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Abstract
Although two thirds of patients with a cocaine use disorder (CUD) are female, little is
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known about sex differences in the (neuro)pathology of CUD. The aim of this explorative study was to investigate sex-dependent differences in prefrontal cortex (PFC)
functioning during a working memory (WM) functional magnetic resonance imaging
(fMRI) task in regular cocaine users (CUs), as PFC deficits are implicated in the shift
from recreational cocaine use to CUD. Neural activation was measured using fMRI
during a standard WM task (n-back task) in 27 male and 28 female CUs and in
26 male and 28 female non-cocaine users (non-CUs). Although there were no main
or interaction effects of sex and group on n-back task performance, WM-related
(2-back > 0-back) PFC functioning was significantly moderated by sex and group:
female compared with male CUs displayed higher WM-related activation of the
middle frontal gyrus (MFG), whereas female compared with male non-CUs displayed
lower WM-related MFG activation. Additionally, WM-related activation of the
inferior frontal gyrus, insula, and putamen was negatively associated with cocaine
use severity in female but not male CUs. These data support the hypothesis of sexdependent PFC differences in CUs and speculatively suggest that PFC deficits may
be more strongly implicated in the development, continuation, and possibly
treatment of CUD in females. Most importantly, the current data stress the
importance of studying both males and females in psychiatry research as not doing
so could greatly bias our knowledge of CUD and other psychiatric disorders.
KEYWORDS

cocaine, gender differences, prefrontal cortex, sex differences, substance use disorder,
working memory
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I N T RO DU CT I O N

prevalence of cocaine use is 2–3 times higher in men than in women,
this gap is slowly closing.2 Although women start using cocaine at a

Cocaine is one of the most commonly used illicit drugs in Europe, and

later age, they are suggested to progress more rapidly to compulsive

the prevalence of use has increased in the past decade.1 Although the

use and have higher relapse rates compared with men.3 A better
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understanding of the role of sex in the (neuro)pathology of cocaine

obscure the interpretation of WM-related neural deficits in psychiatric

use disorder (CUD) could pave the way for the development of sex-

disorders, including CUD.29

4

tailored treatment strategies.

To date, only one study reported on sex differences in WM-

The prefrontal cortex (PFC) plays a key role in cognitive control

related PFC activation in CUD.19 Although this study did not demon-

and emotion regulation, and compromised PFC functioning is thought

strate any significant group (CUD vs. controls) by sex interaction

to promote the shift from recreational to compulsive drug use.5 The

effects on WM-related PFC activation, this was likely due to insuffi-

few studies that investigated the role of sex in CUDs showed lower

cient statistical power (i.e., inclusion of three female vs. 16 male CUD

dorsomedial and ventromedial PFC activity in female compared with

patients). Based on the earlier described findings of lower dmPFC acti-

male cocaine users (CUs) during cocaine cue imagery6 and in response

vation during the processing of emotionally salient stimuli in female

to negative emotional7 and drug-salient stimuli.8 In contrast, female

compared with male CUD patients,6–8 and the finding that pharmaco-

CUs also showed higher dorsomedial PFC activity in response to neg-

logical enhancement of PFC functioning improved cognitive control

ative emotional stimuli.9 Moreover, pharmacological enhancement of

while reducing arousal and craving in female CUD patients

PFC functioning (using the noradrenergic α2-receptors agonist gua-

only,10–12,30 sex-dependent differences in WM-related PFC activation

nfacine) mitigated stress-induced arousal and craving10,11 and

can be expected as well.

12

in CUD females, but not males. These

The main aim of this study was to explore sex-dependent

studies suggest that PFC functioning is specifically impaired in females

differences in WM-related PFC activation in a relatively large sample

with a CUD in the context of emotionally salient stimuli, but it remains

of regular CUs (27 males and 28 females) and non-cocaine users

to be tested if these results generalize to cognitive control-related

(non-CU: 26 males and 28 females) using a standardized WM paradigm

processes.

(the n-back task31). It was hypothesized that (i) CUs would show higher

improved cognitive control

Working memory (WM) refers to the ability to temporarily main-

WM-related (2-back > 0-back; 2-back > 1-back) PFC activation

tain, update, or manipulate information in an active state and is cru-

compared with non-CUs, (ii) females would show higher WM-related

cially involved in cognitive control.13,14 WM performance is generally

PFC activation compared with males, and (iii) WM-related PFC activa-

associated with activation of a network of various PFC and parietal

tion would be highest in female CUs, reflecting inefficient WM-related

brain areas, with increased WM load being associated with increased

processes. Of note, because of the mixed and limited previous findings,

activation.13 In various psychiatric disorders, stronger WM-related

the direction of these hypothesized effects is highly speculative.

