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Abstract

Despite apparent sex differences in the development and treatment of alcohol use disorder, relatively little is known about the
underlying neural mechanisms. In this study, we therefore investigated neural cue-reactivity in a sample of male (n = 28) and
female (n = 27) problem drinkers (matched on age and alcohol use severity) with an average alcohol use disorder identification test
score of 12 which is indicative of a likely alcohol use disorder. Neural cue-reactivity data were extracted from four regions of inter-
est: the ventral and dorsal striatum and the ventral and dorsal anterior cingulate cortex, with a significance level set at p < 0.05.
While the cue-reactivity paradigm induced similar levels of self-reported craving in men and women, visual alcohol cues induced sig-
nificantly stronger striatal activation in men compared to drinkers. While sex differences in ventral striatal cue-reactivity were partly
explained by sex differences in alcohol intake, cannabis use, negative affect and anxiety, this was not the case for sex differences
in dorsal striatal cue-reactivity. These results suggest that alcohol cues are differentially processed by men and women and that the
neurobiological mechanisms behind cue-reactivity differ between the sexes. Consequently, paradigms using alcohol-related pictures
may not be optimal to induce cue-reactivity in female drinkers and may not be optimal to measure neurobiological markers of alco-
hol use severity and relapse. Future alcohol cue-reactivity studies should, in addition to including both men and women, include dif-
ferent types of cues (e.g., stressors and imagery in addition to pictures) to assess sex differences in alcohol cue-reactivity.

Introduction

In the past decades, differences in male and female drinking patterns
have declined (Erol & Karpyak, 2015). Nonetheless, substantial sex
differences in alcohol-related physical and psychological problems
are still observed, as men tend to show higher rates of alcohol-
related physical problems, whereas women tend to have a higher
risk of developing comorbid psychiatric disorders (Erol & Karpyak,
2015). Moreover, women generally escalate alcohol use more
rapidly once they started, compared to men (Becker, McClellan, &
Reed, 2017; Lewis & Nixon, 2014), although these so-called tele-
scoping effects are not always evident in the general population
(Keyes, Martins, Blanco, & Hasin, 2010). Importantly, compared to
men, relapse rates are higher in women, often occur without
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apparent triggers and are more frequently related to negative affect
(Becker, McClellan, & Reed, 2016; Becker et al., 2017) or events
such as early life or marital stress (Buisman-Pijlman et al., 2014;
Hyman et al., 2009). Unfortunately, the underlying mechanisms that
mediate these sex differences in the development, persistence and
treatment of alcohol use disorder have not been studied extensively
(Barker & Taylor, 2017).

Craving is a crucial characteristic of alcohol use disorder and has
been related to the maintenance of abstinence, and the risk of relapse
(American Psychiatric Association, 2013; Wapp, Burren, Znoj, &
Moggi, 2015). A substantial amount of neural cue-reactivity studies
have reported that alcohol cues elicit robust activation of the ventral
striatum (VS) and prefrontal regions, which has been suggested to
underlie craving-induction (Kiithn & Gallinat, 2011; Schacht, Anton,
& Myrick, 2013). These studies, however, are mainly based on male
samples and studies assessing sex differences in alcohol cue-reactiv-
ity are scarce (Barker & Taylor, 2017). The few studies that have
been performed to date show that a sip of a beer induce craving in
male, but not in female social drinkers (Willner, Field, Pitts, &
Reeve, 1998) and show that negative mood blunts the physiological
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response to the smell of a preferred alcoholic drink in female but not
in male drinkers (Nesic & Duka, 2006). Moreover, an EEG study
demonstrated that male binge drinkers have a greater neural response
to visual alcohol cues compared to female binge drinkers (Petit,
Kornreich, Verbanck, & Campanella, 2013). In addition, dorsal stria-
tum (DS) and VS activation were found to positively correlate with
craving in male but not female drinkers (Seo et al., 2010), whereas
VS dopamine release was found to positively correlate with the sub-
jective effects of alcohol (Urban et al., 2010) in male, but not in
female drinkers. Altogether, these few studies suggest that alcohol
cues induce craving and neural cue-reactivity in men only, which
may be related to a differential role of negative effect. Moreover,
while sex differences in anterior cingulate cortex (ACC) cue-reactiv-
ity have not been reported in alcohol drinkers, cue-reactivity studies
in other substance use disorders have reported less ACC cue-reactiv-
ity in female, compared to male, cocaine users (Volkow et al., 2011)
and smokers (Dumais et al., 2017). However, also greater ACC cue-
reactivity has been found in female, compared to male, cocaine users
(Kilts, Gross, & Ely, 2004) and smokers (Zanchi, Brody, Borgwardt,
& Haller, 2016), whereas some studies did not find any sex differ-
ences in ACC cue-reactivity (Wetherill et al., 2013). Importantly,
strong empirical evidence for sex differences in behavioural and neu-
ral cue-reactivity in alcohol use disorder is still lacking. Therefore,
the aim of this study was to further explore sex differences in visual
alcohol cue-reactivity in a sample of male and female problem drin-
kers, with a minimum alcohol use disorder identification test
(AUDIT) score of 12, which is indicative of a likely alcohol use
disorder.

