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A B S T R A C T

Background: Studies indicate that female cannabis users progress through the milestones of cannabis use dis-
order (CUD) more quickly than male users, likely due to greater subjective craving response in women relative to
men. While studies have reported sex-related differences in subjective craving, differences in neural response
and the relative contributions of neural and behavioral response remain unclear.
Methods: We examined sex-related differences in neural and behavioral response to cannabis cues and cannabis
use measures in 112 heavy cannabis users (54 females). We used principal component analysis to determine the
relative contributions of neural and behavioral response and cannabis use measures.
Results: We found that principal component (PC) 1, which accounts for the most variance in the dataset, was
correlated with neural response to cannabis cues with no differences between male and female users (p = 0.21).
PC2, which accounts for the second-most variance, was correlated with subjective craving such that female users
exhibited greater subjective craving relative to male users (p = 0.003). We also found that CUD symptoms
correlated with both PC1 and PC2, corroborating the relationship between craving and CUD severity.
Conclusions: These results indicate that neural activity primarily underlies response to cannabis cues and that a
complex relationship characterizes a convergent neural response and a divergent subjective craving response
that differs between the sexes. Accounting for these differences will increase efficacy of treatments through
personalized approaches.

1. Introduction

Cannabis use incidence has generally been higher in men; however,
recent trends suggest growing use in women (Center for Behavioral
Health Statistics and Quality, 2017; Hasin, 2018; Lopez and Blanco,
2019; United Nations Office on Drugs and Crime, 2018). This trend is of
particular importance given evidence for sex-related differences in
substance use that are critical in continued use, development of abuse
and dependence, and relapse (Becker and Koob, 2016; Bobzean et al.,
2014; Chauchard et al., 2013; Hernandez-Avila et al., 2004; Perry et al.,
2016). From a translational perspective, it is important to identify how
sex-related differences affect factors that not only impact clinical in-
terventions, but also any therapeutic effects of cannabis (Cooper and
Craft, 2018).

Cannabis use disorders (CUDs) are difficult to treat (Sherman and
McRae-Clark, 2016; Walker et al., 2015) and rates of treatment-seeking
in both men and women are very low (Khan et al., 2013). Although
women in general start using cannabis at a later age than men, they

progress more quickly through the milestones of CUD and ultimately
enter into treatment programs at a younger age, a phenomenon known
as telescoping (Hernandez-Avila et al., 2004; Kerridge et al., 2018;
Khan et al., 2013). Women also report higher abuse-related effects,
suggesting increased sensitivity to cannabis that may promote its con-
tinued use (Cooper and Haney, 2014; Kerridge et al., 2018). In treat-
ment-seeking individuals with CUD, women report greater withdrawal
symptoms and higher negative impact of withdrawal (Herrmann et al.,
2015; Sherman et al., 2017) with similar results in non-treatment-
seeking cannabis users (Copersino et al., 2010; Schlienz et al., 2017).
These considerations have important clinical relevance as studies report
poorer outcomes for women in psychological and pharmacological
treatments (Ali et al., 2015; Bassir Nia et al., 2018; DeVito et al., 2014;
Ketcherside et al., 2016; Litt et al., 2015; McHugh et al., 2018; Sherman
et al., 2017; Wetherill et al., 2015).

Cue-exposure elicits subjective craving and activates neural path-
ways related to reward processing (Filbey et al., 2009) that underlie the
development of CUD and cannabis-related problems. While numerous
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studies have examined cue-induced craving in cannabis users (Cousijn
et al., 2012; Filbey et al., 2016, 2014, 2009; Lundahl and Johanson,
2011; McRae-Clark et al., 2011), the few that have investigated sex-
related differences have examined behavioral and neural response se-
parately; thus, potential interactions between sex and measure of re-
sponse are unknown. In a behavioral study, Lundahl and colleagues
reported no significant sex-related differences in behavioral response
during a cannabis cue-exposure task (Lundahl and Johanson, 2011). In
a functional MRI (fMRI) study, Wetherill and colleagues also found no
sex-related differences in neural response to cannabis cues in cannabis-
dependent adults (Wetherill et al., 2015). However, women exhibited a
positive correlation between neural response to cannabis cues in the
bilateral insula and craving and a negative correlation in the left lateral
orbitofrontal cortex (OFC), while men exhibited a positive correlation
between cannabis craving and neural responses to cannabis cues in the
striatum. The authors suggest that this difference may signify a top-
down treatment approach in women with increased higher-order pro-
cessing and that different treatment approaches can improve clinical
outcomes in men and women.

