivariate approach of ICA, we sought to

determine the impact of alcohol on intrinsic RSNs and if there was a

differential impact for people with a diagnosis of BD. We demonstrate

that for all participants in the study (HC and BD), increasing alcohol

consumption was associated with alterations to the level of coherent

activity at specific frequencies within default mode and ECNs. Addi-

tionally, we find that having a diagnosis of BD, but moreover having

a diagnosis of BD and consuming alcohol is significantly associated

with increasedconnectivitywithindefaultmodenetworks and reduced
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F IGURE 1 Alcohol is significantly associated with altered connectivity within default mode and executive control networks. In all figures,
red/orange indicates a positive relationship and blue a negative; p-values are corrected using the false discovery rate. DMN, default mode
network; RSN, resting state network.

F IGURE 2 A diagnosis of bipolar disorder is significantly associated with altered connectivity within default mode and executive control
networks. In all figures, red/ orange indicates a positive relationship and blue a negative; p-values corrected using the false discovery rate. DMN,
default mode network; RSN, resting state network
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F IGURE 3 A diagnosis of bipolar disorder with increasing alcohol use is significantly associated with altered connectivity within default mode
and executive control networks. In all figures, red/ orange indicates a positive relationship and blue a negative; p-values corrected using the false
discovery rate. DMN, default mode network; RSN, resting state network

spectral power at 0.05–0.1 Hz in an executive control network. These

results suggest that introspective and cognitive networks are impacted

by alcohol, over and above BD alone. Altered functionality related to

emotion processing subserved by these networks may contribute to

vulnerability to relapse within the disorder.

4.1 Measuring the spatial organization of the
brain

Functional connectivity studies typically characterize connectivity by

the degree of coactivation within a network or by the connectivity

between networks; however, by investigating the spatial organization

of brain oscillatory activity, it may be possible to describe with more

depth the functional organization of the brain (Baria et al., 2011). Uni-

modal brain areas which encode basic features of sensation transmit

information to transmodal limbic or paralimbic areas (Mesulam, 1998).

This increase in complexity corresponds to changes in power distri-

bution where unimodal areas are dominated by low-frequency power

and transmodal by high-frequency power distributions (Baria et al.,

2011). We demonstrate that for participants with BD who engage

in alcohol use, there is a reduction in the coherence of oscillatory

activity between 0.05 and 0.1 Hz within an ECN. This may reflect

reduced engagement of the network at a particular frequency or a

compensatory mechanism in association with alcohol use within the

disorder. Previous work has demonstrated that in comparison to con-

trol participants, patients with a diagnosed mood disorder displayed

less low-frequency spectral power in a dorsal DMN, which was asso-

ciated with life-long suicidal ideation (Malhi et al., 2020). These results

suggest that a depressed state may be associated with a pattern that

differs from what we would have detected in our primarily euthymic

sample. Taken together, they demonstrate the relevance of investi-

gating BOLD power spectra in higher-order mood disorders to better

understand the spatial organization of brain oscillatory activity.

The brain’s functional network is underpinned by structural or

anatomical architecture; the local and distributed topologies of these

networks constrain functionwhile allowing for adaptability to environ-

mental stimuli (Petersen & Sporns, 2015). The relational architecture

of these networks facilitates the emergence of cognitive processing;

distributed and interactivemapping of anatomyonto computation sup-

ports a degenerative system and adaptability of function (Mesulam,

1990). Low levels of alcohol use are found to impact on neurovascu-
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lar coupling leading to complex alterations and differential activation

patterns across cortical regions (Bressler & Tognoli, 2006). Corre-

spondence between large-scale intrinsic networks and behavior is

consistent across the literature; however, the requirement for degen-

eracy and adaptability of function means that coordinated patterns

within local area networks can change dynamically (Bressler & Tognoli,

2006). These dynamic patterns of local activity give rise to large-scale

intrinsic networks (Bressler &Menon, 2010). Suggesting that function

is dependent on the smooth interactions of local and large-scale net-

works, dysfunction at either scale can point to individual differences

within the system (Luchtmann et al., 2010).

4.2 Alcohol and functional connectivity

We demonstrate for all participants in this study, in the presence

of increasing alcohol use, there was a reduction in the coherence of

oscillatory activity at 0.15 Hz in a DMN and a greater coherence

of oscillatory activity at a low frequency (> 0.5 Hz) in an ECN. A

recent large-scale prospective cohort study demonstrated increased

functional connectivity within the DMN in a dose-dependent manner

(Topiwala et al., 2021). The average alcohol intake for this sample was

13.5 standard alcoholic drinks per week. Despite this being in keeping

with current UK government guidelines, the results suggest that even

low levels of alcohol use are harmful to the brain. Our demonstrated

results in the DMN support these findings, while expanding on them to

include alterations in a cognitive network. Previous work by Vergara

et al. (mean AUDIT score = 15.3 ± 5.3) and Sousa et al. (11.2 ± 3.25)

report functional alterations within and between networks support-

ing cognitive and emotional processes, which supports our results in an

ECN. The studies byVergara et al. and Sousa et al. report AUDIT scores

which are significantly higher than the average score for our sample

(5.45± 4.9). Together with the recent work by Topiwala et al., this sug-

gests that functional alterations of intrinsic networks are apparent at a

range of alcohol consumptions which are common in our communities.