We hypothesized that male problem drinkers would show stronger
striatal and frontal cue-reactivity compared to female problem drin-
kers as well as stronger cue-induced craving. This hypothesis was
tested in a sample of 27 female and 28 male problem drinkers,
which were matched on age and the severity of alcohol use, using
an event-related alcohol cue-reactivity fMRI paradigm. Although
sex differences have been reported in both the ventral and the dorsal
parts of the striatum and ACC during alcohol, nicotine and cocaine
cue-reactivity, this study focused on these regions separately,
because these regions are suggested to be related to specific pro-
cesses in addiction. That is, the VS is thought to be more related to
hedonic and initial alcohol use, whereas the DS is more related to
habitual and compulsive alcohol use (Everitt, 2014; Vollstadt-Klein
et al.,, 2010). Moreover, the VACC is believed to be specifically
involved in relapse and craving (Courtney, Schacht, Hutchison,
Roche, & Ray, 2015; Goldstein et al., 2009; Li et al., 2013; Seo
et al., 2013), whereas the dACC is suggested to be specifically
related to control (Brody et al., 2007; Courtney et al., 2015; Gold-
stein et al., 2009). We tested the main and interaction effects of sex,
drinking severity and cue-reactivity in the regions of interest, while
controlling for potential confounding demographic, personality and
clinical characteristics. Because the cue-reactivity task uses pictures
of wine and beer, we furthermore tested whether preference of (alco-
holic) drink type influenced alcohol cue-reactivity.

Material and methods
Participants

Fifty-five problem drinkers (27 women) were included in the study.
Participants were recruited through Internet and poster advertise-
ments in the local community of Amsterdam and the Psychology
faculty of the University of Amsterdam, asking for individuals who
wanted to reduce their alcohol intake. After providing informed
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consent participants received an online screening questionnaire, to
assess age, drinking severity using the Alcohol Use Disorder Identi-
fication Test (AUDIT; Saunders, Aasland, Babor, De La Fuente, &
Grant, 1993), alcoholic beverage of preference, drug use in the last
12 month, and their motivation to reduce or quit drinking. Partici-
pants who indicated to have used a certain drug more than 40 times
in the past 12 months were asked to fill out the Drug Use Disorder
Identification Test (DUDIT; Berman, Bergman, Palmstierna, & Sch-
lyter, 2003) to assess severity of drug use. Inclusion criteria were an
age between 18 and 40, a total AUDIT-score of 12 or higher. Partic-
ipants were excluded if they had a DUDIT score of 12 or higher (to
exclude participants with a likely substance use disorder other than
alcohol) when they preferred drinking spirits or mix-drinks over
wine or beer or when they were not motivated to reduce or to quit
drinking. Participants received either a monetary compensation or a
research participation credits upon completion of the study. The
study was carried out in accordance with the Declaration of Helsinki
and approved by the Psychology ethics committee of the University
of Amsterdam. Participants were included as part of a randomized
controlled study, of which the behavioural results have been pub-
lished elsewhere (Kaag, Goudriaan, De Vries, Pattij, & Wiers,
2017). In this study, the baseline fMRI data are presented.

Demographic and clinical assessment

In addition to drinking severity, several other measurements were
taken to explore sex differences in demographic, personality and
clinical characteristics. The motivation to change drinking behaviour
was assessed using the Dutch translation of the Readiness to Change
Questionnaire (RCQ: Heather, Gold, & Rollnick, 1991) and alcohol
craving was assessed using the Desire for Alcohol Questionnaire
(DAQ), which assesses alcohol craving related to the desire for alco-
hol, loss of control and negative reinforcement (Love, Darren, &
Willner, 1998). Participants were instructed not to consume alcohol
in the 12 hrs preceding the study, which was validated using a
breathalyser test (which was negative for all participants). Alcohol
intake in the 14 days prior to the experiment was assessed using the
Time Line Follow-Back procedure (Sobell & Sobell, 1992). Partici-
pants were also instructed to abstain from any drug (other than nico-
tine) in the 12 hrs preceding the study, but we did not include an
objective measure to verify this. Moreover, cannabis use severity,
drug use severity and smoking severity were measured using the
Cannabis Use Disorder Identification Test (Adamson & Sellman,
2003), the Drug Use Disorder Identification Test (Berman et al.,
2005) and the Fagerstrom Test for Nicotine Dependence (Heather-
ton, Kozlowski, Frecker, & Fagerstrom, 1991) if participants
reported to have ever used cannabis, drugs other than cannabis or
were active smokers, respectively. Drug use (GHB, LSD, metham-
phetamine, heroin, ketamine, cannabis, cocaine, amphetamine and
opiates) in the past 12 months was assessed using an ordinal scale
with the categories: never, 1-2 times, 3—5 times, 6—10 times, 11-20
times, 21-40 times or more than 40 times. The Beck Depression
Inventory (BDI: Beck, Steer, & Carbin, 1988) and the state and trait
anxiety inventory were used to assess depressive symptoms and
state and trait anxiety (STAIL: Spielberger, 1985), respectively. Addi-
tionally, impulsivity was measured using the Barrat impulsivity
Scale (BIS-11: Patton, Standford, & Barrat, 1995).

