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ABSTRACT

Background: Substance use disorders (SUDs) are chronically recurring illnesses, where stress and drug cues
significantly increase drug craving and risk of drug use recurrence. This study examined sex differences in
functional magnetic resonance imaging (fMRI) brain responses to stress and drug cue exposure and assessed their
prospective association with future drug use post-treatment.

Methods: Inpatient, treatment engaged men (N = 46) and women (N = 26) with SUDs, including alcohol, cocaine
and/or cannabis use disorders, participated in an fMRI scan that assessed subjective (anxiety, drug craving),
heart rate and neural responses to brief individualized script-driven imagery of stress, drug, and neutral-relaxing
trials. Prospective follow-up interviews post-treatment assessed future drug use recurrence over 90 days.
Results: During fMRI, stress and drug versus neutral cue exposure led to increased anxiety, heart rate and craving
responses (p’s < 0.004) in both men and women, but greater drug cue-induced anxiety (p < .017) and higher
drug use days during follow-up (p < .006) in women relative to men. In whole brain analyses of stress and drug
cues (p < .05 FWE corrected), and in whole brain correlation (p < .05, FWE corrected) with drug use days,
significant sex differences revealed drug cue-related striatal hyperactivation (caudate, putamen) in men, but drug
cue-related cortico-limbic (insula and dorsolateral prefrontal cortex) hypoactivation and stress-related hypo-
activation in the ventromedial prefrontal cortex (VmPFC) in women; and these were significantly associated with
higher future drug use days.

Conclusions: Findings indicate sex-specific pathophysiology of SUD recurrence and support the need for differ-
ential treatment development for men and women with SUD to improve drug use outcomes.

1. Introduction

1993). Additionally, we previously reported that women relative to men
with SUD reported higher childhood trauma scores than men, and that

Approximately 37.9 million adults have a substance use disorder
(SUD), characterized by repeated drug and/or alcohol misuse resulting
in neural and behavioral negative adaptations (SAMHSA, 2021). Pre-
clinical and clinical studies on sex differences in SUD suggest that
women are more vulnerable to misuse of drugs than men and transition
more quickly to addiction after drug initiation (Becker and Koob, 2016;
Becker et al., 2017). For example, female rats self-administer more drug
than male rats, (Carroll et al., 2002; Lynch and Carroll, 1999) and
escalate their drug use more quickly than male rats (Becker et al., 2017;
Roth and Carroll, 2004). Similarly, an early study reported that women
who use cocaine had more struggles related to their cocaine use, more
cocaine use days, and shorter abstinence periods than men (Kosten et al.,

childhood emotional trauma was specifically predictive of SUD recur-
rence risk in women (Hyman et al., 2008). However, most functional
imaging studies have not evaluated sex differences in SUD samples and
its impact on recurrence of SUD risk (Lind et al., 2017).

Exposure to stress and adversity are key factors in the cycle of
addiction. Stressful life events and childhood trauma as well as drug-
related stimuli are associated with increases in craving and recurrence
of SUD risk (Cooney et al., 2007; Sinha, 2011). Growing evidence in-
dicates that drugs like cocaine, alcohol and cannabis activate peripheral
stress arousal responses with increases in the
hypothalamic-pituitary-adrenal (HPA) axis and autonomic arousal re-
sponses, that are altered and disrupted with chronic and binge use and
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misuse of these substances (Wemm and Sinha, 2019). Furthermore, in-
dividuals with SUD entering outpatient addiction treatment show dis-
rupted peripheral stress responses and also report high levels of drug
craving, both of which are associated with higher risk of future sub-
stance use (Sinha, 2011; Sinha et al., 2011, 2006).

In addition, neuroimaging studies have examined the brain re-
sponses to provoked stress and drug-cue exposure using functional
magnetic resonance imaging (fMRI). For example, a study conducted by
Kosten and colleagues showed that return to cocaine use was associated
with increased fMRI brain activation to cocaine cues in sensory, motor,
and cognitive-emotional processing areas in cocaine-dependent patients
(Kosten et al., 2006). Similarly, cocaine-cue activation in the right pu-
tamen and insula, as well as bilateral occipital regions was significantly
associated with positive cocaine urine drug screen test (Prisciandaro
et al.,, 2013). Studies from our laboratory have demonstrated that
hypoactivity in the ventral medial prefrontal cortex (VmPFC) during
stress and alcohol cue exposure was predictive of a reduced time to
resumed substance use (Seo et al., 2013), and that alcohol craving,
altered cortisol responses and altered VmPFC responses each predicted
future recurrence of SUD risk (Blaine et al., 2017). However, direct ex-
amination of sex differences in neural responses to stress and drug cue
exposure that are specifically associated with future recurrence of SUD
and drug use has not been studied thus far.

It is important to examine sex differences in brain responses as sex
differences in brain responses in healthy samples and in individuals with
neuropsychiatric disorders including SUDs have been documented
(Bangasser and Valentino, 2014; Becker et al., 2017; Kosten et al., 1993;
Potenza et al., 2012; Seo et al., 2011). Research shows that healthy men
and healthy women differ in brain activation in response to alcohol cues,
and healthy women have a differential neural activation to stress and to
alcohol cues relative to healthy men (Seo et al., 2011; Volkow et al.,
2011). For example, Seo et. al., reported that healthy women showed
greater alcohol-cue-related activity in the superior and middle frontal
gyrus (SFG/MFG) than healthy men, whereas healthy men displayed
greater cue-related activation in the ventral striatum and stress-related
activations in the medial prefrontal cortex (mPFC), rostral anterior
cingulate cortex (ACC), posterior insula, amygdala, and hippocampus
than healthy women (Seo et al., 2011). In a recent study using a visual
pictures block design procedure, Goldfarb et al. reported that healthy
men have a greater stress response in the medial prefrontal cortex (PFC)
regions of the dorsomedial prefrontal cortex, subgenual anterior
cingulate cortex, and Brodmann area 11, whereas healthy women had a
stronger response in the limbic/striatal regions, hippocampus, right
insula/putamen, and pallidum (Goldfarb et al., 2019). Furthermore, we
previously showed sex-specific differences in the corticostriatal-limbic
responses to stress and/or drug cue exposure in men and women with
cocaine use disorder (CUD), where women with CUD showed greater
corticostriatal limbic reactivity to stress relative to healthy women,
while men with CUD showed greater striatal reactivity to drug cues
relative to healthy men (Potenza et al., 2012).