The impact of alcohol on the brain depends on numerous molecular

mechanisms, which in turn can be reflected in differences of activation

as measured by the BOLD response (Luchtmann et al., 2010). Previ-

ous work has demonstrated that a low amount of alcohol does not

distort simple repetitive movements but suggests that more complex

movements or behaviors may be impacted due to the decrease of neu-

ronal activation, as well as the potential for the loss of neurovascular

coupling due to alcohol-induced vasodilation (Luchtmann et al., 2010).

Moreover, it suggests that circuitry involved in affective or cognitive

functions may bemore susceptible to alcohol (Luchtmann et al., 2010),

supporting the findings of this study that non-dependent alcohol use

impacts activation coherence in cognitive and introspective networks.

4.3 Functional connectivity in bipolar disorder
with alcohol use

We found increased connectivity of the paracingulate cortex in a dor-

sal DMN and reduced coherence of oscillatory activity at 0.5–1.0 Hz

within an ECN for participants with a diagnosis of BD who consumed

alcohol, in comparison to HC. Moreover, for the paracingulate gyrus,

increasing connectivity is related to increasing alcohol use for BD

participants only, demonstrating diagnosis-specific associations with

alcohol. Pre-existing alterations in structure and function of the cin-

gulate are associated with difficulties in emotional processing in BD

(Jabbi et al., 2020; Comte et al., 2016), This suggests that the com-

pound impacts of diagnosis and alcohol use may place further stress

on network function, particularly relating to affective and introspec-

tive behaviors. The DMN comprises a large set of co-activated brain

areas that forma system for self-monitoring, autobiographical thought,

and perceiving the perspectives of others (Buckner et al., 2008). The

ECN is proposed to be responsible for high-level cognitive processes,

for instance orientating attention and identifying emotional stimuli

(Bressler & Menon, 2010). The DMN and ECN engage in discrete

cognitive processes and guide responses to emotionally salient stim-

uli (Bressler & Menon, 2010). A recent meta-analysis demonstrated

reduced within-network connectivity of a network corresponding to

our ECN for patients in an acute mood state in contrast to those with

the disorder in a remitted state (Wang et al., 2020). These reduc-

tions in connectivity in the ECN are suggested to reflect instabilities

of moodwhich are prominent within the disorder, with a normalization

of connectivity in the remitted state reflecting improved function and

affective processing (Wang et al., 2020). We demonstrated reduced

connectivity within the ECN for those with a diagnosis of BD who are

predominately euthymic while controlling for alcohol use within the

sample. The lack of control for confounding factors may have influ-

enced the findings ofWang et al. (2020) and suggests that alcohol may

be an important factor which has not been adequately controlled for in

previous research.We have previously demonstrated an effect of alco-

hol use on the topological configuration of an anatomical subnetwork,

including areas that are involved in introspective and affective func-

tions for BD participants only (Martyn et al., 2021). We suggest that

this reflects a diagnosis-specific biological vulnerability, which may be

associated with the deleterious illness course of BD when associated

with alcohol use (Martyn et al., 2021). These previous findings support

our results of compound alterations within the ECN for those with a

diagnosis of BD in the presence of increasing alcohol use. We suggest

that the compoundeffect of alcohol consumption and adiagnosis of BD

impacts on the coherence of oscillatory activitywithin this RSN, poten-

tially weakening emotional control during euthymic periods. Changes

in functional connectivity, as demonstrated by reduced BOLD spectral

power of the ECN, combined with increased connectivity within the

DMNmay point to vulnerability in identifying and responding to emo-

tionally salient internal and external stimuli in BD in association with

alcohol use, thus impacting on vulnerability to increased mood lability

in the disorder.

4.4 Functional connectivity in bipolar disorder

Wedemonstrate increased functional connectivity of the cuneal cortex

and greater coherence of oscillatory activity at 0.15 Hz within a DMN

and reduced coherence of oscillatory activity at 0.05–1.0 Hz within an
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ECN in association with a diagnosis of BD. Reduced functional con-

nectivity within the DMN during acute mood episodes in contrast to

hyperconnectivity within DMN in remitted mood states has been pre-

viously reported in BD relative to HC (Wang et al., 2020). Alterations

of connectivity within the DMN are suggested to reflect heightened

planning in relation to internal and external environments for those

with a diagnosis of BD (Lois & Linke, 2014). The majority of our sam-

ple was euthymic at the time of scanning, and our results support this

distinction in DMN connectivity. Moreover, alterations of decreased

connectivity within a ventral DMNhave been demonstratedwithin BD

and for their first-degree relatives (Khadka et al., 2013); our results

support changes within the connectivity of a ventral DMN within BD

andprovide evidence for functional alterations,whichmay impact inte-

roceptive processes within the disorder. The DMN can be subdivided

into regions and while this may be a function of dimension reduction,

frequency of oscillatory activity within the DMN is demonstrated to

change from low frequency in posterior to high frequency in anterior

portions (Baria et al., 2011). This points to a functional heterogeneity

within the network and challenges the idea that the entire network

is suppressed in association with task demands (Buckner et al., 2008).