Cue-reactivity task

All MRI scans took place on Mondays between 16.00 and 21.00, to
minimize the effects of diurnal variations in craving(West &
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Schneiders, 1987). In this study, we used a modified version of the
cue-reactivity paradigm previously developed by Cousijn et al.
(2013), using full-colour alcohol pictures (n = 30), control pictures
(n = 30) and target pictures (n = 15). Alcohol (beer or wine) and
control (soft-drinks) pictures were derived from the Amsterdam Bev-
erage Picture Set (Pronk, van Deursen, Beraha, Larsen, & Wiers,
2015) and were matched on colour, composition and type of gesture
(passive or active). More specifically, the passive stimuli consisted
of beer (n = 15) and wine (n = 15) pictures without social context,
whereas the active stimuli consisted of males or females drinking
beer (n = 15) or wine (n = 15). Importantly, the stimuli with males
drinking beer or wine were only shown to the male participants,
whereas the stimuli with females drinking beer or wine were only
shown to the female participants. Target pictures were photographs
of animals. Participants were asked to carefully pay attention to the
pictures. To ensure maintained attention, they were instructed to
press a key on a response box when they detected the target picture.
Each image was presented for 4 s preceded by a fixation-cross that
lasted on average 4 s, jittered between 2 and 6 s. The alcohol, con-
trol and target pictures were presented in the same semirandom
order (max three images of the same category in a row) for each
participant. Images were projected on a screen viewed through a
mirror attached to the MRI head coil. Craving was assessed inside
the MRI scanner, at baseline and at the end of the experimental
paradigm, using a visual analogue scale ranging from O (not at all)
to 10 (extremely), asking “How much do you crave for alcohol right
now?”.

Functional magnetic resonance imaging data acquisition and
analyses

Images were acquired on a 3.0-T Achieva full-body scanner (Philips
Medical Systems, Best, the Netherlands) using a 32 channel SENSE
head coil. Echo planar images (EPIs) were taken covering the whole
brain, with a total of 36 ascending axial slices 3 x 3 x 3 mm’
voxel size; slice gap 3 mm; TR/TE 2,000/28 ms; matrix 80 x 80).
Also, a T1-3D high-resolution anatomical scan (TR/TE 8.2/3.7;
matrix 240 x 187; 1 x 1 x 1 mm’ voxel; transverse slices) was
taken. fMRI data were analysed using SPMS. Preprocessing
included realignment, slice-time correction, coregistration of the
structural and functional scans, normalization to MNI-space based
on the segmented structural scan and smoothing with a Gaussian
kernel of 8 mm full-width at half maximum. First-level models
included separate regressors for the alcohol pictures, control pictures
and target pictures. These regressors were convolved with the
canonical hemodynamic response function. Six realignment parame-
ters were included as regressors of no interest. A high-pass filter (1/
128 Hz) was included in the first-level model to correct for low-fre-
quency signal drift.

For the region of interest (ROI) analyses, the first-level contrasts
for alcohol pictures and control pictures were entered in a second-
level full factorial design with stimulus type as factor. Subsequently,
the Marsbar toolbox (http://marsbar.sourceforge.net) was used to
extract the mean activity for the alcohol contrast and control con-
trast, for each ROI. The VS was defined as the nucleus accumbens
from the Harvard—Oxford subcortical structure probability atlas
(http://www.cma.mgh.harvard.edu/fsl_atlas. html) and the DS was
defined as the caudate and putamen from the automated anatomical
labelling (AAL) atlas (Tzourio-Mazoyer et al., 2002) minus the VS.
The ventral and dorsal ACC were defined as the lower (z-
coordinate < 78) and higher (z-coordinate > 78) part of the anterior
cingulate cortex defined by the AAL atlas.

Statistical analyses

Because variation in demographic, personality and clinical character-
istics could potentially confound the relation between neural cue-
reactivity and sex, univariate tests were used to test for sex differ-
ences on these variables. Moreover, these same variables could con-
found the relation between cue-reactivity and alcohol use severity.
Therefore, correlation coefficients between total AUDIT-scores and
the other variables (BIS-11, RCQ, DAQ, FTND, CUDIT, DUDIT,
alcohol intake per week, age) were calculated. In case of a signifi-
cant relation between one of these variables and AUDIT-scores or
sex, it was explored if a significant relation between cue-reactivity,
sex and AUDIT-scores would be affected by adding this variable as
a covariate in the model.

Chi-squared tests were used to assess sex differences in substance
use. Table 1 shows the number of participants that indicated to have
used tobacco, cannabis and drugs other than cannabis at least once
in the 12 months preceding the study.

To test if performance on the cue-reactivity task (the correct iden-
tification of target pictures) was affected by sex and AUDIT-scores,
a two-way ANOVA was performed with the number of correctly
identified target trials as dependent variable, sex as independent fac-
tor and AUDIT-scores as covariate.

To test for sex differences in “preferred drink type,” all partici-
pants were first categorized based on their preferred drink type (1: a
preference for beer, 2: A preference for wine, 3: more than one
drink type). Then, a chi-squared test was performed on the distribu-
tion of these frequencies across men and women.

For all four ROIs, the mean activation of the left and right ROI
was calculated. These values were entered as the dependent variable
in four repeated measurements analyses, with sex as factor and
AUDIT-scores as covariate, to test for the main and interaction
effects of stimulus type, sex and drinking severity. In case of a non-
significant interaction effect, the interaction term was removed from
the model. Significant interaction effects were followed by within
group analyses (men vs. women and low AUDIT-scores or high
AUDIT-scores, based on the median split) to verify the origin of the
interaction effects. To explore if significant effects remained after
controlling for “alcoholic drink of preference,” the analyses were
repeated with “alcoholic drink of preference” (beer only, wine only
or more than one drink type) included as covariate of noninterest.

To test if the relationship between cue-reactivity and cue-induced
craving was significantly affected by sex, a repeated measurements
analyses were performed with stimulus type as repeated measures,
sex as independent factor and self-reported cue-induced craving as
covariate. In case of a nonsignificant three-way interaction, this
interaction term was removed from the model.