We examined sex-related differences in brain perfusion and meta-
bolism during rest in a subset of the data included in the present study
and found that female cannabis users had increased global cerebral
blood flow compared to male users. However, regionally, men had in-
creased cerebral blood flow in the right insula and women had in-
creased cerebral blood flow in the left posterior cingulate and bilateral
precuneus (Filbey et al., 2018a). We also found that female users had
increased cerebral metabolic rate of oxygen compared to male users.
These differences, however, were found during rest and were not task-
related. To our knowledge, no studies have examined sex-related dif-
ferences in the combined and relative contributions of behavioral and
neural response to cannabis cues in a cue-exposure task.

Evidence from animal models supports sex-related differences in the
subjective effects of cannabis. The endocannabinoid system modulates
the endocrine system (Battista et al., 2012) and cannabis use is postu-
lated to interact with hormones in a bi-directional manner (Brown and
Dobs, 2002; Gorzalka and Dang, 2012; Maria et al., 2014). Δ-9-tetra-
hydrocannabinol (THC) affects the hypothalamic pituitary gonadal
(HPG) and hypothalamic pituitary adrenal (HPA) axes and is modulated
by cannabinoid (CB1) receptors (Brown and Dobs, 2002; Crane et al.,
2013; Ketcherside et al., 2016; López, 2010; Mendelson et al., 1984).
THC also alters the release of gonadotropin-releasing hormone (GnRH)
from the hypothalamus, leading to differential downstream effects in
men and women (Battista et al., 2012; Brents, 2016). For example, si-
milar to humans, female rats exhibit increased sensitivity to the acute
effects of cannabis (Craft et al., 2013; Farquhar et al., 2019). Fattore
and colleagues have found that ovarian hormones regulate reinforce-
ment of cannabinoids such that female rats exhibited increased learned
associations between cannabis-related stimuli and effects of cannabis
(Fattore et al., 2007) and that ovariectomized female rodents displayed
reduced cue-elicited cannabinoid-seeking behavior compared to intact
female rodents (Fattore et al., 2010). A study in gonadectomized rats
found that replaced testosterone reduced withdrawal symptoms, while
both estradiol and progesterone increased withdrawal symptoms
(Marusich et al., 2015). More recently, Farquhar and colleagues found
that repeated exposure to THC increased downregulation and desensi-
tization of CB1 receptors in female rats (Farquhar et al., 2019). These
preclinical studies indicate that ovarian hormones influence cannabis
reinforcement and provide potential mechanisms underlying sex dif-
ferences (Crane et al., 2013; Lynch et al., 2002).

The aim of this study was to examine the interaction between sex
and measures of craving and use in heavy cannabis users. We used
principal component analysis (PCA), a multivariate approach, to de-
termine whether the different behavioral, neural, and use variables may
be combined based on common dimensions. Specifically, PCA aims to
describe and summarize patterns of data by grouping together corre-
lated variables into components that account for the most variance

possible in the original variables. This approach also limits the number
of variables to be analyzed in subsequent analyses (Tabachnik and
Fidell, 2013). This data reduction is achieved by identifying the un-
derlying structure in the data, plotting the data points in a multi-
dimensional space, and creating components that can be thought of as
lines in the multidimensional space in the directions where there is the
most variance. In doing so, PCA provides a more nuanced approach to
understanding sex-related differences compared to group comparisons
via traditional statistical methods (Halai et al., 2017). We hypothesized
comparable neural response to cannabis cues, but increased subjective
craving in female cannabis users compared to male users.

2. Material and methods

2.1. Participants

We analyzed data from 141 heavy cannabis users recruited for a
study that examined the effects of cannabis use on neural response
(Filbey et al., 2016). These data were collected as part of a larger
project that included heavy cannabis users and non-using controls and
have resulted in prior publications (Filbey et al., 2018a, 2018b, 2016;
Ketcherside et al., 2017). Filbey et al., 2018a examined sex-related
differences in resting brain perfusion and metabolism in a subset of the
data included in the present study. The study found some sex-related
differences in global and regional cerebral blood flow and cerebral
metabolic rate of oxygen. These differences were found during rest and
were not task-related. Participants were included if they were right-
handed, spoke English as their primary language, had no history of
neurological or psychiatric diagnoses, and no MRI contraindications.
Participants were excluded for regular tobacco use (> 1 pack of ci-
garettes per month) or current alcohol dependence based on the
Structured Clinical Interview for DSM-IV (First et al., 2002). We defined
heavy cannabis use as at least 5000 lifetime uses (Gruber et al., 2003;
Kouri and Pope, 2000; Pope et al., 2002, 2001) and verified use via
quantification of THC metabolites in urine using gas chromatography/
mass spectrometry (GC/MS) normalized by creatinine (Cr) concentra-
tion (Huestis and Cone, 1998) from Quest Diagnostics (https://www.
questdiagnostics.com). The Institutional Review Boards (IRB) of the
University of Texas at Dallas and the University of Texas Southwestern
Medical Center approved the protocol. All participants provided their
written informed consent in compliance with the World Medical As-
sociation Declaration of Helsinki.