Based on this previous literature indicating sex differences in brain
responses to stress in healthy men and women and in samples with SUD,
the goal of this study was to examine sex differences in neural responses
to stress and to drug cues relative to control neutral-relaxing cues in
recently abstinent, treatment engaged women and men with SUD to
specifically assess their association to future drug use post-treatment.
Considering prior work, we hypothesized that men and women with
SUD will show differential neural responses to stress and to drug cues,
and with sex-specific distinct brain responses in the medial prefrontal,
striatal and limbic regions, that will in turn predict future drug use and
recurrence of SUD. Given previous sex differences in childhood trauma
among SUD samples and their effects on recurrence of SUD risk (Hyman
et al., 2008), we also assessed childhood trauma and accounted for its
influence in fMRI analyses and in the association to future drug use and
recurrence of SUD. To test these hypotheses, we studied 3-4 week
abstinent, inpatient, treatment-engaged men and women, with current
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DSM-IVTR diagnoses of primary cocaine use disorder and/or alcohol use
disorder and including those who also may have current cannabis use
disorder. All subjects participated in an fMRI session where they were
exposed to stress, neutral and drug-related cues using established
personalized guided imagery procedures as in our previous work (see
below). Patients were then followed prospectively over 90 days with
in-person follow-up interviews at days 14, 30 and 90 to assess recur-
rence of drug use post-treatment (Fig. 1).

2. Methods
2.1. Participants

Seventy-two treatment seeking individuals (46 men and 26 women,
aged 25-50 years), who met DSM-IVTR criteria for SUD with primary
diagnoses of cocaine use disorder (CUD), and/or alcohol use disorder
(AUD), and with or without cannabis use disorder were recruited from
advertisements in local newspapers, on websites, and flyers, and
addiction treatment centers in the greater New Haven, Connecticut, area
(see Table 1). All participants were self-motivated for addiction treat-
ment and for admission to the Clinical Neuroscience Research Unit
(CNRU) of the Connecticut Mental Health Center (CMHC) to participate
in inpatient treatment and research and were abstinent for approxi-
mately 3-4 weeks at the time of the fMRI scan. No study participation
was in the context of an involuntary inpatient admission. Weekly sub-
stance use prior to inpatient admission was verified by a combination of
self-report, breathalyzer, and urine toxicology assessments. Individuals
with SUD specific to cocaine, alcohol, and cannabis (and nicotine) were
admitted while those misusing opioids, sedatives, or methamphetamines
were excluded. Those with other current Axis I psychiatric diagnoses
and receiving psychoactive medications for those illnesses, and those
with any history of psychosis were excluded. Individuals with secondary
lifetime and/or current major depressive disorder, post-traumatic stress
disorder (PTSD) or anxiety disorders were not excluded given the high
comorbidity with SUD (Martins and Gorelick, 2011). Participants with
any history of serious head trauma (defined by a blow or knock to the
head with accompanying loss of consciousness > 30 min) or other
neurological conditions were excluded. All participants gave both
written and verbal informed consent. The study was approved by the
Human Investigation Committee of the Yale University School of
Medicine.

2.2. Procedures

During week 1 of admission, participants provided demographic and
medical history information, psychiatric history using the Structured
Clinical Interview for DSM-IV Axis I Disorders (First et al., 1996), and
childhood maltreatment history using the Childhood Trauma Ques-
tionnaire (CTQ) (Bernstein and Fink, 1998). Participants then completed
an fMRI scan between weeks 3-4 of abstinence and inpatient stay.
Participants were discharged from inpatient treatment and referred to
outpatient aftercare. All participants were also scheduled for repeated
face-to-face follow-up interviews at 14, 30, and 90 days after discharge,
at which time drug use outcomes were evaluated using urine and
breathalyzer samples and the Form 90 day substance use calendar
(Miller and Del Boca, 1994).

2.2.1. Standard behavioral counseling

All participants admitted into the study participated in specialized
substance abuse treatment that included weekly individual therapy
provided by psychiatry residents and twice weekly standardized group
drug counseling provided by an addiction specialist. The drug treatment
was part of the inpatient program, initiated upon admission, and
included additional group programming from 9:00 am to 3:30 pm on
daily life skills and other structured activities, as described previously
(Rando et al., 2013).
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Fig. 1. Study Design. Seventy-two individuals with sub-

stance use disorder (SUD) residing in an inpatient treat-
ment research facility for 4 weeks were assessed with
functional magnetic resonance image (fMRI) testing in
week 3/4. Participants also participated in prospective
| follow-up interviews at 14, 30, and 90 days following

fM RI Recurrence of SUD assessment
scan
4-wk Inpatient treatment Prospective follow-up
I (recovery phase) I I | I
I | | T 1
Inpatient Wk4  Wk5 14d 30d
admission discharge

2.2.2. Individualized imagery method and script development

Prior to the fMRI session, individually-tailored, brief 2-minute
guided imagery scripts were developed based on the description by
participants via standardized, structured interviews using Scene Con-
struction Questionnaires (adopted from (Miller et al., 1987; Sinha,
2009)) as described and validated in previous studies (Sinha, 2009).
Two individualized scripts each for stress, drug-cue and neutral-relaxing
conditions were developed. For stress scripts, participants described
their recent experience of most distressing situations, and only those
situations rated as 8 or above (on a 10-point Likert scale with 10 =the
most stressful) were selected for script development. Drug-cue scripts
were developed from personal experiences of drug related situations
that led to subsequent drug consumption (e.g., seeing others drinking
alcohol, use cocaine and cannabis). Neutral scripts were developed
based on commonly experienced, individual neutral-relaxing situations
(e.g., laying on the beach and listening to the waves or sitting in a park
and reading on a Sunday afternoon). Stress and neutral-relaxing scripts
did not involve substance-related material. The script style, content
format and length were standardized across conditions and subjects,
while preserving individual stimulus and response content specific to
the individual experience as previously described (Sinha, 2009). Each
2-minute script was audio-taped and presented in random order during
the fMRI scanning session resulting in a total of 6 trials (2 stress, 2 drug
cue and 2 neutral trials). These methods have been extensively used
previously in human laboratory and functional neuroimaging studies
that have validated neural stress and drug cue-related brain activation
and related robust increases in drug craving as well as prospective
prediction of future drug use outcomes (for e.g., Blaine et al., 2017;
Potenza et al., 2012; Seo et al., 2013; Sinha et al., 2009; Sinha et al.,
2011; Sinha et al., 2006).