To explore if there were any significant effects outside the prede-
fined ROIs, a whole brain analysis was performed, with sex as inde-
pendent factor and AUDIT-scores included as regressor. These
second-level analyses were family-wise error (FWE) rate corrected
on cluster level (p < 0.05), with an initial height threshold on voxel
level of p < 0.001.

Results
Clinical measures

Compared to women, men reported significantly higher weekly alco-
hol intake and more pronounced cannabis use severity. In contrast,
women reported significantly higher craving related to negative rein-
forcement, depressive symptoms and state and trait anxiety.
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TABLE 1. Clinical, personality and demographic characteristics
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Sex difference
p-value

Correlation with
alcohol use severity
(AUDIT)

Sex*audit interaction

Males Females

Clinical or demographic variable (n = 28) (n =27)
Age 25.96 (6.79) 24.85 (5.36)
Alcohol use severity (AUDIT) 18.93 (4.66) 20.31 (4.63)
Alcohol intake (glazes per week) 25.20 (14.56) 18.27 (7.51)
Days since last drink 2.18 (1.68) 2.59 (1.82)
Alcohol craving (DAQ) related to

Loss of control 2.89 (1.46) 2.92 (1.65)

Desire for alcohol 2.89 (1.11) 3.24 (0.79)

Negative reinforcement 3.26 (1.20) 3.99 (1.30)
Readiness to change

Contemplation stage N=11 N=14

Action stage N =16 N=13
Drink of preference

Beer N=16 N=7

Wine N=3 N=5

Beer + Wine N=5 N=10

Beer + spirits or Wine + spirits N=3 N=5
Cannabis use severity (CUDIT) 5.54 (6.27) 2.42 (3.20)
% cannabis used in the past 12 months ~ 71.4% 63.0%
Drug Use Severity (DUDIT) 7.04 (5.57) 5.38 (6.45)
% drug use in past 12 months 75.0% 51.9%
Smoking Severity (FTND) 15.50 (9.78) 16.46 (8.90)
% smoking 67.9% 77.8%
Depressive mood (total BDI-score) 9.21 (6.23) 14.81 (10.76)
Trait Anxiety (STAI — trait) 38.21 (8.56) 47.61 (11.53)
State anxiety (STAI — state) 36.68 (9.52) 42.26 (10.02)

Impulsivity (BIS)

68.68 (10.18)

67.58 (9.11)

F\ s, = 0.446, p = 0.507

F1752 = 1189, P = 281
Fis, = 4720, p = 0.034*

Fys3 =0.768, p = 0.385

Fy s, =0.005, p = 0.943
Fys, = 1.780, p = 0.199
F 5, =4.617, p = 0.036*

13 = 0.670, p = 0.586

%2 = 5505, p = 0.138

F) s, = 5.156, p = 0.027*

x2 = 9.541, p = 0.145
Fi5,=1.017,p = 0318

13y = 13.586, p = 0.404
F 5, =0.142, p = 0.708

%2 = 0.682, p = 0.409
Fyso = 5.566, p = 0.022%

Fis5 = 11.679, p = 0.001%
Fiso = 4401, p = 0.041*

F1752 = 0175, pP= 0.678

r=031, p =0.021*

r =028, p =0.042%

r=0.06, p =0.671

r =0.40, p = 0.003*

r=10.084, p = 0.545

r=10.39, p = 0.003*

22 = 0.058,
1 (53) = —0.418,
p=0.678
22 = —0018,
1 (53) = —0.130,
p =0.897

r=—044, p = 0752

r=0.218,p =0.110

r = 0.010, p = 0.941

r =042, p = 0.001*

r=0.493, p <0.001*

r=0.437, p <0.001*

r =031, p = 0.023*

z=—0.28, p = 0.780,
r (males) = 0.303,
r (Females) = 0.373

z=10.83, p = 0407,
r (males) = 0.415,
r (Females) = 0.201
z=—0.95,p =0.034
r (males) = —0.093,
r (Females) = 0.175

z= —1.96, p = 0.050,
r (males) = 0.170,
r (Females) = 0.625*
z=-0.99, p =0.322,
r (males) = —0.051,
r (Females) = 0.227
z=-0.92, p = 0.358,
r (males) = 0.225,
r (Females) = 0.480)

22 = —0.173,
1(53) = —1.266,
p=0211

22 = 0.069,

1 (53) = 0.500,
p=0.619

z =0.46, p = 0.646,
r (males) = 0.041,
r (Females) = —0.09

z=—0.74, p = 0.459,
r (males) = 0.14,
r (Females) = 0.339

z=—-0.20, p = 0.841,
r (males) = —0.024,
r (Females) = 0.032

z=—182, p = 0.069,
r (males) = 0.15,

r (Females) = 0.586
z=-1.19, p = 0.234,
r (males) = 0.341,

r (Females) = 0.602
z = —0.82, p = 0.206,
r (males) = 0.324,

r (Females) = 0.515
z=—140,p = 161,

r (males) = 0.16,
r (Females) = 0.510

Notes. The reported values are means or medians =+ the standard deviation or interquartile range.

*Significant effect at p < 0.05.

Importantly, men and women did not differ in age, severity of alco-
hol use, alcohol craving related to desire for alcohol and loss of
control, readiness to change drinking behaviour, preferred drink
type, drug use severity, smoking severity or impulsivity. Moreover,
there were no differences between men and women in their drink of
preference, motivation to change drinking or days since last drink
(see Table 1 for precise test statistics).