(high WM load > low WM load) PFC activation (compared with a
control population) is suggested to reflect compensatory but inefficient neural information processing, leading to deficits in WM

2

METHODS AND MATERIALS

|

performance.15
WM tasks generally require sustained attention, information stor-

2.1

|

Participants

age, memory for temporal order as well as the updating and manipulation of information.16,17 As such, WM-related differences in neural

This study is part of a large project designed to investigate the role of

activation in CUD populations may reflect differences in any of these

sex in the neurocognitive mechanisms underlying CUD. Fifty-four reg-

functions. Neuroimaging research demonstrated WM-related PFC

ular CUs and 54 matched non-CUs who conducted the n-back func-

deficits in CUD, although both higher WM-related PFC activation

tional magnetic resonance imaging (fMRI) task were included in this

(middle frontal gyrus [MFG])18 and lower PFC activation (cingulate

study. All participants were between 18 and 45 years of age and free

gyrus, middle, superior, and inferior frontal gyrus)19 have been

from any MRI contraindications. CUs used cocaine (intranasally) at

reported. Research in other substance use disorders (SUDs) reported

least four times a month in the past 6 months (CUs). Non-CUs were

similar mixed findings, including WM-related (dorsomedial) PFC over-

excluded if they smoked regularly (at least once per week), had an

recruitment in alcohol use disorder (AUD) patients20 and cannabis

Alcohol Use Disorders Identification Test (AUDIT)32 score > 12, used

21

Moreover, higher WM-related (dorsolateral) PFC activity has

cocaine more than five times in their life, or used illicit substances

been reported to predict cannabis use.22–24 In contrast, lower WM-

users.

more than five times in the past 6 months. All participants provided

related PFC activation (middle and superior frontal gyrus, precentral

informed consent and received a monetary compensation. This study

and postcentral gyrus) has also been demonstrated in AUD

was approved by the Ethics Review Board of the Faculty of Social

patients,25,26 with lower WM-related activation of the rostral PFC and

and Behavioral Sciences, University of Amsterdam (ERB number:

ventrolateral PFC predicting relapse to alcohol use.27

2019-DP-9964).

A possible explanation of previous conflicting findings could be
that the majority of these studies did not account for sex differences.
Although most neuroimaging WM meta-analyses in nonsubstance
using populations did not include sex in their analyses, a 2014 meta-

2.2 | Assessment of substance use and
psychological functioning

analysis demonstrated higher WM-related limbic and (middle and
medial) PFC activity in females but higher WM-related parietal activity

Severity of depressive symptoms was assed using the Beck Depres-

in males.28 As such, omitting sex from the analyses could greatly

sion Inventory (BDI-II33), state and trait anxiety was assessed using

3 of 11
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the State and Trait Anxiety Inventory (STAI34), attention deficit hyper-

acquisition. A T1-3D anatomical scan was acquired (TR/TE 8.2/3.8;

active disorder (ADHD) symptom severity was measured using the

matrix 240 × 240; 1 × 1 × 1 mm3 voxel; transversal slices, 8 flip

35

ADHD Rating Scale (ADHD-RS ), and impulsivity was assessed with

angle) for anatomical reference. Echo planar images (EPIs) were

the Barratt Impulsiveness Scale (BIS-1136) in all participants. The fol-

recorded during the n-back task, with 36 ascending axial slices

lowing characteristics of substance use were assessed in CUs only:

(1 × 1 × 1 mm3 voxel size; slice gap 3 mm; TR/TE 1.999/28 ms; matrix

severity of cocaine use and related problems in the past 12 months

80 × 80, 80 flip angle).
Data were preprocessed using fMRIPrep 1.3.242: the anatomical

was assessed using the Drug Use Disorder Identification Test for
37

cocaine (DUDIT ), cocaine use (grams and days per month) in the

scans were corrected for intensity nonuniformity, skull-stripped, spa-

28 days prior to study participation was assessed using the Time Line

tially normalized, and segmented into cerebrospinal fluid, white mat-

Follow-Back procedure,38 and onset age of regular use was assessed

ter, and gray matter. The functional data were corrected for

using an in-house questionnaire. Moreover, motivation to change

susceptibility distortions using a deformation field and subsequently

cocaine use was assessed using the Readiness to Change Question-

coregistered, motion corrected, and smoothed. ICA-AROMA43 was

39

naire (RCQ ), smoking behavior (number of smoking days per week

used to automatically remove motion artifacts, and data were

and cigarettes per day) was assessed using an in-house questionnaire,

resampled to standard space. Further details on the pre-processing

severity of cannabis use was assessed using the Cannabis Use Disor-

pipeline can be found in the Supporting Information.

der Identification Test-Revised.40 Current DSM-5 symptoms for CUD,

fMRI data were further analyzed using SPM12 (http://www.fil.

and cannabis use disorder and AUD were assessed using a

ion.ucl.ac.uk/spm). First level models included separate regressors for

self-reported questionnaire based on the SCID.41

the 0-back, 1-back, and 2-back blocks. These regressors were convolved with a canonical hemodynamic response function. A high pass
filter (1/128 Hz) was included in the first-level model to correct for