Our results identify ventral and dorsal components of the DMN and

demonstrate alterations to within network connectivity for these sub-

components of the network. The successful suppression of the DMN

is critical for cognitive operations, such as attentional and emotional

response, processes which are known to be compromised within BD

(Buckner et al., 2008). Our demonstrated increase in DMN activation

may reflect difficulties in suppression and orientation toward cogni-

tively controlled emotional regulation, leading to the exacerbation of

mood dysregulation seenwithin the disorder.

We have demonstrated alterations in power spectra within dorsal

DMN and an ECN for people with a diagnosis of BD. Low-frequency

oscillations have been used to identify large-scale networks and to

study their organizational properties (Luchtmann et al., 2010). The

largest power spectra for the DMN is located within the low fre-

quency, with the posterior portion of the DMN dominated by the low

frequency, and frontal portions showing oscillations at higher frequen-

cies, with a suggestion that areas of the brain responsible for more

complex processes are dominated by higher frequencies (Baria et al.,

2011).Within our ECN is the insula, a structurewhich supports switch-

ing between the DMN and the ECN, so that attention is orientated

toward cognitively controlled states (Bressler & Menon, 2010). Par-

ticipants with a diagnosis of BD demonstrate deficiencies in switching

from internally focused processes to task-related processing in the

presence of cognitive-affective stimuli (Ellard et al., 2019). This occurs

through increased activation within the DMN and reduced activation

of the insula, suggesting that BD participants are less able to disengage

from self-monitoring processes in the presence of emotional distrac-

tors andmove to a cognitively controlled state (Ellard et al., 2019). Our

findings of increased DMN activation and reduced power of activation

within an ECN support these findings, suggesting that the coherent

activity of the networks is disrupted within the disorder, and may

point to network vulnerability to relapse, possibly exasperated by the

consumption of alcohol. The reductions in coherent activation within

intrinsic networks suggest that brain states reflect dynamics, whereby

interactions between frequency oscillators are critical aspects of these

dynamics, which are embedded within the anatomical structure of

the brain. This then reflects the need to approach fMRI or connectiv-

ity from a dynamic perspective, rather than single point estimate of

function. Observing energy requirements to transitions between brain

states and the alterations that may be present in BD in association

with alcohol use will provide a richer explanation of the dynamic sys-

tem of the brain within the disorder. A challenge to studying BD is

the intricate and diffuse symptoms reported among patient groups.

The use of data-driven approaches can be beneficial as they analyze

whole brain function and can identify weak contributions from numer-

ous regions which may point to specific-disorder-related pathology

(Calhoun, 2018). Applying this multivariate method may provide more

sensitive evidence of the impact of alcohol use in BD and its contribu-

tion to mood lability and relapse within the disorder and contribute

to the identification of mechanisms related to the disorder. This work

contributes to previous knowledge by pointing to specific network pat-

terning that is altered within the disorder, which may influence the

regulation of interoceptive processes and the engagement of networks

supporting cognitively controlled emotional processing.

4.5 Limitations to the study

The interpretation of RSNs is challenging as there is currently no global

agreement on naming conventions or dimension reduction for net-

works. We chose to decompose our data to 30 components with the

aim of aligning the spatial correspondence between our networks and

those reliably replicated in the literature (Abou-Elseoud et al., 2010).

This model order was a trade-off between large scale and finer grained

network components, as we were interested in networks which often

appear at the finer level, for example, the salience network and also

large-scale networks, that of the DMN. Resting state connectivity was

initially identified at low frequency; however, RSN activity has been

identified at frequencies as high as 1.5 Hz (Gohel & Biswal, 2015). The

majority of our understanding of resting-state signal lies within the

lower frequency; therefore, our results of altered coherence within

oscillatory activity at 1.5 Hz require further work to clarify its appli-

cation to cognitive and affective networks. A limitation to our study is

that alcohol use has been recorded as a self-report measure, with no

collateral attained to corroborate thequantity of alcohol use.However,

the AUDIT-C has been validated for use across a variety of setting and

is a well-used tool in research studies (Kristen et al., 1998). Addition-

ally, in clinical settings, alcohol consumption is collected via self-report,

giving our results somemeasure of clinical relevance.