Of the 141 participants, 28 were excluded due to missing fMRI data
and one was excluded due to a positive drug screen for amphetamines,
resulting in a sample of 112 participants with 54 female users (mean
age: 29.9±7.4 years; range: 19–47 years) and 58 male users (mean
age: 31.1±7.5 years; range: 21–55 years). See Table 1 for demo-
graphic information. Participants completed a baseline session con-
sisting of behavioral measures and a 72 -h abstinent MRI session. We
verified abstinence through self-report and a reduction in THC/Cr level
after the 72 -h abstinence period compared to baseline (Filbey et al.,
2016, 2009).

2.2. Behavioral measures

We used the Timeline Followback (TLFB) (Sobell and Sobell, 1992)
to assess cannabis, alcohol, and cigarette use in the two months pre-
ceding the baseline session. In addition, we used the Marijuana Craving
Questionnaire (MCQ) (Heishman et al., 2009) to measure subjective
craving before and after the fMRI. We also used the Marijuana With-
drawal Checklist (MWC) (Budney et al., 1999) to measure withdrawal
prior to the fMRI scan and the Marijuana Problem Scale (MPS)
(Stephens et al., 2002) to measure the effect of cannabis use on daily
functioning.
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2.3. MRI acquisition

We collected the MRI data at the Advanced Imaging Research
Center, University of Texas Southwestern Medical Center using a 3T
Philips whole body scanner equipped with Quasar gradient subsystem
(40 m T/m amplitude, a slew rate of 220 m T/m/ms). We collected
structural MRI scans with a MPRAGE sequence with the following
parameters: TR/TE/TI = 8.2/3.70/1100 ms, flip angle = 12°, FOV =
256 × 256 mm, slab thickness = 160 mm (along left-right direction),
voxel size = 1 × 1 × 1 mm, total scan time =3 min 57 s. We collected
fMRI scans using a gradient echo, echo-planar sequence with the in-
tercomissural line (AC-PC) as a reference (TR: 2.0 s, TE: 29 ms, flip
angle: 75 degrees, matrix size: 64 × 64, 39 slices, voxel size: 3.44 ×
3.44 × 3.5 mm3).

Participants completed a cannabis cue-exposure task to measure the
blood oxygen level dependent (BOLD) response to cannabis, appetitive,
and neutral cues (Filbey et al., 2016). We presented this task in two
separate EPI runs of 18 pseudorandom tactile presentations of the
participants’ most commonly used cannabis paraphernalia (MJ cue x 6
trials), preferred fruit (appetitive cue × 6 trials), or a pencil (neutral
cue x 6 trials). Each trial started with a cue-exposure period when
participants were presented with both tactile (cue placed in the parti-
cipant’s left hand) and visual (images of themselves holding the cue)
exposure. Participants then had a 5-second urge rating period in which
they were asked to “Please rate your level of urge to use marijuana right
now” on a scale of 1 (no urge) to 10 (high urge) via button presses.
There was a washout period with a fixation cross in between each trial.
There were 405 trials per run with a task duration of 28 min for the
entire experiment. We presented the task using back-projection to a
mirror system mounted on the head coil and delivered the stimulus
presentation using E-Prime 2.0 (Psychology Software Tools, Pittsburgh,
PA) synchronized with trigger pulses from the scanner.

2.4. fMRI data analyses

We analyzed the participants’ fMRI data in FSL version 6.0 (FMRIB

Software Library, Analysis Group, FMRIB, Oxford, UK) as described in
(Filbey et al., 2016). We used FSL’s FEAT (FMRI Expert Analysis Tool)
for standard pre-processing steps, including brain extraction (Smith,
2002), spatial smoothing (Gaussian kernel of FWHM 6 mm), high-pass
temporal filtering (sigma = 100.0 s), slice timing correction, and mo-
tion correction. We co-registered functional images to their anatomical
MPRAGE image and subsequently to Montreal Neurological Institute
(MNI) standard space using FSL’s FLIRT (Jenkinson et al., 2002;
Jenkinson and Smith, 2001) and FNIRT (Andersson et al., 2007). We
used multiple regression procedures from FSL’s FILM (FMRIB’s Im-
proved Linear Model) (Woolrich et al., 2001) to convolve the onsets of
cannabis and appetitive cues using a double gamma hemodynamic re-
sponse function. We used a fixed effects analysis to determine the mean
activation of the two fMRI runs. We created masks for regions of in-
terest in which cannabis users exhibited increased activation during
exposure to the cannabis cue compared to the appetitive cue that were
identified in our previous study (Filbey et al., 2016) as well as other
studies (Wetherill et al., 2015) using the Harvard-Oxford cortical and
subcortical atlases with a 50 % probability threshold. The regions of
interest were the orbitofrontal cortex (OFC; 1695 voxels), anterior
cingulate cortex (ACC; 1531 voxels), posterior cingulate cortex (PCC;
1300 voxels), nucleus accumbens (NAc; 126 voxels), dorsal striatum
(2418 voxels), amygdala (520 voxels), insula (1080 voxels), and dor-
solateral prefrontal cortex (dlPFC; 1488 voxels). We then extracted the
mean z-statistic within each region for the cannabis cue> appetitive
cue contrast following the fixed effects analysis. We focused on the
cannabis cue> appetitive cue contrast to examine neural response to a
cannabis cue beyond a response to a naturally rewarding cue.