2.2.3. fMRI acquisition and procedures

MRI data were collected using a 3 T Siemens Trio MRI system
equipped with a standard quadrature head coil, using T2 * -sensitive
gradient-recalled single shot echo planar pulse sequence (see supple-
mental materials for fMRI parameters). Six fMRI trials (two per condi-
tion) were acquired using a block design. The order of three script
conditions were randomized and counterbalanced across subjects. Each
script was presented only once for a subject and scripts in the same
condition were not presented consecutively. Each trial lasted 5 min
including a 1.5-min quiet baseline period followed by a 2.5-min imagery
(2 min of read-imagery and 0.5 min of quiet-imagery) and a 1-min quiet
recovery. During baseline, participants were instructed to stay still in the
scanner without engaging in any mental activity. Before and after each
trial, anxiety and craving ratings were elicited verbally for each using a
10-point Likert scale (0 =not at all, 10 =extremely high). Between fMRI
runs and after each trial, participants were engaged in 2-min progressive
relaxation to normalize any residual anxiety or craving from prior trials.
This technique is mainly focused on relaxing physiological muscle ten-
sion and does not involve mental relaxation or imagery. After relaxation,
anxiety and craving ratings returned to baseline, and there were no
baseline differences in these ratings across trials.

] inpatient treatment discharge. Associations between neural
90d responses and future drug use severity and drug use days
were examined in a subset of 65 participants (42 men, 23
women, 90 % of sample), who completed follow-up as-
sessments to evaluate recurrence of SUD.

2.2.4. Follow-up interviews and future drug use assessment

After discharge from inpatient treatment, all patients were set up for
day 14, day 30 and day 90 follow-up interviews to assess drug use post-
inpatient treatment. Follow-up assessment was successfully completed
on 42 men and 23 women (N = 65, 65/72, 90 % follow-up rate), with
prospective face-to-face follow-up interviews that included urine and
breathalyzer samples and the Form 90 substance use calendar (SUC)
(Miller and Del Boca, 1994) based on the timeline follow-back method
(Sobell et al., 1996) at each follow-up timepoint and, where necessary,
collateral informant report (i.e., family members or significant others)
was also obtained as in previous work (Rando et al., 2011; Seo et al.,
2013).

2.2.5. Estimation of recurrence of substance use

The Kaplan-Meier (survival) estimator (Kaplan and Meier, 1958) was
used to examine sex differences in recurrence of substance use assessed
as time to first use of any drug ( i.e., alcohol, cocaine, or cannabis),
covarying for baseline duration of drug use, age and CTQ scores, and
also assessing sex differences in fMRI whole-brain regression analyses on
number of days to first use as a measure of time to resume drug use. In
addition to examining resumption of substance use risk, we assessed
number of days of any drug use in the 90-day follow-up period. The
number of follow-up days used during the 90-day period was assessed as
one measure of recurrence of SUD severity and included in whole brain
regression analyses to assess sex differences in brain responses to stress
and drug cues that are correlated with days of drug used.

2.2.6. FMRI data processing

fMRI data were converted from Digital Imaging and Communication
in Medicine format to analyze format using XMedCon (Nolfe, 2003). To
achieve steady-state equilibrium between radio-frequency pulsing and
relaxation, the first ten images of each trial were discarded, leaving 180
measurements for analysis. Images were slice-time corrected using a
custom-designed MATLAB program. Motion correction was imple-
mented using Statistical Parametric Mapping (SPM5) for three trans-
lational and three rotational directions (Friston et al., 1996), removing
trials with linear motion greater than 1.5 mm and a rotation exceeding 2
degrees The recovery period (1 min) was excluded from the data anal-
ysis to prevent carryover effects from the imagery period.

Individual-level analysis was conducted using a General Linear
Model (GLM) on each voxel with the entire brain volume and a task-
specific regressor for each of the 2 stress, 2 drug cue and 2 neutral tri-
als where the 2.5 min imagery was assessed relative to each trial’s in-
dividual 1.5 min baseline, and using Yale BiolmageSuite (http://www.
bioimagesuite.org/ (Duncan et al., 2004)). The trials per condition
were then averaged together to result in individual level stress, drug cue
and neutral cue provoked activation, relative to each trial baseline. To
account for potential variability in baseline fMRI signal, drift correction
was included in the GLM model; drift regressors were used to remove the
mean time course, linear trend, quadratic trend, and cubic trend for each
run. Each trial was normalized against the immediate baseline period
preceding the script and then two trials of the same type were averaged.
Functional images were spatially smoothed with a 6 mm Gaussian
kernel, resulting in normalized beta-maps in the acquired space
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Table 1
Demographics and Clinical Characteristics of the Sample.