Correlation analyses between alcohol use severity and the other
clinical and demographic variables demonstrated that alcohol use
severity was positively correlated with age, alcohol intake, craving
related to loss of control, craving related to negative reinforcement,
depressive symptoms, impulsivity and state and trait anxiety (see
Table 1 for exact test statistics). When comparing these correlation
coefficients between men and women, it became evident that there
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was a significant sex difference in the correlation between AUDIT-
scores and craving related to loss of control. There were no signifi-
cant sex differences in the correlations between AUDIT-scores and
depressive symptoms, craving related to desire or negative reinforce-
ment, alcohol intake per week, days since last drink, state or trait
anxiety, smoking severity, cannabis use severity, drug use severity,
impulsivity, age, readiness to change or drink of preference (see
Table 1 for precise test statistics).

Performance on the cue-reactivity task

A two-way ANOVA with the number of correctly identified tar-
get trials as dependent variable, sex as independent factor and
AUDIT-scores as covariate was performed to test if the perfor-
mance on the cue-reactivity task was affected by sex and alcohol
use severity. Because there was no significant sex by AUDIT-
interaction effect (F;s4 = 0.083, p = 0.775, Tl,z, = 0.002), this
interaction term was removed from the model. This analyses did
not reveal a significant main effect of sex (F,s, = 1.147,
p = 0.289, 1’][27 =0.002) or AUDIT-scores (F,s, = 3.136,
p = 0.082, nf, = 0.057) on the number of correctly identified tar-
get trials.

Self-reported cue-induced craving

A repeated-measures ANOVA, with time (craving before and after
the cue-reactivity task) as repeated measures, sex as independent
factor and AUDIT-scores as covariate, demonstrated that there was
no significant time by sex by AUDIT-interaction effect
(Fi150 =2.524, p=0.118, nf, = 0.047); therefore, the sex by
AUDIT-interaction term was removed from the model. Doing so,
we demonstrated a significant AUDIT by time interaction effect on
craving (Fys; = 9.52, p = 0.003, nz = 0.16). There was no main
effect of time or a significant time by sex interaction effect on crav-
ing (Fi s, = 0.985, p = 0.326, 1112, = 0.019).

Follow-up analyses, based on the median split of the total
AUDIT-scores, demonstrated that the cue-reactivity task only signifi-
cantly increased craving in participants with an AUDIT-score > 19
(F1, 26 = 42.63, p < 0.001, nf, = 0.62) but not in participants with
an AUDIT-score < 19 (F, s, = 1.654, p = 0.210, nﬁ = 0.062). In
participants with an AUDIT-score < 19, self-reported craving
increased from 4.9 to 5.3 on a 10-point Likert-scale, whereas in par-
ticipants with an AUDIT-score > 19, self-reported craving increased
from 3.6 to 5.1 on a 10-point Likert-scale. The relation between
alcohol use severity and cue-induced craving remained significant
after including age, alcohol intake, craving related to loss of control
and negative reinforcement, depressive symptoms, impulsivity and
state/trait anxiety as covariates of noninterest in the model
(F145 = 4.549, p = 0.039, n; = 0.096).

In addition, we explored if there was a significant effect of “pre-
ferred drink type” on craving, but this was not the case
(F151 = 0.360, p = 0.782, n; = 0.021).

ROI analyses on cue-reactivity

Repeated-measures analyses on the ROIs, with sex as factor and
AUDIT as covariate, demonstrated that there was no significant sex
by AUDIT by cue-type interaction effect (DS: F,s; < 0.001,
p = 0.996, ni <0.001;  VS:  Fis5 =<0.597, p=0.443,
nf, =0.012; dACC: F;s5 < 0.001, p = 1.00, 11,2, < 0.001; vACC:
Fi s, = 0311, p = 0.580, nf) = 0.000). Hence, this interaction term
was removed from the models.

Main effect of stimulus type on cue-reactivity in the VS, DS, vACC
and dACC

Both the VS (F;5 =6.19, p = 0.016, nf, =0.12) and the DS
(F1520 =279, p =0.033, nIZ, = 0.08) responded significantly stron-
ger to alcohol pictures compared to control pictures. There was no
main effect of stimulus type in the dorsal or ventral anterior cingu-
late cortex (dACC: F,s; = 1.197, p = 0.279, nf, = 0.023; vACC:
Fis5 = 1270, p = 0.265, > = 0.024).

Stimulus type by sex interaction effect on cue-reactivity in VS, DS,
vACC and dACC

Ventral striatum. There was a significant interaction between sex
and cue-induced activity in the VS (F;s, =5.82, p =0.019,
nﬁ = 0.10) (Figure 1). As indicated in Figure 1, men responded rel-
atively stronger to alcohol cues compared to control cues, whereas
women showed reduction in activity in response to alcohol cues ver-
sus control cues. Within-group follow-up tests demonstrated that in
both men and women, there was no significant effect of cue-type
(men : Fj7 =2853, p=0.103, 1 =0.096; women : Fj =
1.195, p = 0.284, nﬁ = 0.044) and no significant effect of sex on
the response of the VS to either neutral or alcohol stimuli (neutral:
Fy55 =0.331, p=0.569, ng = 0.006; alcohol: F;ss = 1.020,
p = 0317, nf, = 0.019). The interaction effect, however, did
not remain significant after including alcohol intake, cannabis
use severity, craving related to negative reinforcement, depres-
sive symptoms and state and trait anxiety as covariates of
noninterest in the model (F 45 = 2.818, p = 0.100, nlz) = 0.059).
None of these variables were, however, significantly correlated
with cue-reactivity in the VS (BDI: r= —0.138, p = 0.318;
CUDIT: r = 0.040, p = 0.776; alcohol intake: r = 0.035, p0.804;
DAQ cinforcement: T = —0.113, p = 0.417; STAI-State: r = 0.018,
p = 0.896; STAI-trait:r = —0.097, p = 0.486), suggesting that
the changes in significance level are likely to be related to a loss
of degrees of freedom, instead of these variables accounting for
significant variance.