5 CONCLUSION

In a first endeavor to understand the functional impact of non-

dependent alcohol use in BD, we demonstrate alterations to

within-network connectivity of interoceptive and cognitive net-
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works, which are involved in the regulation of emotion. Despite the

groups consuming comparable amount of alcohol, we demonstrate

alterations to default mode and ECNs for people with a diagnosis of

BD, relative to HC. This alteration may impact on previously identified

deficiencies in switching from internally to externally focused tasks

during emotion processing, which results in a lack of ability to disen-

gage in self-monitoring processes in BD (Ellard et al., 2019). These

alterations within network connectivity suggest that even during

euthymic periods, alcohol can contribute to the weakening of emo-

tional regulation and response, potentially explaining the increased

lability of mood and vulnerability to relapse within the disorder.

ACKNOWLEDGMENTS

We gratefully acknowledge the participants of our study who gave

up their time to provide us with their data, the Wellcome Trust

Health Research Board, Centre for AdvancedMedical Imaging (CAMI),

St. James’s Hospital, Dublin, and the HRB Clinical Research Facility,

Galway.

CONFLICT OF INTEREST

The authors report no biomedical financial interests or potential

conflicts of interest.

DATA AVAILABILITY STATEMENT

Data may be available for sharing, please contact dara.cannon@

nuigalway.ie to discuss opportunities.

ORCID

FionaM.Martyn https://orcid.org/0000-0002-0281-0985

PEER REVIEW

The peer review history for this article is available at https://publons.

com/publon/10.1002/brb3.2832

REFERENCES

Abou-Elseoud, A., Starck, T., Remes, J., Nikkinen, J., Tervonen, O., &

Kiviniemi, V. (2010). The effect of model order selection in group PICA.

Human Brain Mapping, 31(8), 1207–1216. https://doi.org/10.1002/hbm.

20929

Allen, E A., Erhardt, E B., Damaraju, E., Gruner, W., Segall, J M., Silva, R

F., Havlicek, M., Rachakonda, S., Fries, J., Kalyanam, R., Michael, A M.,

Caprihan, A., Turner, J A., Eichele, T., Adelsheim, S., Bryan, A D., Bustillo,

J., Clark, V P., Feldstein Ewing, S W., . . . , Calhoun, V D. (2011). A base-

line for the multivariate comparison of resting-state networks. Frontiers
in Systems Neuroscience, 5, 1–23. https://doi.org/10.3389/fnsys.2011.
00002

AmericanPsychiatricAssociation. (2000).Diagnostic and statisticalmanual of
mental disorders (4th ed., text rev.) American Psychiatric Association.

Arienzo, D., Happer, J P., Molnar, S M., Alderson-Myers, A., & Marinkovic,

K. (2020). Binge drinking is associated with altered resting state func-

tional connectivity of reward-salience and top down control networks.

Brain Imaging and Behavior, 14(5), 1731–1746. https://doi.org/10.1007/
s11682-019-00107-6

Baria, A. T., Baliki, M. N., Parrish, T., & Apkarian, A. V. (2011). Anatom-

ical and functional assemblies of brain BOLD oscillations. Journal of
Neuroscience, 31(21), 7910–7919. https://doi.org/10.1523/JNEUROSCI.

1296-11.2011

Bressler, S. L., & Menon, V. (2010). Large-scale brain networks in cogni-

tion: emergingmethods and principles. Trends in Cognitive Sciences, 14(6),
277–290. https://doi.org/10.1016/j.tics.2010.04.004

Bressler, S. L., & Tognoli, E. (2006). Operational principles of neurocogni-

tive networks. International Journal of Psychophysiology, 60(2), 139–148.
https://doi.org/10.1016/j.ijpsycho.2005.12.008

Buckner, R. L., Andrews-Hanna, J. R., & Schacter, D. L. (2008). The brain’s

default network anatomy, function, and relevance to disease. Annals of
the New York Academy of Sciences, 1124, 1–38. https://doi.org/10.1196/
annals.1440.011

Calhoun, V. (2018). Data-driven approaches for identifying links between

brain structure and function in health and disease. Dialogues in Clinical
Neuroscience, 20(2), 87–99.

Calhoun, V. D., Adali, T., Pearlson, G. D., & Pekar, J. J. (2001). Group

ICA of functional MRI data: Separability, stationarity, and inference.

In Proceedings of the International Conference on ICA and BSS, (pp.

155–160).

Chase, H W., & Phillips, M L. (2016). Elucidating neural network functional

connectivity abnormalities in bipolar disorder: Toward a harmonized

methodological approach. Biological Psychiatry: Cognitive Neuroscience
and Neuroimaging, 1(3), 288–298. https://doi.org/10.1016/j.bpsc.2015.
12.006

Comte, M., Schön, D., Coull, J T., Reynaud, E., Khalfa, S. P., Belzeaux, R.,

Ibrahim, E., Guedj, E., Blin, O., Weinberger, D R., & Fakra, E. (2016).