2.5. Principal component analysis

Principal component analysis (PCA) is a multivariate statistical
technique that linearly transforms the original dataset into new or-
thogonal (i.e., uncorrelated) variables (principal components; PCs) and
identifies which original variables account for the most variance (Abdi
and Williams, 2010; Hotelling, 1933). We included BOLD response to

Table 1
Participant demographics (mean±SD).

Female cannabis users Male cannabis users p-value

N 54 58 –
Age (years) 30.4± 7.4 (range: 19-47) 31.6± 7.5 (range 21-55) 0.43
Years of education 13.0± 3.5 13.2± 2.2 0.17

Ethnicity
Hispanic/Latino

10 11 0.95

Non-Hispanic/Latino 44 47
Race

Caucasian
33 32 0.92

African American 14 15
Asian 1 1
Other 6 10

Number of alcohol drinking days in preceding 60 days 8.7±10.8 (range: 0-60) 15.7± 18.3 (range: 0-60) 0.018*
Amount of alcohol (# of drinks) 28.2± 39.4 (range: 0–240) 63.5± 86.9 (range: 0–381) 0.0064*
Average number of drinks per drinking day 2.9±1.7 (range: 0–6.7) 3.4± 2.7 (range: 0–14) 0.20
Number of smoking days in preceding 60 days 1.8±5.4 (range: 0-30) 0.7± 2.0 (range: 0-10) 0.16
Number of cannabis use days in preceding 60 days 59.6± 1.6 (range: 49-60) 58.7± 6.8 (range: 47-60) 0.31
Amount of cannabis use in preceding 60 days (grams) 1.9±1.3 (range: 0.19-5.0) 4.1± 12.9 (range: 0.16-12.14) 0.23
Age of first cannabis use (years) 16.0± 4.5 (range: 7-37) 16.1± 3.2 (range: 9-25) 0.86
Duration of regular cannabis use (years) 14.8± 7.6 (range: 3.8-33.3) 15.7± 7.9 (range: 2.7-41.1) 0.54
Time since last cannabis use (hours) 78.7± 6.7 (range: 72.0–107.2) 79.0± 6.4 (range: 72.5–101.0) 0.81
Number of participants meeting criteria for cannabis abuse (current / lifetime) 11/15 23/30 0.025*/0.025*
Number of participants meeting criteria for cannabis dependence (current / lifetime) 17/24 14/19 0.18/0.44
MPS 3.4±4.5 (range: 0-24) 2.6± 2.8 (range: 0-13) 0.26
Pre-fMRI MCQ 283.1± 159.8 (range: 0-500) 208.1±187.5 (range: 0-500) 0.026*
Post-fMRI MCQ 322.4± 169.1 (range: 0-500) 196.3±159.9 (range: 0-500) < 0.001*
Average craving rating to cannabis cue during cue-exposure task 5.5±3.3 (range: 0-10) 4.6± 3.2 (range: 0-10) 0.18
MWC 11.0± 8.4 (range: 0-29) 6.9± 6.1 (range: 0-28) 0.087
THC/Cr level 21.2± 135.6 (range: 0-150) 54.0± 222.7 (range: 0-250) 0.35