All SUD Participants SUD Participants w/

n=72 Follow-Up n = 65
Demographic Men=46 Women=26 Men=42 Women= 23
Variables
No. Sex (%) 46 (63.9) 26 (36.1) 42 (64.6) 23 (35.4)
Age, mean (SD), 38.5 (6.4) 34.7 (7.4) * 39.3 (5.8) 35.4 (6.2) *
years
Education, mean 12.5(1.7) 12.4 (1.3) 12.5(1.8) 12.3(1.3)
(SD), years
No. (%) Nicotine 37 (80.4) 22 (84.6) 32(76.2) 20 (87.0)
Smokers
No. (%) Minority 17 (37.0) 14 (53.8) 14 (33.4) 13 (56.5)
Race
No. (%) African 16 (34.8) 14 (53.8) 13 (31.0) 13 (56.5)
American
No. (%) Hispanic/ 1(2.2) 0 (0.0) 124 0 (0.0)
Latino
Duration of
substance abuse
Any substance use, 19.4 (7.8) 15.6 (7.2) * 20.0 (7.4) 16.0 (6.3) *
mean (SD), years
Alcohol use, mean 19.2 (8.1) 13.0(7.5) * 20.4 (6.7) 13.1 (6.9) *
(SD), years
Cocaine use, mean 9.4 (7.0) 8.6 (6.6) 10.0 (7.2) 9.1 (6.7)
(SD), years
Marijuana use, mean 10.3(7.3) 11.5(8.2) 10.0 (7.3) 11.8 (7.0)
(SD), years
Current Substance *
Use Disorder
Diagnoses
No. (%) Alcohol 22 (47.8) 6 (23.1) 22 (52.4) 4(17.4)
No. (%) Cocaine 8(17.4) 9 (34.6) 8(19.0) 9(39.1)
No. (%) Marijuana 0 0 0 0
No. (%) Alcohol and 14 (30.4) 6 (23.1) 11 (26.2) 6 (26.1)
Cocaine
No. (%) Alcohol and 0 0 0 0
Marijuana
No. (%) Cocaine and 1(2.2) 4(15.4) 0 3(13.0)
Marijuana
No. (%) Alcohol, 1(2.2) 1(3.8) 124 1(4.3)
Cocaine and
Marijuana
Lifetime Substance
Use Disorder
Diagnoses
No. (%) Alcohol 12 (26.1) 3(11.5) 12 (28.6) 1(4.3)
No. (%) Cocaine 5(10.9) 5(19.2) 5(11.9) 5(21.7)
No. (%) Marijuana 0 0 0 0
No. (%) Alcohol and 15 (32.6) 5(19.2) 12 (28.6) 5(21.7)
Cocaine
No. (%) Alcohol and 3(6.5) 2(7.7) 3(7.1) 2(8.7)
Marijuana
No. (%) Cocaine and 1(2.3) 5(19.2) 1(2.4) 4(17.4)
Marijuana
No. (%) Alcohol, 10 (21.7) 6 (23.1) 9(21.4) 6 (26.1)
Cocaine and
Marijuana
Any psychiatric 12 (26.1) 11 (42.3) 10 (23.8) 10 (43.5)
history No. (%)
Depression
Lifetime 6 (13.0) 6 (23.1) 5(11.9) 5(21.7)
PTSD
Lifetime 5(10.9) 8(30.8) * 4(9.5) 8(34.8) *
Anxiety disorder,
excluding PTSD
Lifetime 5(10.9) 3(11.5) 4 (9.5) 3(13.0)
CTQ- Score, mean 46.70 53.08 (18.5) 45.4 55.0 (18.5) *
(SD) (18.6) (18.1)
Mean (SD) Emotion 11.0 (5.6) 12.3 (5.9) 10.6 (5.3) 12.9 (6.0)
Mean (SD) Physical 9.3 (4.6) 9.5 (4.5) 9.2 (4.6) 9.8 (4.5)
Mean (SD) Sexual 7.0 (4.6) 9.9 (6.6) * 7.0 (4.7) 10.5 (6.8) *
Mean (SD) eNeglect 11.3 (5.6) 13.3(5.2) 10.9 (5.3) 13.4 (5.3)
Mean (SD) pNeglect 8.1 (4.0) 8.0 (3.6) 7.7 (3.4) 8.4 (3.6)
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Independent t-Test and chi-square analyses were conducted to determine group
differences. 90.3 % of SUD participants provided follow-up interviews for drug
use data. * Denotes p < .05.

(3.44 mmx3.44mmx4mm). To adjust for individual anatomical differ-
ences, three registrations were performed within the Yale Bio-
ImageSuite; a linear individual registration of raw functional image into
2D anatomical image, 2D to 3D (1 x 1 x 1 mm) linear registration,
and a non-linear registration to reference 3D image, which is the Colin
Brain(Holmes et al., 1998) in Montreal Neurological Institute (MNI)
space. Then the output maps were converted to AFNI format for a group
level analysis.

2.2.7. Statistical analysis

Statistical analyses were performed in R v4.1.0. Linear mixed effects
(LME) models with a random intercept were conducted to assess main
effects and interactions for sex 2(between subjects) and condition 3
(within subject: neutral, stress, drug cues) effects on anxiety, heart rate,
and craving outcomes. T-tests and Chi-square analyses were used to
compare the women vs men on demographic, clinical and follow-up
number of substance use days used variables. Significant sex differ-
ences in any demographic variable like age was included as a covariate
in all analyses. Additionally, as childhood trauma histories may vary by
sex, CTQ scores were included as a covariate in all analyses. Pearson’s
correlations were used to evaluate if years of alcohol use or a diagnosis
of PTSD and current diagnosis were correlated with craving, anxiety,
and HR responses, as well as post-hoc exploratory analyses of associa-
tions between subjective, physiological, and neural responses to stress
and drug cues and in the association with future substance use.
Figures were created with GraphPad Prism 9 (GraphPad Software Inc.,
San Diego, CA).

Second level fMRI Group analysis was conducted with Analysis of
Functional Neurolmages Software (AFNIL; (Cox, 1996) http://afni.nimh.
nih.gov), using LME models to assess sex differences in brain response to
each condition (stress, drug and neutral cue imagery period relative to
baseline for each trial) and their relationship to drug use outcomes. In
addition, sex (men, women) was the between-subjects fixed-effect fac-
tor, condition was the within-subjects fixed-effect factor, subject was the
random effect, and age and CTQ scores were included as covariates. We
conducted LME regression models to assess sex differences in the asso-
ciation of brain responses to stress, drug, versus neutral cues and future
drug use days and time to resumed substance use, with follow-up whole
brain correlation analyses to assess source of significant associations in
the LME regression models. The whole brain correlation assessed the
correlation between brain responses to stress, drug, versus neutral cues
and future drug use days and time to resume substance use for each sex
separately. A FamilyWise Error rate (FWE) correction of alpha p < .05
was applied to correct for multiple comparisons using AFNI AlphaSim
via Monte Carlo Simulation (Cox, 1996; Xiong et al., 1995) for all whole
brain analyses and for the whole brain correlations.