An exploratory analysis furthermore demonstrated that the signifi-
cant sex by cue-reactivity interaction effect remained after including
“drink of preference” as covariate of noninterest in the model
(F151 =4.963, p =0.030, n; = 0.089). With other words, sex dif-
ferences in neural cue-reactivity in the VS were not explained by
sex differences in alcoholic drink of preference.

Dorsal striatum. Similarly to the VS, there was a significant stimu-
lus type by sex interaction effect (Fys, =6.09, p=0.017,
nﬁ = 0.11). As indicated in Figure 1, men responded relatively
stronger to alcohol cues compared to control cues, whereas women
showed reduced activity in response to alcohol cues versus control
cues. Within group follow-up analyses demonstrated that there was
a (trend) significant effect of cue-type in men (F),; = 4.088,
p = 0.053, nf, =0.132), but not in women (F),s = 0.673,
p = 0419, nf, = 0.025), neither was there a significant effect of sex
in response to either neutral (Fs3 = 0.916, p = 0.343, né =0.017)
or alcohol stimuli (F; 53 = 0.595, p = 0.444, n; = 0.011). The sex
by stimulus-type interaction effect remained significant after includ-
ing alcohol intake, cannabis use severity, craving related to negative
reinforcement, depressive symptoms and state and trait anxiety as
covariates of noninterest in the model(F; 45 = 4.44, p = 0.041,
n,z, = 0.09). None of these variables were, however, significantly
correlated with cue-reactivity in the DS (BDI: r= —0.99,
p = 0.477; CUDIT: r = 0.128, p = 0.355; alcohol intake: r = 0.017,
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FI1G. 1. Sex by stimulus-type interaction effect. There was a significant sex
by stimulus-type interaction effect in the dorsal and ventral striatum, but not
in the dorsal or ventral ACC. More specifically, reactivity in the ventral and
dorsal striatum in response to alcohol stimuli versus soda stimuli was signifi-
cantly stronger in male compared to female problem drinkers. Values indi-
cated with an asterisk (*) represent a significant sex by stimulus-type
interaction effect at p < 0.05.

p =0.902; DAQreinforcemen: T = 0.018, p = 0.896;
r = 0.065, p = 0.642; STAI-trait:r = —0.025, p = 0.855).
An exploratory analysis furthermore demonstrated that the signifi-
cant sex by cue-reactivity interaction effect remained after including
“drink of preference” as covariate of noninterest in the model
(Fi51 =5.005, p =0.030, n[% = 0.089). With other words, sex dif-
ferences in neural cue-reactivity in the DS were not explained by
sex differences in alcoholic drink of preference.

STAI-state:

Ventral and dorsal anterior cingulate cortex. There was no signifi-
cant stimulus type by sex interaction effect on cue-reactivity in the
ventral anterior cingulate cortex (F45 = 0.604, p = 0.441,
nﬁ =0.013) or dorsal anterior cingulate cortex (F45 = 0.128,
p = 0.722, nf, = 0.003).

Stimulus type by alcohol use severity interaction on cue-reactivity in
the VS, DS, vACC and dACC

Ventral striatum. There was a significant interaction between stimu-
lus type and AUDIT-scores on cue-reactivity in the VS
(Fi150=7.01, p=0.011, n,z, = 0.12), indicating that cue-reactivity
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FI1G. 2. Alcohol use severity by stimulus-type interaction effect. There was a
significant AUDIT (alcohol use severity) by stimulus-type interaction effect
in the ventral and dorsal striatum. More specifically, in individuals with the
highest scores on alcohol use severity, the ventral and dorsal striatum
responded stronger to alcohol stimuli compared to soda stimuli, whereas in
individuals with the lowest scores on alcohol use severity, the ventral and
dorsal striatum responded stronger to soda stimuli compared to alcohol stim-
uli. For visualization purposes, these data are plotted based on the median
split of the AUDIT-scores. Values indicated with an asterisk (*) represent a
significant AUDIT by stimulus-type interaction effect at p < 0.05
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in the VS was significantly affected by alcohol use severity (Fig-
ure 2). Follow-up analyses based on the median split of the
AUDIT-scores demonstrated that the VS in participants with an
AUDIT-score < 19 responded stronger, but nonsignificantly, to con-
trol pictures (F,5 = 1.268, p = 0.271, n; = 0.048), whereas the
VS in participants with an AUDIT-score > 19 responded stronger,
but nonsignificantly, to alcohol pictures compared to control pictures
(Fi06 = 2.695, p =0.113, ‘r]lz, = 0.094). The interaction between
AUDIT-scores and cue-induced activity in the VS remained signifi-
cant after including age, alcohol intake, craving related to loss of
control, craving related to negative reinforcement, depressive symp-
toms, impulsivity and state/trait anxiety as covariates of noninterest
in the model (Fy 43 = 9.803, p = 0.003, n; = 0.186).