2.3

|

Procedures

low-frequency signal drift. The contrasts for the 0-back, 1-back, and
2-back blocks were subsequently entered in a second level model to

Participants were recruited through social media and local advertise-

test for the main and interaction effects of sex, group, and

ments in the Amsterdam area, the Netherlands. After signing informed

n-back load.

consent, participants were screened on inclusion and exclusion criteria.
On the day of testing, participants first completed the questionnaires,
after which the MRI scan was made. Participants were instructed to

2.6

|

Statistical analyses

abstain from any drug use in the 24-h preceding the MRI scan.
Demographics, scores on (clinical) questionnaires, and n-back behavioral performance were compared between groups with standard uni-

2.4

|

The n-back task

variate analysis of variance (ANOVA) in SPSS for Windows (v.26.0).
Differences between groups and sexes in age, alcohol use severity

The n-back task22 consisted of alternating blocks with three load levels:

(AUDIT), depressive symptoms (BDI), state and trait anxiety (STAI),

0-back, 1-back, and 2-back. During each block, participants viewed a

impulsivity (BIS-11), and ADHD symptom severity (ADHD-RS) were

series of 15 letters in sequence, including five targets. Blocks lasted

assessed using 2 × 2 ANOVAs, testing both main and interaction

30 s (each stimulus lasted 2 s), and the interblock interval was 5 s,

effects. One-way ANOVAs were subsequently used to test sex differ-

during which the block instructions were repeated. In 0-back blocks,

ences within the CU group in cocaine use (grams per month and days

participants were instructed to indicate when the target letter “X”

per month), cocaine use severity (DUDIT), onset age of regular

appeared on the screen. In 1-back blocks, participants had to decide if

cocaine use, and cannabis use severity (CUDIT). Chi-square tests were

the letter on the screen was identical to the previous one. In 2-back

additionally used to test for sex differences in the severity of cocaine,

blocks, targets were those letters identical to the letter presented two

alcohol, and cannabis use disorder (mild, moderate, or severe

trials back. Participants were instructed to press a right response box

according to the DSM-5 criteria), the prevalence of smoking (percent

button for targets (right index finger) and a left button for nontargets

weekly smokers and percent daily smokers), and motivation to change

(left index finger). No additional speed or accuracy instructions were

cocaine use. Sex and group differences in n-back performance were

given. Each load level was repeated four times resulting in a 7-min task

assessed in terms of mean reaction time of correct responses and

of 12 blocks. Prior to scanning, all participants first completed a practice

accuracy (proportion correct), using repeated measures ANOVAs.

block of the n-back task outside of the scanner.

To test for main and interaction effects of group, sex, and n-back
load (2-back > 0-back and 2-back > 1-back), a whole-brain analysis was
performed, with mean framewise displacement (FD) values for each

2.5

|

fMRI acquisition and preprocessing

subject as covariate of noninterest to account for potential motion
effect. Whole brain analyses were family-wise error (FWE) rate

A 3.0-Tesla Philips Achieva scanner (Philips Medical Systems, Best,

corrected on cluster level (p < 0.05), with an initial height threshold on

the Netherlands) with a 32-channel head coil was used for data

the voxel level of p < 0.001. This analysis was repeated to test whether
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significant effects were still present after correcting for potential con-

and female CUs scored higher on these variables compared with non-

founding variables. Variables were treated as confounders when there

CU male and non-CU females, female CUs had significant higher BDI,

was a significant interaction effect between group and sex on these

BIS total and BIS motor scores compared with male CUs, while no

variables. This was tested for age, education, AUDIT, BDI, ADHD-RS,

such sex differences were present within non-CUs. Because of these

STAI, and BIS. When a significant whole brain interaction effect was

differences, BDI, BIS motor, BIS total, and adult ADHD-RS scores

found, the nature of this interaction was explored by performing

were treated as confounders in the fMRI analyses. See Table 2 for all

pairwise comparisons (between sexes within groups and between

values and statistics.

groups within sexes) using a small volume correction where the mask of
the significant cluster served as a the small volume. Additionally, the
Marsbar toolbox (http://marsbar.sourceforge.net) was used to extract

3.2

Behavioral results n-back task

|

the mean activity of the significant cluster(s) visualization purposes.
A second whole brain analysis was performed within the CU

There were no significant differences between groups or sexes in n-

group only, with cocaine use (grams per month), cocaine use severity

back performance. There was a significant main effect of n-back load

(DUDIT-scores), as well as its interaction with sex as regressors of

(F2,202 = 182.11, p < 0.001) on reaction times, with reaction times

interest, correcting for variations in FD, to test whether cocaine

increasing with increasing n-back load. The other main or interaction

use and cocaine use severity were associated with WM-related

effects were not significant. There was a significant main effect of

(2-back > 0-back; 2-back > 1-back) brain activity in a sex-dependent

n-back load (F2,204 = 103.47, p < 0.001) on accuracy, with accuracy

matter. This analysis was repeated to test whether significant effects

decreasing with increasing n-back load. The other main and interaction

were still present after correcting for potential confounding variables.

effects were nonsignificant. See Figure 1. See the Supporting Information for a sensitivity analysis on how large the effect size needs to be to
demonstrate significant main and interaction effects of group and sex.