Dissociating bottom-up and top-down mechanisms in the cortico-limbic

system during emotion processing. Cerebral Cortex, 26(1), 144–155.
https://doi.org/10.1093/cercor/bhu185

Crane, N. A., Gorka, S. M., Phan, K. L., & Childs, E. (2018). Amygdala-

orbitofrontal functional connectivity mediates the relationship

between sensation seeking and alcohol use among binge-

drinking adults. Drug and Alcohol Dependence, 192, 208–214.

https://doi.org/10.1016/j.drugalcdep.2018.07.044

Di Florio, A., Craddock, N., & Van Den Bree, M. (2014). Alcohol misuse in

bipolar disorder. A systematic review and meta-analysis of comorbid-

ity rates. European Psychiatry, 29(3), 117–124. https://doi.org/10.1016/
j.eurpsy.2013.07.004

Du, Y., & Fan, Y. (2013). Group information guided ICA for fMRI data anal-

ysis. NeuroImage, 69, 157–197. https://doi.org/10.1016/j.neuroimage.

2012.11.008

Eickhoff, S B., Stephan, K E., Mohlberg, H., Grefkes, C., Fink, G R., Amunts,

K., & Zilles, K. (2005). A new SPM toolbox for combining probabilistic

cytoarchitectonic maps and functional imaging data. NeuroImage, 25(4),
1325–1335. https://doi.org/10.1016/j.neuroimage.2004.12.034

Ellard, K K., Gosai, A K., Felicione, J M., Peters, A T., Shea, C V., Sylvia, L G.,

Nierenberg, AA.,Widge, A S., Dougherty, DD., &Deckersbach, T. (2019).

Deficits in frontoparietal activation and anterior insula functional con-

nectivity during regulation of cognitive-affective interference in bipolar

disorder. Bipolar Disorders, 21(3), 244–258. https://doi.org/10.1111/bdi.
12709

Friston,K. J., Jezzard, P., &Turner, R. (1994). Analysis of functionalMRI time-

series.Human Brain Mapping, 1, 153–171.
Gohel, S R., & Biswal, B B. (2015). Functional integration between brain

regions at rest occurs in multiple-frequency bands. Brain Connectivity,
5(5), 23–34. https://doi.org/10.1089/brain.2013.0210

Goldstein, B I., Velyvis, V P., & Parikh, S V. (2006). The association

betweenmoderate alcohol use and illness severity in bipolar disorder: A

preliminary report. Journal of Clinical Psychiatry, 67(1), 102–106. https://
doi.org/10.4088/JCP.v67n0114

Gordon-smith, K., Lewis, K. J. S., Vallejo Aunon, F. M., Di Florio, A., Perry, A.,

Craddock, N., Jones, I., & Jones, L. (2020). Patterns and clinical correlates

of lifetime alcohol consumption in women and men with bipolar disor-

der: findings from the UK Bipolar Disorder Research Network. Bipolar
Disorders, 22, 731–738. https://doi.org/10.1111/bdi.129

Grande, I., Berk,M., Birmaher, B., &Vieta, E. (2016). Bipolar disorder. Lancet,
387, 1561–1572. https://doi.org/10.1007/978-0-387-28370-8_12

mailto:dara.cannon@penalty -@M nuigalway.ie
mailto:dara.cannon@penalty -@M nuigalway.ie
https://orcid.org/0000-0002-0281-0985
https://orcid.org/0000-0002-0281-0985
https://publons.com/publon/10.1002/brb3.2832
https://publons.com/publon/10.1002/brb3.2832
https://doi.org/10.1002/hbm.20929
https://doi.org/10.1002/hbm.20929
https://doi.org/10.3389/fnsys.2011.00002
https://doi.org/10.3389/fnsys.2011.00002
https://doi.org/10.1007/s11682-019-00107-6
https://doi.org/10.1007/s11682-019-00107-6
https://doi.org/10.1523/JNEUROSCI.1296-11.2011
https://doi.org/10.1523/JNEUROSCI.1296-11.2011
https://doi.org/10.1016/j.tics.2010.04.004
https://doi.org/10.1016/j.ijpsycho.2005.12.008
https://doi.org/10.1196/annals.1440.011
https://doi.org/10.1196/annals.1440.011
https://doi.org/10.1016/j.bpsc.2015.12.006
https://doi.org/10.1016/j.bpsc.2015.12.006
https://doi.org/10.1093/cercor/bhu185
https://doi.org/10.1016/j.drugalcdep.2018.07.044
https://doi.org/10.1016/j.eurpsy.2013.07.004
https://doi.org/10.1016/j.eurpsy.2013.07.004
https://doi.org/10.1016/j.neuroimage.2012.11.008
https://doi.org/10.1016/j.neuroimage.2012.11.008
https://doi.org/10.1016/j.neuroimage.2004.12.034
https://doi.org/10.1111/bdi.12709
https://doi.org/10.1111/bdi.12709
https://doi.org/10.1089/brain.2013.0210
https://doi.org/10.4088/JCP.v67n0114
https://doi.org/10.4088/JCP.v67n0114
https://doi.org/10.1111/bdi.129
https://doi.org/10.1007/978-0-387-28370-8_12


12 of 13 MARTYN ET AL.