Dorsal striatum. Similarly, there was a significant stimulus type by
AUDIT-interaction effect in the DS (F;s, = 6.15, p = 0.016,
nlz, = 0.11), indicating that cue-reactivity in the DS was significantly
affected by alcohol use severity (Figure 2). Follow-up analyses
based on the median split of the AUDIT-scores demonstrated that
participants with an AUDIT-score < 19 responded stronger, but
nonsignificantly, to control pictures (Fj,s = 0.327, p = 0.572,
nlz) =0.013), whereas participants with an AUDIT-score > 19
responded significantly stronger to alcohol pictures (Fj .6 = 4.42,
p = 0.045, nlz, = 0.15). The interaction between AUDIT-scores and
cue-induced activity in the DS remained significant after including
age, alcohol intake, craving related to loss of control and negative
reinforcement, depressive symptoms, impulsivity and state/trait anxi-
ety as covariates of noninterest in the model (F)46 = 9.407,
p = 0.004, nlz, = 0.180).

Ventral and dorsal anterior cingulate cortex. There was no signifi-
cant stimulus type by AUDIT-interaction effect on cue-reactivity in
the ventral anterior cingulate cortex (Fs; = 1943, p = 0.169,
T],z, =0.036) or dorsal anterior cingulate cortex (Fs, = 2.069,
p = 0.157, n,z, = 0.038) (Figure 2).

Stimulus type by sex by craving interaction effect on cue-reactivity
in the VS, DS, vACC and dACC

A repeated-measures analyses with stimulus type as repeated mea-
sure, sex as independent factor and cue-induced craving as covariate
did not demonstrated a significant stimulus type by sex by craving
interaction effect on neural cue-reactivity (VS: F;s5; = 0.067,
p = 0.796, n[f = 0.001; DS: F;s5, = 0.181, p = 0.672, nlz, = 0.004;
VACC: F;5, =0.137, p = 0.713, nf, = 0.003; dACC:F; 5, = 0.343,
p = 0.561, n,z, = 0.007) or a significant stimulus type by craving
interaction effect on neural cue-reactivity (VS: Fis, = 1.312,
p = 0.257, nf, = 0.025; DS: F; 5, = 1.257, p = 0.267, nf) = 0.024;
VACC: F; 5, = 2.244, p = 0.140, nf, = 0.041; dACC: F, 5, = 3.322,
p = 0.074, ‘r]ﬁ = 0.060). In other words, we did not demonstrate a
significant association between cue-induced craving and cue-reactiv-
ity in the ROIs, nor was this differentially affected by sex.

Whole brain analysis on cue-reactivity

The whole brain analysis did not show a significant sex by stimulus
type or AUDIT by stimulus-type interaction effect outside the prede-
fined regions of interest.

Discussion

The aim of this study was to investigate sex differences in visual
alcohol cue-induced craving and cue-reactivity in the VS, DS,
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VvACC and dACC in a sample of male and female problem drin-
kers. In support of our hypothesis, we demonstrated that alcohol
cues induced significantly less striatal activity in female compared
to male problem drinkers. These findings are important, as (neural)
cue-reactivity has been suggested to strongly predict craving,
severity of dependence and/or behavioural problems associated
with substance use disorders, including alcohol use disorder
(Courtney et al., 2015; Engelmann et al., 2012; Jasinska, Stein,
Kaiser, Naumer, & Yalachkov, 2014; Kihn & Gallinat, 2011;
Schacht et al., 2013; Yalachkov, Kaiser, & Naumer, 2012).
Nonetheless, while both male and female problem drinkers have
been included in some of the previous studies, sex differences in
cue-reactivity have never been accounted for in these reviews or
meta-analyses. The current study, however, suggests that female
problem drinkers, on a neural level, are insensitive to alcohol-
related cues, despite similar levels in alcohol use severity, which is
in line with the findings of one earlier EEG study in alcohol use
disorder (Petit et al., 2013). Moreover, the current findings are also
in line with several neural cue-reactivity studies in nicotine depen-
dence (Cosgrove et al., 2014; Dumais et al., 2017). Animal studies
have also reported that acute and chronic alcohol exposure only
alters striatal mRNA expression in male, but not in female rats
(Baxter-Potter et al., 2017) and that there is a differential involve-
ment of serotonergic and noradrenergic signalling in cue-induced
reinstatement (Kohtz & Aston-Jones, 2017). Altogether, the current
study supports the hypothesis that different (neural) mechanisms
may underlie the development and persistence of substance use
disorders in males and females.

An alternative explanation could be that substance-related cues
may not be optimal to induce cue-reactivity in women and therefore
could result in a paradigm that may not provide neurobiological
markers for substance use severity or relapse in women. The stimuli
used in the current study have been validated previously in 193
female and 86 male social drinkers, with a mean AUDIT-score of
9.2 and 12.0, respectively (Pronk et al., 2015). In this study, it was
demonstrated that the alcohol pictures induced a stronger urge to
drink in men compared to women, whereas women reported a stron-
ger positive valence towards the nonalcoholic pictures, which could
partly explain the reported sex differences in neural cue-reactivity.
Moreover, the current findings also support the hypothesis that sub-
stance use and relapse in men is predominantly driven by external
substance-related cues (positive reinforcement), whereas substance
use and relapse in women is driven predominantly by internal nega-
tive emotional states (negative reinforcement) (Cosgrove et al.,
2014; Hardee et al., 2017). In line with this, animal research demon-
strated that corticosterone treatment, which is consistent with a mild
physiological stressor, only induced alcohol-reinstatement in female
but not in male rats (Bertholomey, Nagarajan, & Torregrossa,
2015). Moreover, studies in smokers have demonstrated that smok-
ing cues induce more negative effect in female compared to male
smokers (Doran, 2014) and that nicotine craving in women is more
strongly induced by stress cues opposed to smoking cues in men
(Wray et al., 2014). This not only emphasizes the importance of
including both men and women in cue-reactivity studies (Goel,
Workman, Lee, Innala, & Viau, 2014), but also underlines that dif-
ferent cues should be used to induce cue-reactivity (e.g., stressors
and imagery in addition to substance-related pictures), as including
these will result in a clearer picture on what constitutes cue-reactiv-
ity and how this multifaceted construct is related, for instance, to
the course of addictive disorders.