3
3.1

RESULTS

|
|

Demographic and clinical characteristics

On average, male and female CUs started using cocaine regularly at

3.3

fMRI results n-back task

|

3.3.1

|

Main task effect

the age of 23.5 and 21.4 and used 5.5 and 3.8 g of cocaine per month,
on 7.4 and 4.9 days, respectively. Most CUs met the DSM-5 criteria

The main task effects were as expected, with strong WM-related

for CUD (males: 85%, females: 89%). Based on the RCQ, the majority

(2-back > 0-back and 2-back > 1-back) activation of fronto-parietal

of CUs was actively trying to change cocaine intake (males: 59%,

areas and deactivation of the default mode network (Figure 2 and

females: 63%), although only 3% of the participants reported to have

Table S1).

(had) professional help for reducing their cocaine use. Two thirds of all
CUs met the DSM-5 criteria for AUD (males: 85%, females: 59%),
whereas less than one third of the CUs met the DSM-5 criteria for

3.3.2

|

WM-load, group and sex interaction effects

cannabis use disorder (males: 30%, females: 15%). There were no sex
differences in the amount of cocaine used per month, readiness to

WM-related brain activation (2-back > 0-back or 2-back > 1-back) did

change cocaine use, tobacco use, the prevalence of a DSM-5 diagno-

not differ between groups or sexes. For the 2-back > 0-back contrast,

sis for CUD, cannabis use disorder or AUD, cocaine use severity

there was a significant group by sex interaction in the left dorsal MFG

(DUDIT), alcohol use severity (AUDIT), or cannabis use severity

(dMFG). See Table 3 and Figure 2. Pairwise comparisons on this spe-

(CUDIT-R). The only significant sex difference was that CU females

cific cluster demonstrated that the non-CU males had higher WM-

reported to use cocaine on fewer days per month compared with CU

related activation in this region than non-CU females (pFWE-corrected on

males. Therefore, days of cocaine use per month was treated as a con-

peak level

founder in an exploratory within-group fMRI analysis. See Table 1 for

and females. In addition, within non-CU males displayed higher WM-

detailed substance use characteristics and statistics.

related activation in this region compared to CU males (pFWE-corrected

CUs and non-CUs had similar age, educational level, and trait anx-

= 0.002), although no such difference was between CU males

on peak level

= 0.006), whereas CU females displayed higher activation

iety scores, but CUs had significantly higher AUDIT, state anxiety,

in this region compared to non-CU females (pFWE-corrected

impulsivity (BIS attention and BIS planning), and ADHD-RS (childhood

level

and past 6 month) scores. Additionally, females had significant higher

severity scores as regressors of noninterest in the whole brain analysis

state anxiety scores compared with males, whereas males reported

did not alter the outcomes of these analyses (results not reported).

higher childhood ADHD-RS than females. There was a significant

There was no significant group by sex interaction effect for the

group by sex interaction effect on depressive symptoms (BDI scores),

2-back > 1-back contrast.

on peak

= 0.002). Adding BDI, BIS-total, BIS-motor, and ADHD symptom

impulsivity (BIS total and motor subscale), and ADHD-RS scores in the

An exploratory regression analysis was performed to assess the

past 6 months. Follow-up tests revealed that although both male CUs

relationship between WM-related (2-back > 0-back) dMFG activation

5 of 11

COUSIJN ET AL.

TABLE 1

Substance use characteristics in male and female cocaine users
Cocaine users

Main effect sex

Men (n = 27)

Women (n = 27)

23.5 (5.3)

21.4 (4.4)

F1,50 = 2.4, p = 0.12

5.5 (4.1)

3.8 (3.8)

F1,52 = 2.61, p = 0.11

7.4 (4.7)

4.9 (3.3)

F1,52 = 5.3, p = 0.03

Cocaine use
Onset age regular use
Grams per month

a, b

Days per montha, b

χ 2 = 1.43, p = 0.70

Cocaine use disorder (DSM-5)
% no cocaine use disorder

15% (n = 4)

11% (n = 3)

% mild cocaine use disorder

26% (n = 7)

15% (n = 4)

% moderate cocaine use disorder

22% (n = 6)

26% (n = 7)

% severe cocaine use disorder

37% (n = 10)

48% (n = 13)

16.7 (6.0)

16.3 (4.7)

Cocaine use severity (DUDIT)a

F1,52 = 0.08, p = 0.78
χ 2 = 0.48, p = 0.79

Readiness to change (RCQ)
Precontemplation

26% (n = 7)