MPS, Marijuana Problem Scale; MCQ, Marijuana Craving Questionnaire; MWC, Marijuana Withdrawal Checklist; THC, Δ-9-tetrahydrocannabinol; Cr, creatinine.
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cannabis cue> appetitive cue during the cue-exposure task in the eight
a priori identified regions of interest in the dataset. We also included
behavioral variables, i.e., pre-fMRI MCQ, post-fMRI MCQ, average
craving rating to the cannabis cue during the cue-exposure task, MWC,
MPS, amount of cannabis used in the past two months (in grams), age of
onset of cannabis use, years of cannabis use, and THC/Cr level for a
total of 17 variables. We centered and normalized the dataset and ran
PCA using a custom script in MATLAB 9.2 (MathWorks, Natick, MA).
The PCA algorithm computed PCs and each participant had corre-
sponding values for these PCs, i.e., factor scores. We also calculated
factor loadings that represent the correlation between the original
variables and the PCs and provide insight into which original variables
contributed the most variance in the data. Although the original vari-
ables may be correlated with multiple PCs, we only retained each
variable once in the PC with which it had the highest absolute sig-
nificant correlation coefficient, as is standard (Osborne et al., 2008). To
determine the number of PCs to retain, we calculated the variance ac-
counted for by each PC and used a fixed effect analysis to reconstruct
the dataset using the first M components and obtain an estimated da-
taset. We then calculated the residual sum of squares (RSS) between the
original dataset and the estimated dataset to determine the importance
of each PC. To estimate the generalizability of the model, we used a
random effect analysis through the leave-one-out cross-validation
method (Abdi and Williams, 2010; Efron, 1979). This procedure itera-
tively withholds the observations for each participant and the re-
maining data are used to estimate the observation that was left out,
resulting in a dataset of predicted observations. We then calculated a
predicted residual sum of squares (PRSS) to compare the predicted
dataset with the original dataset. We selected the number of PCs to
retain based on the variance, RSS, and PRSS values (Abdi and Williams,
2010), which indicated the importance of each PC.

To determine whether there were significant differences between
the PC scores of the male and female participants, we conducted se-
parate independent t-tests for each PC. To account for the multiple
comparisons, we defined significance at p<0.01. We also correlated
the PC scores with cannabis abuse and dependence symptom counts to
determine if the PC scores were associated with CUD severity.

2.6. Exploratory analysis

We conducted an exploratory secondary analysis after separating
the female participants into two a priori groups based on self-reported
menstrual cycle phase, resulting in 13 female participants in the

follicular phase of their menstrual cycle (days 0–13) and 22 female
participants in the luteal phase of their menstrual cycle (days 16–29).
We estimated menstrual cycle phase by counting the number of days
between the participant’s self-reported last menstrual cycle and the date
of data collection. Nineteen female participants who were taking birth
control, post-menopausal, breastfeeding, more than 29 days from their
last menstrual period, or did not provide their menstrual cycle in-
formation were excluded from this exploratory analysis. To determine
whether there were significant differences between the PC scores of the
female participants in the follicular and luteal phases and male parti-
cipants, we conducted separate one-way ANOVAs for each PC on the
three groups. We decomposed any significant effects using a post-hoc
Bonferroni correction for multiple comparisons.

3. Results

3.1. Participants

There were no significant differences in age, ethnicity, race, or
education levels between the male and female cannabis users. There
were also no significant differences in the number of tobacco smoking
days and cannabis use days in the preceding 60 days, but male parti-
cipants had a significantly greater alcohol drinking days (male:
15.7±18.3; female: 8.7± 10.8; p = 0.018) and number of drinks
(male: 63.5±86.9; female: 28.2±39.4; p = 0.0064) compared to
female participants. However, the average drinks per drinking day was
not significantly different between the groups (p = 0.20). All partici-
pants were required to abstain from cannabis for 72 h prior to the fMRI
scan and there was no difference in hours since last cannabis use be-
tween the groups (p = 0.81). Eleven female users and 23 male users
met criteria for current cannabis abuse (p = 0.025), 15 female users
and 30 male users met criteria for lifetime cannabis abuse (p = 0.025),
17 female users and 14 male users met criteria for current cannabis
dependence (p = 0.18), and 24 female users and 19 male users met
criteria for lifetime cannabis dependence (p = 0.44).

3.2. Sex-related differences

The RSS (error associated with the fixed effect model) and PRSS
(error associated with the random effect model) values associated with
each PC are depicted in Table 2. The RSS for the model based on the
first five PCs was 2.0 % and the PRSS was 2.2 %, with both suggesting
greater than 97 % accuracy. Based on these values, we extracted the
first five PCs, which accounted for 70.3 % of the variance in the data

Table 2
RSS and PRSS values associated with each PC. The first five PCs were extracted
for further analysis.

PC RSS PRSS

PC1 0.046 0.020
PC2 0.036 0.021
PC3 0.029 0.014
PC4 0.024 0.042
PC5 0.020 0.022
PC6 0.016 0.056
PC7 0.014 0.025
PC8 0.011 0.024
PC9 0.0092 0.040
PC10 0.0072 0.019
PC11 0.0056 0.013
PC12 0.0042 0.024
PC13 0.0029 0.048
PC14 0.0017 0.013
PC15 0.00094 0.032
PC16 0.00044 0.016
PC17 8.7 × 10−32 0.031

PC, principal component; RSS, residual sum of squares; PRSS, predicted re-
sidual sum of squares.