In contrast to our hypothesis, we did not find significant sex dif-
ferences in cue-reactivity in the ACC. This is surprising as other

studies have consistently reported ACC activation by alcohol cues
(Schacht et al., 2013). A possible explanation could be that we
included a nonclinical population of problem drinkers, although in
this population significant cue-reactivity has been reported in the
ACC (Schacht et al., 2013). Another explanation of the lack of neu-
ral cue-reactivity in the ACC could lie in the type of stimuli used.
For this study, we used images from the Amsterdam Beverage Pic-
ture Set (Pronk et al., 2015). This set contains pictures of alcoholic
drinks and control pictures (passive and active) in the absence of
any additional context. While these pictures have been validated to
induce craving in problem drinkers, they have been optimized to
measure cognitive bias and not cue-reactivity in alcohol use disorder
(Pronk et al., 2015). Because these images contain no context, they
may be less emotionally arousing and hence could primarily trigger
dopamine-related activity in the striatum, and not neural activity
related to other cognitive processes. Indeed, the ventral and dorsal
ACC are crucially involved in the inhibition and expression of nega-
tive emotions, respectively (Etkin, Egner, & Kalisch, 2011) and neu-
ral activation of these regions induced by alcohol-related cues may
actually reflect the processing of negative emotional aspects of these
cues, instead of alcohol of craving-related aspects. If cue-reactivity
in women is, indeed, more related to negative emotional states, it
could be expected that sex differences in ACC activation are more
pronounced when using alcohol pictures with a negative emotional
valence.

Our choice of visual alcohol cues may also explain why we did
not find a significant sex difference in self-reported cue-induced
craving (Willner et al., 1998) and why we did not find a differential
association between cue-reactivity and cue-induced craving in men
and women (Seo et al., 2010; Urban et al., 2010). That is, while we
used visual alcohol cues, the studies that demonstrated a differential
association between men and women in cue-induced craving, either
used an alcohol-challenge as alcohol-related cue (Urban et al., 2010;
Willner et al., 1998) or individually tailored imagery scripts (Seo
et al., 2010). Moreover, the cue-reactivity paradigm in the current
study only induced a significant increase in craving in participants
with an AUDIT-score above 19. Therefore, the alcohol stimuli used
in the current study may have been sufficient to induce neural cue-
reactivity but may have induced too little craving, to demonstrate a
significant relation between neural cue-reactivity and cue-induced
self-reported craving. Alternatively, the small increase in self-
reported craving that we did demonstrate could have been the result
from a report bias (for example: the participants could report an
increase in craving because they assume this is expected from
them). This could explain why we did not find any significant rela-
tion between self-reported craving and neural cue-reactivity, in addi-
tion to the finding that we did not demonstrate any neural cue-
reactivity in women, despite the fact that they did report a signifi-
cant increase in self-reported craving. Future studies would therefore
benefit from using alcohol stimuli that are more craving inducing,
for instance by including emotional context or using oral alcohol
challenges.

To our knowledge, this is one of the first studies that have
extensively studied sex differences in neural cue-reactivity in prob-
lem drinkers. Although we included a nonclinical population of
problem drinkers, the average AUDIT-score in this population (19,
ranging from 12 to 29) is strongly indicative of an alcohol use dis-
order (Johnson, Lee, Vinson, & Seale, 2013). Nonetheless, the cur-
rent results warrant replication in a clinical population. Another
limitation is that, while men and women in the current study did
not significantly differ in their preference of alcohol-containing
beverages, we did not match men and women on their preference.
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Despite the fact that drink of preference did not significantly affect
the sex by cue-type interaction effect in the VS and DS, future
cue-reactivity studies should match men and women on drink of
preference. Another limitation of the current study is that we did
not control for menstrual cycle of the included women, while there
are important indications that the phase of the menstrual cycle
affects the sensitivity to reward- and substance-related stimuli
(Banis & Lorist, 2017; Dreher et al., 2007; Franklin et al., 2014;
Ossewaarde et al., 2010; Sakaki & Mather, 2013). Hence, future
studies could either include women that are in the same phase of
the menstrual cycle or should at least assess in which phase of the
menstrual cycle the women are, to properly control for differences
in menstrual cycle. Lastly, future studies addressing sex differences
in alcohol cue-reactivity should employ alcohol cues that are rele-
vant for both men and women, for instance using cues that contain
an emotional context.

In summary, in line with previous studies, we demonstrated that
AUDIT-scores were positively correlated with striatal cue-reactivity,
suggesting that alcohol cue-reactivity in this region is related to
problematic alcohol use severity. More importantly, we showed that
alcohol cues induce significantly stronger activation of the striatum
in male drinkers, compared to female problem drinkers, an effect
that was not explained by sex differences in clinical or demo-
graphic characteristics. Nonetheless, male and female problem drin-
kers reported similar levels of cue-induced subjective craving,
which suggests that different neural pathways underlie craving-
induction in male and female problem drinkers. Altogether, these
results point to sex differences in alcohol cue-reactivity that stress
the fact that both men and women should be included when assess-
ing the clinical relevance of cue-reactivity in alcohol use and other
substance use disorders.
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