19% (n = 5)

Contemplation

15% (n = 4)

19% (n = 5)

Action

59% (n = 16)

63% (n = 17)

Percent weekly smokers

52% (n = 14)

74% (n = 20)

χ 2 = 2.86, p = 0.09

Percent daily smokers

30% (n = 8)

33% (n = 8)

χ 2 = 0.09, p = 0.77

Tobacco use

χ 2 = 1.94, p = 0.58

Alcohol use disorder (DSM-5)
% no alcohol use disorder

15% (n = 4)

41% (n = 11)

% mild alcohol use disorder

22% (n = 6)

26% (n = 7)

% moderate alcohol use disorder

26% (n = 7)

11% (n = 3)

% severe alcohol use disorder

37% (n = 10)

22% (n = 6)
χ 2 = 3.51, p = 0.32

Cannabis use disorder (DSM-5)
% no cannabis use disorder

70% (n = 19)

85% (n = 23)

% mild cannabis use disorder

15% (n = 4)

4% (n = 1)

% moderate cannabis use disorder

11% (n = 3)

4% (n = 1)

% severe cannabis use disorder

4% (n = 1)

7% (n = 2)

5.9 (7.7)

4.8 (7.6)

Cannabis use severity (CUDIT)a

F1,52 = 0.25, p = 0.62

Abbreviations: CUDIT, Cannabis Use Disorder identification test; DUDIT, Drug Use Disorder Identification Test; RCQ, Readiness to Change Questionnaire.
Means (standard deviations) or % (n) are depicted.
b
TLFB data of n = 8 subjects were missing (four women and three men). Cocaine using data were based on information provided during screening.
a

and cocaine use severity, grams of cocaine use per month, and

related activation of the vermis (2-back > 0-back) and right calcarine

days of cocaine use per month in the CU group only. This analysis

sulcus/bilateral cuneus (2-back > 0-back and 2-back > 1-back).

(with FD and sex included as covariates) demonstrated that none of

Cocaine use was positively associated with WM-related activation of

these variables were significantly associated with WM-related

the left cerebellum (2-back > 0-back and 2-back > 1-back) and lingual

dMFG activation (DUDIT: B = −0.15, t = −0.97, p = 0.34;

gyrus and vermis (2-back > 1-back). The association between cocaine

days/month: B = −0.46, t = −1.99, p = 0.051; grams/month:

use and WM-related activation of the cerebellum, vermis, and occipi-

B = −0.04, t = −0.26, p = 0.80).

tal cortex was significantly moderated by sex: the association was
positive in males but negative in females. In addition, although cocaine
use was not associated with any WM-related brain activation, the

3.3.3 |
analyses

Within CU group whole brain regression

association

between

cocaine

use

severity

and

WM-related

(2-back > 1-back) activation in the left insula, inferior frontal gyrus,
the cerebellum, and vermis was also moderated by sex, with a nega-

Whole brain regression analyses with cocaine use (grams of cocaine

tive association in females, but not in males. Adding days of cocaine

per month) and cocaine use severity (DUDIT scores) in the CU group

use per month as confounder to the model did not change the out-

demonstrated that cocaine use was negatively associated with WM-

come of these results. See Table 4 and Figure 3.
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TABLE 2

Demographic and clinical variables: Main and interaction effects of group and sex

Nondrug using controls

Cocaine users

Men
(n = 26)

Men
(n = 27)

Agea

26.0 (5.7)

Women
(n = 28)
26.3 (5.0)

28.5 (6.5)

Main effect sex

Main effect
group

Sex * Group
interaction effect

Women
(n = 27)
26.4 (56.8)

Educationb

F1,104 = 0.86,
p = 0.36

F1,104 = 0.97,
p = 0.33

χ 2 = 2.3,
p = 0.51

χ2 = 5.9, p = 0.12

F1,104 = 0.89, p = 0.35

Elementary school

0%

0%

0

4%

(prevocational)
secondary

8%

7%

30%

15%

Senior general/
preuniversity

34%

29%

18%

33%

Higher professional/
university

58%

64%

52%

48%

Alcohol use severity
(AUDIT)a

3.8 (3.1)

4.5 (3.0)

10.8 (5.9)

12.2 (3.9)

F1,104 = 1.8,
p = 0.19

F1,104 = 84.27,
p < 0.001

F1,104 = 0.14, p = 0.71

Depressive symptoms
(BDI)a

4.7 (3.7)

4.5 (5.2)

9.0 (9.0)

14.6 (8.2)

F1,104 = 4.12,
p < 0.05

F1,104 = 29.31,
p < 0.001

F1,104 = 6.61, p = 0.03*

12.9 (13.5)

28.1
(15.3)

22.9 (17.1)

F1,104 = 4.9,
p = 0.029

F1,104 = 8.1,
p = 0.005

F1,104 = 0.2, p = 0.6

15.2 (8.2)

13.4 (8.0)