3. Results
3.1. Demographic characteristics

Demographic, substance use, CTQ, nicotine smoking status, and
psychiatric history for all study participants and those with follow-up
drug use data are provided in Table 1. Men with SUD were signifi-
cantly older than women with SUD (p < .05), and as expected, men with
SUD had significantly more years of any substance use (19.4 years)
compared to women with SUD (15.6 years) (p < .05) but this was due to
greater years of alcohol use in men relative to women (p < .05) but no
sex differences in years of cocaine use or marijuana use. Men with SUD
and women with SUD had similar CTQ total and subscale scores, but in
the follow-up sample, women with SUD had significantly higher scores
on the total CTQ than men with SUD (p < .05), stemming from higher
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scores of the sexual trauma subscale in the women compared to men
(p < .05). There was also a significant sex difference in this SUD sample
for the number of women vs men with lifetime PTSD (8/26 women, 5/46
men, p < .05) (see Table 1).

3.1.1. Behavioral and physiological responses during fMRI

We found a significant effect of condition for drug craving (F (2,
140) = 45.76; p < .0001) stemming from greater craving during stress
cue (p < .0001) and drug cue (p < .0001) trials compared to neutral-
relaxing cue trials (Fig. 2A). In addition, craving was greater in
response to the drug cue compared to stress cue trials (p < .001). There
was no sex main effect (F (1,70) = 1.26; p < .266) or a condition by sex
interaction (F(2, 140) = 0.95; p < .390) observed for drug craving.

A main effect of condition for average heart rate responses (F(2,136)
=15.7; p <.0001) was observed. A significantly higher heart rate
response was observed during stress cue (p < .0001) and drug cue
(p < .0001) trials compared to the neutral-relaxing cue trials (Fig. 2B).
There was no sex main effect (F(1,68)= 1.3; p < .259) or a condition by
sex effect (F(2,136)= 1.04, p < .356) on heart rate. There were also no
significant differences between stress and drug cue trials for heart rate
responses (p < .751).

A significant effect of condition (F(2,140)=57.6; p < .0001) was
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observed for anxiety ratings which were significantly higher in the stress
(p < .0001) and drug cue (p < .0001) trials compared to the neutral-
relaxing cue trials (see Fig. 2C). While there was not a statistically sig-
nificant main effect of sex for anxiety ratings (F (1,70)= 3.34; p < .07), a
condition by sex interaction was observed (F(2,140)= 3.1; p < .048) for
anxiety ratings. This significant interaction stemmed from the following
simple effects: women with SUD showing significantly higher anxiety in
response to the drug cue compared to men with SUD (p < .017), with
this effect at trend levels for the stress condition (p < .06), and men with
SUD showed higher anxiety ratings in response to the stress cue
compared to their anxiety responses during drug cues (p < .014), while
no condition differences in anxiety were observed in women with SUD
(p < .20).

Finally, we also assessed whether years of alcohol use or a diagnosis
of PTSD was correlated with craving, anxiety and HR responses within
each sex at a significance threshold of p < .01 selected to account for
multiple correlations. No significant associations were found at this
corrected threshold.

3.1.2. Prospective drug use outcomes
Sixty-five of the 72 participants with SUD (90.3 %) were successfully
followed for assessment of drug use outcomes over 90 days post-
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Fig. 2. Sex differences in subjective and physiologic responses during fMRI and follow-up days of substance use. Mean craving, heart rate and anxiety ratings in
response to neutral-relaxing (N), stress cue (S), and drug cue (D) imagery trials relative to baseline of each trial (imagery minus baseline for each trial, then averaged
per condition) [I-B] and days of substance use in the follow up period in men and women with SUD. Drug craving (2 A) was significantly higher in response to stress
and drug cue compared to neutral imagery (S>N: p < .0001; D>N: p < .0001; D>S: p < .001) (for most used substance: alcohol, cocaine, or cannabis). Heart rate
(2B) was significantly higher in response to stress and drug cue compared to neutral imagery trials (S>N: p < .0001; D>N: p < .0001; D/S: p < .751). Anxiety (2 C)
was significantly higher in response to stress and drug cue imagery compared to neutral (S>N: p < .0001; D>N: p < .0001; and S>D; p < .014 (only in men). Also,
Condition X Sex interaction for anxiety (F [2140] =3.1; p < .048) was observed stemming from women with SUD showing significantly higher anxiety in response to
the drug cue compared to men with SUD (p < .017), and men showed higher anxiety in response to the stress compared to drug cue condition (p < .014), which was
not seen in women (p < .20). (2D) Sex differences in the 90-day follow-up of mean days of use (and standard error) with women showing greater number of follow-up
of days used than men (p < .006). Mean number of days used in women was 44.61 ( £+ 10.50) compared to 18.43 ( £ 3.65) days used in men (Independent t-test t
(27.4)= 2.35, p < .006) (women, n = 23; men, n = 42). All data are displayed as mean + S.E.M.
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treatment. Notably, women with SUD had significantly greater number
of follow-up days of substance use compared to men with SUD [Wom-
en= 44.6 days, Men= 18.4 days; t(27.4) =-2.35, p < .006] (see Fig. 2D).
This was due to the fact that women with SUD had significantly more
cocaine use days (Women=16.7 days vs. Men=6.1 days) in the 90-day
follow-up compared to men with SUD (see Supplemental Table 1).
While there was no statistically significant difference in men with SUD
compared to women with SUD in time to return to substance use
(p=.702), women with SUD resumed substance use earlier
(median=14.0 days, SE=4.19) compared to men with SUD
(median=21.0, SE=4.86) (see Supplemental Fig. 1). Time to resume
substance use and sex differences in number of follow-up days used were
not associated with PTSD, specific SUD diagnoses, or greater years of
alcohol use.