Griffanti, L., Douaud, G. L., Bijsterbosch, J., Evangelisti, S., Alfaro-Almagro,

F., Glasser, M F., Duff, E P., Fitzgibbon, S., Westphal, R., Carone, D.,

Beckmann, C F., & Smith, S M. (2017). Hand classification of fMRI ICA

noise components. NeuroImage, 154, 188–205. https://doi.org/10.1016/
j.neuroimage.2016.12.036

Hamilton, M. (1960). Scale for depression. Journal of Neurology Neurosurgery
and Psychiatry, 23, 56–62.

Herman, A M., Critchley, H D., & Duka, T. (2019). Binge drinking

is associated with attenuated frontal and parietal activation dur-

ing successful response inhibition in fearful context. European Jour-
nal of Neuroscience, 50(3), 2297–2310. https://doi.org/10.1111/ejn.

14108

Himberg, J., Hyvärinen, A., & Esposito, F. (2004). Validating the independent

components of neuroimaging time series via clustering and visualization.

NeuroImage, 22(3), 1214–1222. https://doi.org/10.1016/j.neuroimage.

2004.03.027

Bunney, P. E., Zink, A. N., Holm, A. A., Billington, C. J., & Kotz, C. M. (2018).

Resting state functional connectivity of the amygdala andproblemdrink-

ing in non-dependent alcohol drinkers.Drug andAlcoholDependence,176,
139–148. https://doi.org/10.1016/j.physbeh.2017.03.040

Jabbi, M., Weber, W., Welge, J., Nery, F., Tallman, M., Gable, A., Fleck, D.

E., Lippard, E. T. C., Delbello, M., Adler, C., & Strakowski, S. M. (2020).

Frontolimbic brain volume abnormalities in bipolar disorder with suicide

attempts. Psychiatry Research, 294, 113516. https://doi.org/10.1016/j.
psychres.2020.113516

Jafri,M. J., Pearlson,G.D., Stevens,M., &Calhoun, V.D. (2008). Amethod for

functional network connectivity among spatially independent resting-

state components in schizophrenia. NeuroImage, 39(4), 1666–1681.
https://doi.org/10.1016/j.neuroimage.2007.11.001

Khadka, S., Meda, S. A., Stevens, M. C., Glahn, D. C., Calhoun, V. D., Sweeney,

J. A., Tamminga, C. A., Keshavan, M. S., O’Neil, K., Schretlen, D., &

Pearlson, G. D. (2013). Is aberrant functional connectivity a psychosis

endophenotype? A resting state functional magnetic resonance imag-

ing study. Biological Psychiatry, 74(6), 458–466. https://doi.org/10.1016/
j.biopsych.2013.04.024

Bradley, K. A.,Mcdonell,M. B., Bush, K., Kivlahan,D. R., Diehr, P., & Fihn, S. D.

(1998). The AUDIT alcohol consumption questions (AUDIT-C). Archives
of Interal Medicine, 22, 1789–1795. https://doi.org/10.1097/00000374-
199811000-00034

Laird, A. R., Fox, P. M, Eickhoff, S. B., Turner, J. A., Ray, K. L., Mckay,

D. R, Glahn, D. C., Beckmann, C. F., Smith, S. M., & Fox, P. T. (2011).

Behavioral interpretations of intrinsic connectivity networks. Journal
of Cognitive Neuroscience, 23(12), 4022–4037. https://doi.org/10.1162/
jocn_a_00077

Lim, C. S., Baldessarini, R. J., Vieta, E., Yucel, M., Bora, E., & Sim, K. (2013).

Longitudinal neuroimaging and neuropsychological changes in bipolar

disorder patients: Review of the evidence. Neuroscience and Biobehav-
ioral Reviews, 37(3), 418–435. https://doi.org/10.1016/j.neubiorev.2013.
01.003

Lois, G., Linke, J., & Wessa, M. (2014). Altered functional connectivity

between emotional and cognitive resting state networks in euthymic

bipolar I disorder patients. PLosONE, 9(10), e107829. https://doi.org/10.
1371/journal.pone.0107829

Long, J., & Mongan, D. (2013). Alcohol consumption in Ireland 2013: Analysis
of a National Alcohol Diary Survey. https://alcoholireland.ie/download/
reports/how_much_do_we_drink/Alcohol_Consumption_in_Ireland_

2013_web_version.pdf

Luchtmann, M., Jachau, K., Tempelmann, C., & Bernarding, J. (2010). Alco-

hol induced region-dependent alterations of hemodynamic response:

Implications for the statistical interpretation of pharmacological fMRI

studies. Experimental Brain Research, 204(1), 1–10. https://doi.org/10.
1007/s00221-010-2277-4

Malhi, G. S., Das, P., Outhred, T., Bryant, R. A., Calhoun, V., & Mann, J. J.