20.8
(11.3)

27.3 (13.6)

F1,104 = 1.3,
p = 0.25

F1,104 = 23.1,
p < 0.001

F1,104 = 4.2, p = 0.04

Traita

30.9 (7.7)

30.9 (6.3)

34.1 (7.4)

F1,104 = 0.19,
p = 0.66

F1,104 = 3.2,
p = 0.08

F1,104 = 0.23, p = 0.63

Statea

34.0 (8.6)

35.1 (8.6)

35.6
(11.1)

41.1 (9.7)

F1,104 = 4.02,
p < 0.05

F1,104 = 5.23,
p = 0.03

F1,104 = 2.08, p = 0.15

Totala

55.5 (8.4)

55.5 (8.6)

63.9
(10.9)

71.8 (12.3)

F1,104 = 4.00,
p < 0.05

F1,104 = 39.6,
p < 0.001

F1,104 = 4.2, p = 0.04**

Motora

20.4 (2.6)

19.9 (3.3)

23.2 (4.5)

26.5 (5.2)

F1,104 = 3.18,
p = 0.08

F1,104 = 36.8,
p < 0.001

F1,104 = 6.32,
p = 0.01***

Attentiona

14.7 (3.6)

14.6 (3.0)

16.0 (4,5)

18.8 (4.6)

F1,104 = 3.3,
p = 0.07

F1,104 = 12.6,
p = 0.001

F1,104 = 3.6, p = 0.06

Planninga

20.4 (4.4)

21.0 (4.4)

24.7 (4.1)

26.5 (4.8)

F1,104 = 1.8,
p = 0.08

F1,104 = 33.4,
p < 0.001

F1,104 = 0.50, p = 48

0.15 (0.06)

F1,104 = 1.8,
p = 0.18

F1,104 = 10.2,
p = 0.002

F1,104 = 0.69, p = 0.41

ADHD severity (ADHD-RS)
Childhood
Past 6 months

21.0
(16.3)

Anxiety (STAI)a
32.8 (8.7)

Impulsivity (BIS)a

Framewise
displacement (mm)

0.12
(0.05)

0.11 (0.05)

0.18
(0.13)

Abbreviations: ADHD-RS, Attention Deficit Hyperactive Disorder Rating Scale; AUDIT, Alcohol Use Disorder Identification Test; BDI, Beck Depression
Inventory; BIS, Barrat Impulsiveness Scale; STAI: State and Trait Anxiety Inventory.
a
Means (standard deviation) or % (n) are depicted.
b
Highest finished educational level.
*Follow-up tests BDI-scores: CU women > CU men (F1,52 = 5.59, p = 0.02); Non-CU women = non-CU men (F1,52 = 0.02, p = 0.90); CU women > non-CU
women (F1,53 = 29.59, p < 0.001); CU men > non-CU men (F1,51 = 5.16, p = 0.03). **Follow-up tests BIS total: CU women > CU men (F1,52 = 6.24, p = 0.02);
Non-CU women = non-CU men (F1,52 = 0.01, p = 0.98); CU women > non-CU women (F1,53 = 32.71, p < 0.001); CU men > non-CU men (F1,51 = 9.69,
p = 0.003). ***Follow-up tests BIS motor: CU women > CU men (F1,52 = 6.34, p = 0.015); Non-CU women = non-CU men (F1,52 = 0.49, p = 0.49); CU
women > non-CU women (F1,53 = 32.45, p < 0.001); CU men > non-CU men (F1,51 = 7.44, p = 0.01).
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DISCUSSION

the neuropathology of addiction. The aim of this explorative study
was to investigated sex differences in WM-related PFC functioning in

Women have been structurally ignored in addiction-related (neuroim-

regular CUs, as deficits in PFC-mediated cognitive control are crucially

aging) research, and therefore, little is known about sex differences in

involved in the transition from recreational to compulsive cocaine
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F I G U R E 1 Main and interaction effects of working memory (WM) load, group, and sex on reaction time and percentage correct during the
n-back task. Although there was a main effect of WM-load on reaction time (increase) and percentage correct (decrease), these effects were not
moderated by sex, group, or both. CU, cocaine user; WM, working memory

F I G U R E 2 Main and interaction effects of WM load, group and sex. In red, brain regions activated with increasing WM load. In blue, brain
regions deactivated with increasing WM-load. In green, group differences in WM-related brain activation that are significantly moderated by sex.
Mean activity of the whole cluster is extracted and plotted for visualization purposes. The error bars represent the 90% confidence interval. CU,
cocaine user; WM, working memory

TABLE 3

Main and interaction effects of group and sex on working memory-related whole brain activation
Cluster size
(n voxels)

Main effect group or sex

Cluster p-value
FWE-corrected

Peak voxel
z-value

Peak voxel MNI
coordinates (x, y, z)