3.1.3. Sex differences in whole-brain neural responses to stress and drug
cues

Voxel based-whole brain analyses were conducted to assess sex dif-
ferences in men and women with SUD and in response to stress, drug cue
and neutral-relaxing cue exposure (imagery-baseline period for each
trial, per condition), controlling for age and CTQ scores (FWE whole
brain corrected, p < .05). A significant sex main effect was observed
which showed greater overall functional activation across all conditions
in men with SUD relative to women with SUD in the thalamus, hypo-
thalamus, hippocampus and right caudate (see Fig. 3A, also Supple-
mental Table 2). Further, a significant sex X condition interaction was
also observed, which arose from greater stress cue-induced activation in
men with SUD compared to women with SUD in the caudate, thalamus,
hypothalamus, right hippocampus, and left striatum (Fig. 3B, also
Supplemental Table 3). There were no sex differences, that survived
whole brain correction, between men with SUD and women with SUD in
the whole brain response to drug cues or to the neutral conditions.

3.1.4. Association of brain responses and future days of substance use
Results of the whole brain LME regression analyses assessing sex
differences in neural responses to stress and to drug cues that predicted
future drug use days yielded significant sex X follow-up days used and
sex X follow-up days used X condition interaction effects (FWE whole
brain corrected, p < .05), but no sex effects on the time to resume
substance use outcome. Thus, follow-up whole brain correlation ana-
lyses were conducted separately for men and women to assess the source
of the sex differences in the assocaition between brain responses to
stress, drug cues and neutral conditions and with number of follow up
days of drug use (FWE corrected at p < .05). These analyses revealed
that drug cue-induced hyperactivation in the putamen and the caudate

Men vs Women Overall Sex Effect

Righﬁ\
Caudate
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for men with SUD was significantly correlated with number of follow-up
days of substance use (Fig. 4A), but drug cue-induced hypoactivation in
the left DLPFC and left insula for women with SUD was significantly
correlated with future number of days used (Fig. 4C). Moreover, stress
cue-induced hypoactivation in the VmPFC was significantly associated
with future days of substance use only for women with SUD (Fig. 4B)
(also see Supplementary Table 4). No significant correlations were found
for brain responses and number of days to resumed substance use.

3.1.5. Post-hoc exploratory analyses of associations between subjective,
physiological and neural responses to stress and drug cues and in the
association with future substance use

As there were significant sex interactions in anxiety responses to
stress and drug cues and also condition main effects showing stress and
cue-induced craving and heart rate increases, we assessed whether these
responses were associated with brain activations during stress and drug
cue exposure. Pearson product-moment correlations were conducted
between subjective and HR responses and regions of interest (ROIs) beta
weights for regions identified in the whole brain analyses and shown in
Supplementary Tables 2-4). We also set a more stringent significance
threshold of p < .01 to adjust for the high number of correlation tests
conducted. We found that there were no significant associations that met
this threshold. In addition, years of alcohol use and PTSD diagnoses
which were different between men and women were also assessed for
association with activated brain ROIs during stress and cues and these
did not yield significant results above the set corrected threshold.

4. Discussion

The current findings are the first to show significant sex differences
in neural responses to stress and to drug cues in abstinent treatment
engaged men and women with SUD. Notably, while there were no sex
differences in craving and heart rate, there were significant sex differ-
ences in brain response and in subjective anxiety responses to stress and
to drug cues. Furthermore, the clinical relevance of these sex differences
in neural responses was reflected in sex-specific relationships between
brain response to stress and to drug cues and the number of follow-up
days of alcohol, cocaine, or marijuana use. Notably, women with SUD
not only showed significantly higher number of future days of substance
use overall during the prospective 90 day follow up period with signif-
icantly higher number of cocaine use days compared to men, but also
displayed hypoactivity in the VmPFC during stress cue exposure and
hypoactivity in the left DLPFC and left insula in response to drug cue
exposure, which were each significantly correlated with higher days of
substance use during 90-day follow-up. For men with SUD, hyperactive

Men-Women Stress

Fig. 3. Sex differences in neural fMRI whole brain responses to neutral, stress, and drug cue provocation (FWE corrected, p < .05). Whole-brain voxel-based
analysis of sex, condition and sex x condition interaction (p < .05, whole-brain corrected). 3A: After controlling for CTQ and age, a sex main effect in whole brain
response indicated overall higher activation in thalamus, hippocampus, hypothalamus, and right caudate in men compared to women. 3B: A significant sex x
condition interaction (3B) indicated greater activation in men relative to women for the stress cue brain responses in the caudate, thalamus, hypothalamus, right
hippocampus, and left striatum (FWE, p < .05), but no significant sex differences in the neural responses to drug cues and neutral provocation. (See Supplemental

Table 2-3 for MNI coordinates).
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Fig. 4. Sex differences in association between neural responses to drug and stress cue and future number of days of any substance use during follow-up. Whole-
brain correlation analysis (FWE corrected p < .05). During the drug cue trials, putamen and caudate hyperactivity was significantly associated with higher follow-up
days used in men (4 A). During the stress cue trials, VmPFC hypoactivity (—0.57,45.19, —0.69) was significantly associated with higher follow-up days used in
women (4B). However, hypoactivity during the drug cue trials in the left dLPFC (—39.61, 43.43, 7.24) and left insula was significantly associated with higher follow-
up days used in women (4 C). Note: Positive correlations shown in red/yellow; negative correlations shown in blue/purple. MNI coordinates for peak clusters for the
VmPFC and DIPFC are provided above (also see Supplemental Tables 4-5). Also, all correlations remain significant even with removal of more extreme values.

responses in striatal regions during drug cue exposure predicted higher
days of substance use during follow-up.