(2020). Default mode dysfunction underpins suicidal activity in mood

disorders. Psychological Medicine, 50(7), 1214–1223. https://doi.org/10.
1017/S0033291719001132

Martyn, F. M., Nabulsi, L., Mcphilemy, G., O’donoghue, S., Kilmartin, L.,

Hallahan,B.,Mcdonald,C., &Cannon,D.M. (2021). Topological alteration

is associated with non-dependent alcohol use in bipolar disorder, Brain
Connectivity, 12, 823–834. https://doi.org/10.1089/brain.2021.0137

Meda, S.A.,Gill, A., Stevens,MC., Lorenzoni, R. P.,Glahn,D.C., Calhoun,V.D.,

Sweeney, J. A., Tamminga, C. A., Keshavan, M. S., Thaker, G., & Pearlson,

G. D. (2012). Differences in resting-state functional magnetic reso-

nance imaging functional network connectivity between schizophrenia

and psychotic bipolar probands and their unaffected first-degree rel-

atives. Biological Psychiatry, 71(10), 881–889. https://doi.org/10.1016/j.
biopsych.2012.01.025

Meda, S. A., Hawkins, K. A., Dager, A. D., Tennen, H., Khadka, S., Austad,

C. S., Wood, R. M., Raskin, S., Fallahi, C. R., & Pearlson, G. D. (2019).

Longitudinal effects of alcohol consumption on the hippocampus and

parahippocampus in college students.Biological Psychiatry: CognitiveNeu-
roscience and Neuroimaging, 3(7), 610–617. https://doi.org/10.1016/j.
bpsc.2018.02.006.Longitudinal

Mesulam, M. (1998). From sensation to cognition. Brain, 121(6), 1013–
1052. https://doi.org/10.1093/brain/121.6.1013

Mesulam, M.-M. (1990). Large-scale neurocognitive networks and dis-

tributed processing for attention, language, and memory. Annals of
Neurology, 28, 597–613.

Petersen, S. E., & Sporns, O. (2015). Brain networks and cognitive architec-

tures. Neuron, 88(1), 207–219. https://doi.org/10.1016/j.neuron.2015.
09.027

Sha, Z., Xia,M., Lin, Q., Cao,M., Tang, Y., Xu, K. e., Song, H.,Wang, Z.,Wang, F.,

Fox, P. T., Evans, A. C., &He, Y. (2018).Meta-connectomic analysis reveals

commonly disrupted functional architectures in network modules and

connectors across brain disorders. Cerebral Cortex, 28(12), 4179–4194.
https://doi.org/10.1093/cercor/bhx273

Shirer, W. R., Ryali, S., Rykhlevskaia, E., Menon, V., & Greicius, M. D. (2012).

Decoding subject-driven cognitive states with whole-brain connectiv-

ity patterns. Cerebral Cortex, 22(1), 158–165. https://doi.org/10.1093/
cercor/bhr099

Sousa, S. S., Sampaio, A., Marques, P., López-Caneda, E., Gonçalves, Ó. F.,

& Crego, A. (2019). Functional and structural connectivity of the exec-

utive control network in college binge drinkers. Addictive Behaviors, 99,
106009. https://doi.org/10.1016/j.addbeh.2019.05.033

Syan, S. K., Smith, M., Frey, B. N., Remtulla, R., Kapczinski, F., Hall, G. B. C.,

& Minuzzi, L. (2018). Resting-state functional connectivity in individu-

als with bipolar disorder during clinical remission: A systematic review.

Journal of Psychiatry and Neuroscience, 43(5), 298–316. https://doi.org/
10.1503/jpn.170175

Topiwala, A., Allan, C. L., Valkanova, V., Zsoldos, E., Filippini, N., Sexton, C.,

Mahmood, A., Fooks, P., Singh-Manoux, A., Mackay, C. E., Kivimäki, M.,

& Ebmeier, K. P. (2017). Moderate alcohol consumption as risk factor

for adverse brain outcomes and cognitive decline: Longitudinal cohort

study. British Medical Journal, 357, 1–12. https://doi.org/10.1136/bmj.

j2353

Topiwala, A., Ebmeier, K. P., Maullin-Sapey, T., & Nichols, (2021). No safe

level of alcohol consumption for brain health: Observational cohort

study of 25,378UKBiobank participants.medRxiv.
Volkow, N. D., Fowler, J. S., & Wang, G.-J. (2004). The addicted human

brain viewed in the light of imaging studies: Brain circuits and treat-

ment strategies.Neuropharmacology, 47, (Suppl 1), 3–13. https://doi.org/
10.1016/j.neuropharm.2004.07.019

Wang, Y., Gao, Y., Tang, S., Lu, L. u., Zhang, L., Bu, X., Li, H., Hu, X., Hu, X.,

Jiang, P., Jia, Z., Gong, Q., Sweeney, J. A., & Huang, X. (2020). Large-scale

network dysfunction in the acute state compared to the remitted state

of bipolar disorder: A meta-analysis of resting-state functional connec-

tivity. EBioMedicine, 54, 102742. https://doi.org/10.1016/j.ebiom.2020.