4.26

−24

Voxel region

No significant voxels

Group x sex interaction
2-back > 0-back

218

0.016

8

60

Left (dorsal) middle frontal gyrus

Note: All whole brain analyses were family-wise error (FWE) rate corrected on cluster level (p < 0.05), with an initial height threshold on voxel level of
p < 0.001.

use.5 WM-related (2-back > 0-back; 2-back > 1-back) PFC activity

related (2-back > 0-back) left dMFG activation: CU females displayed

was hypothesized to be higher in CUs compared with non-CUs, with

higher dMFG activity compared with non-CU females, whereas CU

larger differences in female compare with male CUs. There was no

males displayed lower dMFG activity compared with non-CU males.

main effect of group or sex on brain activity or behavior; however, we

Furthermore, WM-related activation of the vlPFC (including the infe-

did observe a significant group by sex interaction effect in WM-

rior frontal gyrus, insula, and putamen) was negatively associated with
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F I G U R E 3 Working memory load-related activation (2-back > 1-back) of the insula, putamen, and inferior frontal gyrus (in red) is negatively
associated with drug use severity in cocaine using women but not in in cocaine using men. Nonetheless, the brain activation patterns are in the
similar range as non-cocaine using controls. Mean activity of the whole cluster is extracted and plotted for visualization purposes. The error bars
represent the 90% confidence interval. CU, cocaine user

cocaine use severity in female CUs, but not in males. Heightened

WM-related tasks,28 there seems to be a sex-dependent effect on the

WM-related PFC activation is suggested to reflect compensatory but

lateralization of WM-related dMFG activity as well: higher WM-

inefficient information processing, leading to WM deficits.15 As such,

related activation of the right MFG was found in females compared

the current data support our hypothesis that PFC deficits are more

with males, whereas higher WM-related activation of the left MFG

strongly implicated in the neuropathology of CUD in females com-

was found in males,28 which is in line with our finding in non-CUs. Sex

pared with males. Importantly, these findings highlight an urgent need

differences in WM-related brain functioning and lateralization are

to further unravel the role of sex in the mechanisms underlying CUD.

suggested to result from a combination of prenatal hormonal (testos-

Although heightened WM-related PFC activation in CUD (com-

terone) exposure45 and gender-related factors later in life.46 Conse-

pared with a control group) may reflect compensatory (but inefficient)

quently, the current findings may be the result of neurodevelopmental

mechanisms,15,18 heightened PFC activation in recreative CUs (in the

differences, reflecting a sex-dependent predisposition to CUD rather

absence of behavioral deficits) has also been suggested to reflect resil-

than a consequence of cocaine use.

ience to stimulant dependence. In line with this, heightened WM-

It is important to note that no significant group or sex differences

related activation of the ventrolateral and ventromedial PFC has been

were found in behavioral n-back performance. However, the n-back

shown to protect against relapse in alcohol dependent patients.15 In

task is generally considered to be less reliable to assess behavioral

the current study, inferior frontal gyrus activity was negatively associ-

WM-related deficits.47 As such, the behavioral implications of the cur-

ated with cocaine use severity in female CUs only, perhaps reflecting

rent findings remain speculative and future research may benefit from

sex-dependent resilience against the development of compulsive

including a more reliable WM task outside the MRI scanner to assess

cocaine use. It should be noted, though, that the majority of CUs

behavioral WM performance.

included in our study already transitioned from recreational to com-

Although the causal interplay between PFC functioning, CUD and

pulsive cocaine use. Alternatively, although WM-related dMFG activa-

sex can only be established with future longitudinal research, the cur-

tion was unrelated to cocaine use (severity), the negative association

rent findings suggest that PFC deficits are more strongly implicated in

between cocaine use severity and WM-related ventrolateral PFC

the development, continuation, and perhaps also treatment of CUD in

recruitment may reflect a sex-specific (neurotoxic) effect of cocaine

women. Because pharmacological enhancement of PFC control (using

use on the brain, supporting the hypothesis that females are more vul-

the noradrenergic α2-receptors agonist guanfacine)30 reduced arousal

nerable to the (neurotoxic) effects of substances, including cocaine

and craving and improved cognitive control in women with a CUD

and alcohol.44

specifically,10–12 women with a CUD may benefit more from interven-

Unexpectedly, dMFG activation was higher in non-CU males
compared with non-CU females. This is remarkable, as females generally display higher WM-related middle and medial PFC activity com28

pared with males.

tions targeted at improving PFC-related cognitive and emotional control processes.
Inconsistent results from previous SUD studies18–21,25,26 may

Interestingly, although various PFC regions are

be explained by highly variable but mainly low numbers of female

shown to be more active in females compared with males during

participants. An important strength of the current study is that it
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was specifically set-up to elucidate sex differences in PFC function-

ACKNOWLEDG MENTS

ing in regular CUs and non-CUs. As such, CU males and females

The authors would like to thank Nutsa Nanuashvili, Daantje de Bruin,

were matched on most cocaine-use-related variables. Although we

and Annel Koomen for their assistance in data collection.

focused on including nontreatment seeking CUs, the majority of all
included CUs met the DSM-5 criteria of CUD and were actively

FINANCIAL DISCLOSURE

trying to change their cocaine use based on the readiness to change

The project was funded by an Amsterdam Brain and Cognition Talent

questionnaire. Therefore, the current findings likely generalize to

Grant. None of the authors reported biomedical financial interests or

treatment seeking CUs as well.

potential conflicts of interest.