Consistent with previous findings, we found that script-guided im-
agery effectively elicited increases in stress and cue reactivity in both
men and women with SUD. Main effects of condition on drug craving,
heart rate, and anxiety were observed, where stress and drug cue con-
ditions were associated with higher subjective drug craving, heart rate,
and anxiety as compared with the neutral-relaxing condition. As in
previous research, we found no sex effect on provoked drug craving
suggesting that both men and women with SUD have similar levels of
stress- and drug cue- induced subjective craving, and this is consistent
with our previous work in cocaine use disorder and alcohol use disorder
(Potenza et al., 2012; Seo et al., 2011). While some previous work has
shown greater levels of craving in women with opioid use disorder
(OUD) relative to men with OUD (Back et al., 2011; Moran et al., 2018;
Yu et al., 2007), other research reported no sex differences in craving
levels (Herbeck et al., 2016; Kennedy et al., 2013). For example, Yu
et al., reported that women had a greater response in heroin craving,
systolic blood pressure, diastolic blood pressure, and decreased joy to
imagery and/or paraphernalia cues compared to men (Yu et al., 2007).
On the other hand, other research showed that sex -differences in
response to craving was drug-specific. For instance, Moran and col-
leagues observed greater opioid craving in women in response to stress
events whereas, men showed a greater cocaine craving in response to
stress events (Moran et al., 2018). As our sample did not include those
with opioid use disorder, it is possible that sex differences in subjective
craving may be more specific to opioid use disorder and not different in
co-occurrence of alcohol, cocaine, and cannabis use disorder. Greater
study of sex differences in craving and the factors contributing to such
differences is warranted in future research.

An overall sex by condition interaction for anxiety was also observed,
where women with SUD had higher overall anxiety across conditions

than men with SUD. This is in line with previous research that shows sex
differences in anxiety levels during stress exposure in women versus
men (al’Absi et al., 2021; Jastreboff et al., 2013; Sinha, 2008). Fox et al.,
reported that abstinent women with cocaine dependence experienced
increased stress-induced anxiety and sadness compared with abstinent
men with cocaine dependence, while men were emotionally and phys-
iologically more reactive in the drug cue condition (Fox et al., 2008).
Interestingly, in our sample women had significantly higher drug
cue-induced anxiety relative to men (between sex group effect), whereas
men with SUD had significantly higher anxiety during stress cue versus
drug cue exposure (within subject effect). One explanation for this
observation could be that men with SUD had significantly more years of
substance use and years of alcohol use, suggesting perhaps that greater
substance use severity may have made them more sensitive to the stress
pathophysiology of addiction (Sinha, 2001, 2008). On the other hand,
women showed equivalently increased anxiety ratings in response to
stress and to drug cues, suggesting that negative affect and
distress-related factors play a role in stress and drug cue reactivity for
women, and that since women are known to have higher rates of
internalizing mood and anxiety related illnesses, that may also
contribute to this equivalent reactivity (Bangasser and Valentino, 2014;
Chaplin et al., 2008; Hankin and Abela, 2005). Women may also have a
greater sensitivity to negative drug effects and related greater dysre-
gulation in the corticotrophin releasing factor (CRF)-HPA axis along
with ANS in individuals with substance use disorder (Back et al., 2010;
Sinha et al., 2009, 2003; Seo et al., 2019), that in turn may contribute to
higher drug cue-related anxiety equivalent to stress-related provoked
anxiety levels.

Importantly, our findings show that women with SUD, in the early
recovery period were found to resume substance use earlier (Supple-
mental Fig. 1) and use drugs, specifically cocaine (Supplemental
Table 1), on more days than men with SUD (Fig. 2D) during the
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prospective 90-day follow-up period. This is in line with previous clin-
ical observations that show women may experience greater withdrawal
and protracted abstinence effects in early recovery that may increase
recurrence of SUD and drug use risk (Becker and Chartoff, 2019; Becker
et al., 2017, 2012). Furthermore, women with SUD had significantly
higher childhood trauma scores specifically, sexual trauma compared to
men with SUD (Table 1). Hyman et al. observed that greater severity of
childhood emotional trauma, sexual trauma, and overall childhood
trauma was associated with higher follow-up days of cocaine used and
an increased risk of recurrence of SUD in women with cocaine depen-
dence, and this association was not found in men (Hyman et al., 2008).
Furthermore, higher childhood trauma levels have also been found to be
associated with greater current days of substance use after inpatient
treatment (Van Dam et al., 2014), and polysubstance use is associated
with greater SUD severity and worse treatment outcomes (Crummy
et al., 2020). Together, this previous work supports and explains our
findings that women with higher levels of childhood trauma than men,
combined with their polysubstance use history, may be at greater risk for
recurrence of SUD and using on more days after resuming substance use,
i.e., with greater severity, than men.

With regards to neuroimaging, overall functional hyperactivation in
striatal and midbrain regions was found in men with SUD compared to
women with SUD (Fig. 3A). These results are consistent with our hy-
pothesis that men and women have differential functional brain re-
sponses, and we found this to be specifically coming from differences in
the stress condition (Fig. 3B). These results are in line with the role of
dopamine and the striatal reward pathways in the pathophysiology of
substance use disorders (Volkow et al., 2007). Sex differences in the
dopaminergic system, may contribute to these differences in men and
women with SUD. Men have been found to have more D1 dopaminergic
receptors in the striatum, while women had higher dopamine trans-
porter mRNA density in the striatum (Becker, 1999). This suggest that
women may experience greater sensitivity to drug effects and perhaps
more craving and drug use associated with greater dopamine neuro-
transmitter turnover in response to increased dopamine transporter
expression in the striatum. Moreover, females have more dopaminergic
projections to the medial prefrontal cortex (mPFC) compared to males
(Kritzer and Creutz, 2008), and it is known that the mPFC matures
earlier in females compared to males (Perry et al., 2021). This is critical
because the mPFC is involved in cognitive control, but it also is dis-
rupted with early trauma, which may impact women with SUD more so
than men with SUD due to their higher rates of early childhood trauma.
Furthermore, ovarian hormones such as estrogen and progesterone are
known to modulate chronic drug effects specifically during stress and in
striatal regions, and such differences might explain the varying func-
tional brain responses between sexes (Becker, 1999, 2016; Chase et al.,
2011; Childress et al., 1999).