102742

https://doi.org/10.1016/j.neuroimage.2016.12.036
https://doi.org/10.1016/j.neuroimage.2016.12.036
https://doi.org/10.1111/ejn.14108
https://doi.org/10.1111/ejn.14108
https://doi.org/10.1016/j.neuroimage.2004.03.027
https://doi.org/10.1016/j.neuroimage.2004.03.027
https://doi.org/10.1016/j.physbeh.2017.03.040
https://doi.org/10.1016/j.psychres.2020.113516
https://doi.org/10.1016/j.psychres.2020.113516
https://doi.org/10.1016/j.neuroimage.2007.11.001
https://doi.org/10.1016/j.biopsych.2013.04.024
https://doi.org/10.1016/j.biopsych.2013.04.024
https://doi.org/10.1097/00000374-199811000-00034
https://doi.org/10.1097/00000374-199811000-00034
https://doi.org/10.1162/jocn_a_00077
https://doi.org/10.1162/jocn_a_00077
https://doi.org/10.1016/j.neubiorev.2013.01.003
https://doi.org/10.1016/j.neubiorev.2013.01.003
https://doi.org/10.1371/journal.pone.0107829
https://doi.org/10.1371/journal.pone.0107829
https://alcoholireland.ie/download/reports/how_much_do_we_drink/Alcohol_Consumption_in_Ireland_2013_web_version.pdf
https://alcoholireland.ie/download/reports/how_much_do_we_drink/Alcohol_Consumption_in_Ireland_2013_web_version.pdf
https://alcoholireland.ie/download/reports/how_much_do_we_drink/Alcohol_Consumption_in_Ireland_2013_web_version.pdf
https://doi.org/10.1007/s00221-010-2277-4
https://doi.org/10.1007/s00221-010-2277-4
https://doi.org/10.1017/S0033291719001132
https://doi.org/10.1017/S0033291719001132
https://doi.org/10.1089/brain.2021.0137
https://doi.org/10.1016/j.biopsych.2012.01.025
https://doi.org/10.1016/j.biopsych.2012.01.025
https://doi.org/10.1016/j.bpsc.2018.02.006.Longitudinal
https://doi.org/10.1016/j.bpsc.2018.02.006.Longitudinal
https://doi.org/10.1093/brain/121.6.1013
https://doi.org/10.1016/j.neuron.2015.09.027
https://doi.org/10.1016/j.neuron.2015.09.027
https://doi.org/10.1093/cercor/bhx273
https://doi.org/10.1093/cercor/bhr099
https://doi.org/10.1093/cercor/bhr099
https://doi.org/10.1016/j.addbeh.2019.05.033
https://doi.org/10.1503/jpn.170175
https://doi.org/10.1503/jpn.170175
https://doi.org/10.1136/bmj.j2353
https://doi.org/10.1136/bmj.j2353
https://doi.org/10.1016/j.neuropharm.2004.07.019
https://doi.org/10.1016/j.neuropharm.2004.07.019
https://doi.org/10.1016/j.ebiom.2020.102742
https://doi.org/10.1016/j.ebiom.2020.102742


MARTYN ET AL. 13 of 13

Young, R. C., Biggs, J. T., Ziegler, V. E., & Meyer, D. A. (1978). A rating scale

formania : Reliability, validity and sensitivity. British Journal of Psychiatry,
133, 429–435.

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Martyn, F. M., McPhilemy, G., Nabulsi,

L., Quirke, J., Hallahan, B., McDonald, C., & Cannon, D.M.

(2023). Alcohol use is associated with affective and

interoceptive network alterations in bipolar disorder. Brain and

Behavior, 13, e2832. https://doi.org/10.1002/brb3.2832

https://doi.org/10.1002/brb3.2832

	Alcohol use is associated with affective and interoceptive network alterations in bipolar disorder
	1 | INTRODUCTION
	1.1 | Resting-state connectivity in bipolar disorder
	1.2 | Resting-state connectivity and alcohol use

	2 | METHODS
	2.1 | Participants
	2.2 | Assessment of alcohol use
	2.3 | Assessment of clinical signs and symptoms
	2.4 | MRI acquisition
	2.5 | Subject-level image preprocessing
	2.6 | Group-level spatial independent component analysis
	2.7 | Selection of RSNs
	2.8 | Functional connectivity and statistical analysis

	3 | RESULTS
	3.1 | Sample demographic and clinical characteristics
	3.2 | Comparable alcohol use scores between the groups
	3.3 | Resting state networks within the data
	3.4 | Altered resting state connectivity in relation to alcohol use and a diagnosis of bipolar disorder

	4 | DISCUSSION
	4.1 | Measuring the spatial organization of the brain
	4.2 | Alcohol and functional connectivity
	4.3 | Functional connectivity in bipolar disorder with alcohol use
	4.4 | Functional connectivity in bipolar disorder
	4.5 | Limitations to the study

	5 | CONCLUSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	ORCID
	PEER REVIEW

	REFERENCES
	SUPPORTING INFORMATION