Fig. 1. The variance explained by each principal component (PC). The first five
PCs accounted for 70.3 % of the variance and were extracted for further ana-
lysis.
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(Fig. 1), for further analysis.
The PC loadings (Fig. 2) indicated that PC1 was strongly correlated

with neural response in all eight regions of interest (OFC, r = 0.82,
p<0.001; ACC, r = 0.91, p<0.001; PCC, r = 0.77, p<0.001; NAc, r
= 0.55, p<0.001; dorsal striatum, r= 0.90, p<0.001; amygdala, r=
0.75, p<0.001; insula, r = 0.88, p<0.001; dlPFC, r = 0.67,
p<0.001). PC2 was strongly correlated with subjective craving (pre-
fMRI MCQ, r = 0.79, p<0.001; post-fMRI MCQ, r = 0.85, p<0.001;
average craving rating to cannabis cues, r = 0.76, p<0.001). PC3 was
correlated with amount used (r = 0.41, p<0.001). PC4 was correlated
with age of onset (r = 0.81, p<0.001) and years of use (r = -0.71,
p<0.001). Finally, PC5 was correlated with MPS (r = -0.60,
p<0.001) and THC/Cr level (r = 0.61, p<0.001).

There were significant differences between male and female users in
subjective craving (PC2, p = 0.003, Cohen’s d = 0.58), but no differ-
ences in neural response (PC1, p = 0.21, Cohen’s d = 0.24), PC3 (p =
0.73, Cohen’s d = 0.38), PC4 (p = 0.55, Cohen’s d = 0.11), or PC5 (p
= 0.99, Cohen’s d = 0.01; Fig. 3).

PC1, PC2, and PC3 were positively correlated with lifetime cannabis
dependence symptom count (PC1: r = 0.21, p = 0.033; PC2: r = 0.22,
p = 0.023; PC3: r = 0.26, p = 0.008) and PC2 and PC3 were positively
correlated with current cannabis dependence symptom count (PC2: r =
0.30, p = 0.003; PC3: r = 0.25, p = 0.015). PC5 was negatively cor-
related with cannabis abuse symptom count (current: r = -0.23, p =
0.032; lifetime: r = -0.23, p = 0.018). There were no significant cor-
relations with PC4.

3.3. Exploratory menstrual cycle phase effects

Our exploratory analysis found significant differences between the
groups separated by menstrual cycle in PC2 (i.e., subjective craving)
only (F(2,92) = 4.8, p = 0.010, η2 = 0.097) with female participants
in the follicular phase exhibiting greater PC2 scores compared to male
participants (p = 0.009, Cohen’s d = 0.94). Fig. 3 displays the PC
scores for PC 1-5 separated by sex (Fig. 3A, C, and E) and menstrual
cycle phase (Fig. 3B, D, and F).

4. Discussion

We investigated sex-related differences in neural and behavioral
responses to cannabis cues in heavy cannabis users. We found that

while neural response accounted for most of the variance in the dataset,
there were no sex-related differences; however, there were differences
in subjective craving, which accounted for the second-most variance.
The exploratory analysis suggested that this difference may be driven
by increased estrogen in the follicular phase in female cannabis users,
but must be investigated further. These findings indicate that neural
and behavioral response provide complementary information such that
women experience more intense subjective craving compared to men,
despite similar neural response. Both neural and behavioral measures
must be considered to understand underlying mechanisms of substance
use and determine appropriate treatment interventions that may differ
for men and women.

4.1. Sex-related differences in subjective, but not neural, response to
cannabis cues

We found that neural response to cannabis cues in the regions of
interest contributed to the most variance in the dataset with no sex-
related differences. We did find sex-related differences in subjective
craving such that female users exhibited increased subjective craving
response that was a combination of pre-fMRI MCQ, post-fMRI MCQ,
and response to the cannabis-related cue during the cue-exposure task
compared to male users. When we separated the female users into
groups by menstrual cycle phase, we found that female users in the
follicular phase (when estrogen levels increase) exhibited an increased
craving response compared to male users. It is important to emphasize
that this finding is preliminary and it is unclear whether this increase
may have contributed to the sex-related differences. While some studies
have found no differences in effects of cannabis across menstrual cycle
phase (Griffin et al., 1986; Lex et al., 1984) and no changes in hormone
concentrations with cannabis use in both men and women (Block et al.,
1991), additional studies are required to further investigate the inter-
action between cannabis and menstrual cycles (Terner and de Wit,
2006).