Human neuroimaging studies have demonstrated significant alter-
ations in the mesocorticolimbic (PFC, insula, hippocampus, ACC, and
amygdala) circuitry in individuals with SUD in response to drug cues
compared to neutral cues (Chase et al., 2011; Childress et al., 1999;
Schacht et al., 2013). In line with these studies, we found blunted re-
sponses to drug cues in the left DLPFC and left insula in women with SUD
(Fig. 4C) but heightened striatal responses to drug cues in men with SUD
(Fig. 4A) that each respectively predicted drug use in the subsequent
90-day follow-up. Research into the pathophysiology of addiction has
shown dysregulation in executive control in both DLPFC and insula in
individuals with SUD (Goldstein and Volkow, 2011; Naqvi and Bechara,
2010). Additionally, individuals with cocaine misuse and/or de-
pendency showed increased functional connectivity between prefrontal
cortex-striatum and decreased striatum-dorsal anterior cingulate con-
nectivity during abstinence (Hu et al., 2015). While this previous
research is consistent with our findings on the specific cortico-limbic
striatal circuits involved in recurrence of SUD, the previous research
included majority male samples and thus the sex-specific differential
activation pattern and sex-specificity of regions associated with drug use
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has not been reported previously.

Impaired emotional regulation in individuals with SUD has been
shown to be a predictor of abstinence and risk of resuming substance
(Wilcox et al., 2016). Consistent with these observations women with
SUD had blunted VmPFC during stress cue (Fig. 4B). VmPFC plays a
critical role in reward and decision-making (Hiser and Koenigs, 2018).
Our previous work showed that craving, adrenal sensitivity, and VmPFC
hypoactivity following exposure to stress-related and alcohol
cue-related imagery predicted lower days of abstinence and more heavy
drinking days (Blaine et al., 2020). This VmPFC dysregulation might
explain why women with SUD in our study had more substance use days
during the follow-up period. Further, women in our study also had
higher sexual trauma and PTSD which may contribute to VmPFC dys-
regulation and subsequent SUD recurrence risk. For example, blunted
VmPFC function to stress, threat, and trauma cues has been reported in
PTSD and in risk for PTSD (Li and Sinha, 2008; Roekner et al., 2021),
while greater cue-related striatal/putamen responses in men has also
been associated with greater drug craving, and future drug and alcohol
use as well as greater withdrawal severity (Martinez et al., 2007; Sinha
et al., 2022). Blunted responses in the VmPFC and rostral ACC in women
points to greater obstacles in self-regulation and in control over emo-
tions that may then be associated with increases in drug-seeking and
more days of substance use in women. On the other hand, greater striatal
and midbrain activation during drug cue and stress responses in men
may signal greater compulsive drive for drug that in turn was associated
with greater risk of follow-up use days.

Importantly, in this study we covaried for childhood trauma in all
analysis, as women with SUD relative to men with SUD had higher CTQ
scores in the follow-up subgroup and women with SUD also had higher
rates of PTSD than men with SUD, and even after covarying for these
differences, we found differences in sex differences in brain responses
and drug use outcomes. This is notable as in previous work we have
shown that higher CTQ scores were associated with greater number of
substances use days in the follow up period in patients with SUD (Van
Dam et al., 2014). Moreover, Poppa et al., observed that sexual trauma
was associated with reduced orbitofrontal connectivity, in inpatient
treatment-seeking SUD women (Poppa et al., 2019). This suggests that
exposure to childhood trauma, and particularly sexual trauma, may not
only increase vulnerability to greater substance use severity in women
with SUD, but also contribute to the blunted VmPFC and rACC responses
to stress, as reported in our current findings.

5. Clinical implications

Our findings indicate that women with SUD compared to men with
SUD show differential neural responses to stress and to drug cues in the
association with subsequent drug use. Greater number of follow up drug
use days was found in women compared to men. In addition, higher
number of follow-up drug use days was associated with drug cue -related
hyperactivation in the striatum in men and hypoactivation in left DLPFC
and left insula in women. In addition, stress cue-induced VmPFC
hypoactivation was associated with greater follow-up drug use days in
women. These findings are clinically important because they suggest
that men and women may likely benefit from differential sex-specific
clinical interventions to improve treatment outcomes. Treatment in-
terventions for women with SUD may benefit from a focus on stress
regulation and coping and management skills whereas, men with SUD
may benefit from a focus on control over compulsions and drug treat-
ment programs and approved medications. Lastly, trauma-focused
counseling to address enduring effects of childhood trauma as a part
of ongoing intervention and therapy may improve SUD recurrence risk
and lower number of drug use days in SUD women.

6. Limitations

Finally, it is important to note several limitations of the current
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study. Despite small sample sizes, we were able to assess sex differences
in brain responses to stress and drug cues. However, the sample of
women with SUD was low and the sample size for assessing recurrence
of SUD outcomes was modest. Thus, the findings need replication in
future studies that also have larger samples of men and women. These
future studies may also be better powered to assess associations between
anxiety, HR and craving and brain responses to stress and drug cues
separately in men and women. Nonetheless, significant effects in post-
treatment drug use days in women compared to men with higher days
of substance use in the follow up period needs further attention in future
studies. Moreover, men had more years of substance use than women,
and these differences may have further contributed to the sex differences
in neural effects. The majority of the sample was also using nicotine, and
so co-morbid nicotine use may have also influenced the findings. Also,
while significantly more women in our study had PTSD, sexual trauma,
and overall childhood trauma compared to men, the numbers with PTSD
were low, and thus the possible differential effects of PTSD, sexual
trauma and CTQ on brain responses and recurrence of SUD needs further
attention in future studies with larger samples. Finally, the current study
included those with alcohol, cocaine, and/or cannabis polysubstance
misuse, and so the findings may not be generalizable to those using
opiates and methamphetamines. Despite these limitations, the current
findings are the first to demonstrate sex differences in prefrontal and
striatal-limbic brain responses to stress and to drug cues in a sample of
men and women with substance use disorders. We found that women not
only had higher days of substance use in the follow-up indicative of
greater severity for recurrence of SUD, but also had blunted/decreased
neural response to drug cues in the left DLPFC and left insula and
blunted responses to stress in the VmPFC, whereas men had heightened/
increased neural response to drug cues in the striatum, which were each
in turn associated prospectively with future substance use days. These
data suggest that behavioral and medication interventions that restore
PFC/insula function in women and reduce striatal hyperresponsiveness
in men would be of benefit to improve recurrence of SUD outcomes.
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