It is important to note that our findings are inconsistent with a
previous study by Lundahl and colleagues that found no significant
differences in subjective craving during a cue-exposure task (Lundahl
and Johanson, 2011). There were some key differences in the demo-
graphics of the participants between the study by Lundahl and Jo-
hanson and the current study, as average years of cannabis use in the
Lundahl and colleagues study was approximately 6.7 years and in the

Fig. 2. Principal component (PC) loadings show the correlation between PCs 1-5 and the original variables. MCQ, Marijuana Craving Questionnaire; MWC,
Marijuana Withdrawal Checklist; MPS, Marijuana Problem Scale; THC, Δ-9-tetrahydrocannabinol; Cr, creatinine; OFC, orbitofrontal cortex; ACC, anterior cingulate
cortex; PCC, posterior cingulate cortex; NAc, nucleus accumbens; dlPFC, dorsolateral prefrontal cortex.
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current study was around 15 years. This difference indicates that be-
havioral differences between the sexes may emerge with continued use.
There were also differences in sample size in the studies (N = 32 in
Lundahl and Johanson, 2011 and N = 112 in the present study) that
may have contributed to the different results. Combined with the
smaller sample size, there may have been a lack of power to detect

differences using the three-way ANOVA as performed by Lundahl and
colleagues. However, our findings were consistent with the study by
Wetherill and colleagues that found no sex-related differences in neural
response to a cannabis cue-exposure task (Wetherill et al., 2015). The
sample size in the current study (N = 112) was higher than that in the
study by Wetherill and colleagues (N = 44), providing further evidence

Fig. 3. Principal component (PC) scores for male and female participants in the left column (A, C, and E) and menstrual cycle phase in the right column (B, D, and F).
Open pink circles represent individual female participants and the open blue squares represent individual male participants. The filled pink circle and blue square
represent the mean score for the female and male participants, respectively. The open green diamonds represent individual female participants in the follicular phase
and open purple triangles represent individual female participants in the luteal phase and the filled green diamonds and purple triangles represent the group mean
respectively. Error bars indicate standard error. Note that in C and D, the filled markers are overlapping and thus are difficult to differentiate.
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for lack of differences in neural response between the sexes. Ad-
ditionally, unlike the present study, the participants included in the
Wetherill et al. study included users who were cannabis-dependent,
suggesting that even when meeting criteria for dependence, there are
no sex-related differences in neural response to cannabis cues. In con-
trast to our findings in resting brain perfusion and metabolism in a
subset of these data (Filbey et al., 2018a), we did not find sex-related
differences in task-related neural response. Future studies may consider
examining how cerebral blood flow during rest translates to neural
response in the cue-exposure task.

Our key finding of the absence of sex-related differences in neural
response, but presence in subjective craving, indicates divergent be-
havioral response even with convergent neural activity. This suggests
that there are interactions with hormones downstream of neural pro-
cessing that influence behavioral response such that subjective craving
is heightened in female users. A variety of factors including biological,
psychological, and sociocultural processes have been postulated to
underlie subjective craving (Abrams, 2000; Skewes and Gonzalez,
2013). These factors may explain how subjective craving emerges from
a montage of processes that underlie individual differences, resulting in
dimorphic behavior and supports a role of hormones downstream of
neural processing that affect behavioral response. As such, a potential
factor that may have a differential downstream effect is stress. Studies
suggest that an increased response to stress is related to heightened
subjective craving (Hartwell and Ray, 2013; Koob, 2008; Sinha, 2008)
via interactions between THC, the HPA axis, and sex hormones (López,
2010; Volkow et al., 2017). Additionally, impairments in self-awareness
and interoception in substance use (DeWitt et al., 2015; Goldstein et al.,
2009; Paulus and Stewart, 2014; Prashad et al., 2018) may affect how
men and women self-report craving differentially (Perkins, 1996).
Further studies are needed to disentangle the potential interactions and
additive effects of these factors.

While there are no other studies in cannabis users that have ex-
amined sex-related differences in neural and behavioral responses to a
cue-exposure task, findings in other substances of abuse may provide
some context to these findings. In cocaine users, studies have reported
that women reported increased subjective craving after exposure to
drug cues (Elman et al., 2001; Kennedy et al., 2013; Kosten et al., 1996;
Robbins et al., 1999). Similar results have been reported in nicotine
with women reporting increased subjective craving to smoking-related
cues (Dickmann et al., 2009; Doran, 2014; Faulkner et al., 2018) and
some studies suggested that these differences may be related to sex
hormones (Franklin et al., 2019, 2015; Sofuoglu et al., 2009, 2001).
However, studies in nicotine have also suggested sex-related differences
in neural response in women (Franklin et al., 2019, 2015; McClernon
et al., 2008). In alcohol users, studies have found that women report
increased subjective craving compared to men (Hartwell and Ray,
2013; Rubonis et al., 1994; Seo et al., 2011). Interestingly, Kaag et al.
reported no differences in subjective craving in male and female alcohol
drinkers, but increased neural response in the dorsal striatum in male
drinkers compared to female drinkers (Kaag et al., 2018). These studies
provide an important context for our findings; however, they exhibit
the same limitations as studies in cannabis users, i.e., they do not
consider the interaction between sex and subjective and neural mea-
sures of craving together. Further examinations of these differences will
shed light on whether patterns of sex-related differences are similar or
different across substances of abuse.

4.2. Amount of cannabis use did not differ between male and female users

Given that measures of cannabis use were similar for male and fe-
male users, consistent with some previous research (Griffin et al.,
1986), we found no sex-related differences in the PCs that correlated
with cannabis use, suggesting that negative consequences relating to
cannabis use and amounts of cannabis used were comparable among
male and female users. This similarity in amount of cannabis use

between the male and female participants was expected in this sample
as per the inclusion criteria as our focus was to investigate differences
in neural and behavioral subjective craving when amount of cannabis
use was similar among male and female users. It is important to note
that other studies have found that men use more cannabis more fre-
quently and in higher quantities than women (Cuttler et al., 2016;
Lopez and Blanco, 2019).

4.3. Clinical implications and relationship with CUD

Exposure to cannabis cues promotes continued use (Milton and
Everitt, 2012; Volkow and Morales, 2015) by activating reward path-
ways that underlie craving (Cousijn et al., 2012; Filbey et al., 2016,
2014, 2009; Lundahl and Johanson, 2011; McRae-Clark et al., 2011;
Wetherill et al., 2015) and the development of CUD. In this study, we
found that female cannabis users exhibited increased subjective craving
compared to male users. Further, PC1 and PC2 correlated with neural
response and subjective craving, respectively, as well as lifetime can-
nabis dependence symptom count. Interestingly, we found that PC1 was
correlated with lifetime cannabis dependence symptom count, but not
current symptom count, and PC2 was correlated with both lifetime and
current symptom count. This suggests that changes in neural response
(i.e., PC1) are associated with the long-term chronic use of cannabis,
but is not sensitive to current use, while subjective craving (i.e., PC2) is
sensitive to both lifetime and current use. Studies in other substances
have reported similar findings including alcohol dependence where
lifetime alcohol dependence was correlated with neural and subjective
response in a cue-exposure task (Sjoerds et al., 2014; Williams et al.,
2009) as well as cocaine dependence (Brewer et al., 2008) and nicotine
dependence (McClernon et al., 2008). This correlation supports pre-
vious findings that increased craving may contribute to the telescoping
effect whereby female users progress through the milestones of CUD
more rapidly than male users and may affect treatment response. Thus,
it is important for clinicians to consider these results to determine the
most effective treatment approaches for individuals.

4.4. Limitations and future directions

The findings in this study must be interpreted within the context of
its limitations. The focus of this study was sex-related differences and
we did not quantify ovarian hormone levels. We calculated menstrual
cycle phases based on self-reported date of last menstrual period that
provided a highly cursory estimate of the current cycle phase. Our
preliminary findings support the role of menstrual cycle in a differential
subjective craving response in men and women, but future studies may
examine this hypothesis by quantifying ovarian hormones to determine
the cycle phase more accurately. Further, our sample contained male
cannabis users that had significantly higher alcohol use, but no differ-
ence in average drinks per drinking day between the groups, suggesting
that some of changes in neural response may have been due to overall
increased alcohol use, which affects the same regions and pathways.
Despite women drinking less alcohol overall, alcohol may have differ-
ences in potency between the sexes, that may differentially affect the
neural and behavior response results. In addition, more male partici-
pants met criteria for cannabis abuse compared to female participants.
Replicating and extending the present findings will also support sci-
entific rigor and prevent reporting bias in the sex-related differences
literature (David et al., 2018).

4.5. Conclusions

This study demonstrates that both neural and behavioral response to
cue-elicited craving are critical for understanding the underlying neu-
robiological mechanisms of cannabis use. Neural and subjective craving
response together accounted for the most variance in the data, but only
subjective craving exhibited sex-related differences, indicating a
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divergent behavioral response between men and women even with
convergent neural activity. The differences in men and women in
continued cannabis use and development of CUD underscore their im-
pact on interventions and treatments and propensity for relapse. A
better understanding of the clinical relevance of sex-related differences
in cannabis use and response will help account for individual differ-
ences and improve clinical outcomes for women.
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