A limitation of the current study is that we only tested for sex differences without taking gender taking into account. According to the

AUTHORS CONTRIBUTI ON

Sex and Gender Equity in Research (SAGER) guidelines, gender is an

AMK was responsible for the study concept, design, data acquisition,

equally important determinant of health and well-being as sex.48

analysis, and preparing the first draft of the manuscript. JC and RR

Although the terms sex and gender are often confused in scientific lit-

provided critical revision of the manuscript for important intellectual

erature, gender refers to the socially constructed roles, behaviors, and

content. All authors critically reviewed content and approved final

identities of female, male, and gender-diverse people, whereas sex

version for publication.

refers to a set of biological attributes in humans and animals that are
associated with physiological features. Future research should take

DATA AVAILABILITY STAT EMEN T

gender as a potential moderating factor in the (neuro)pathology of

The data that support the findings of this study are available from the

addiction into account, for example, by calculating a gender index

corresponding author upon reasonable request.

based on a variety of psychosocial gender-related variables.49 Moreover, CUD is generally associated with polysubstance use. Indeed,

OR CID

approximately two thirds of CUs met the DSM-5 criteria of an AUD

Anne Marije Kaag

https://orcid.org/0000-0001-5696-5758

and almost one third met the DMS-5 criteria of a cannabis use disorder. Although there were no sex differences in the prevalence of

RE FE RE NCE S

comorbid SUDs, we have previously demonstrated that deficits in

1. European Monitoring Centre for Drugs. European Drug Report
[Internet]. European Union Publications Office. 2019. 1–94. Available
from:
http://www.emcdda.europa.eu/system/files/publications/
4541/TDAT17001ENN.pdf_en
2. van Laar M, van Gestel B, Cruts AAN, van der Pol PM,
Ketelaars APM, Beenakkers EMT, et al. Nationale drugs monitor.
2019. 544.
3. Becker JB, McClellan ML, Reed BG. Sex differences, gender and
addiction. J Neurosci Res. 2017;95(1–2):136-147.
4. Becker JB, Mcclellan ML, Reed BG. Review sex differences, gender
and addiction. J Neurosci Res. 2017;95(1-2):136-147.
5. Everitt BJ. Neural and psychological mechanisms underlying compulsive drug seeking habits and drug memories – indications for novel
treatments of addiction. Eur J Neurol. 2014;40:2163-2182.
6. Kilts CD, Gross RE, Ely TD, Drexler KPG. The neural correlates of
cue-induced craving in cocaine-dependent women. Am J Psychiatry.
2004;161(2):233-241.
7. Canterberry M, Peltier MR, Brady KT, Hanlon CA. Attenuated neural
response to emotional cues in cocaine-dependence: a preliminary
analysis of gender differences. Am J Drug Alcohol Abuse. 2016;42(5):
577-586. Available from: https://doi.org/10.1080/00952990.2016.
1192183
8. Volkow ND, Tomasi D, Wang G, et al. Reduced metabolism in brain
‘“control networks”’ following cocaine-cues exposure in female
cocaine abusers. PLoS ONE. 2011;6(2):1-7, e16573.
9. Li C-SR, Kosten TR, Sinha R. Sex differences in brain activation during
stress imagery in abstinent cocaine users: a functional magnetic
resonance imaging study. Biol Psychiatry. 2005;57(5):487-494.
Available from: http://linkinghub.elsevier.com/retrieve/pii/S00063
22304012946
10. Moran-Santa Maria MM, Baker NL, Ramakrishnan V, Brady KT.
Impact of acute guanfacine administration on stress and cue reactivity
in cocaine-dependent individuals. Am J Drug Alcohol Abuse. 2015;41
(2):146-152. Available from: http://informahealthcare.com/loi/ada%
5Cnhttp://ovidsp.ovid.com/ovidweb.cgi?T=JS&PAGE=reference&D=
emed13&NEWS=N&AN=2015775715

PFC structure are strongly associated with the amount of polysubstance use across regular CUs.50 Hence, we cannot fully exclude
potential confounding effects of other substances on PFC functioning
in the current study. In this study, we instructed CUs to remain abstinent for 24 h prior to study participation. We decided to not perform
a urine screening to check this as cocaine metabolites can be detected
in urine up to 6 days after the last use in regular CUs,41 which is much
longer than its psychopharmacological effects. A urine test would,
therefore, not have been a very accurate measure of intoxication in
this specific population. Instead, we used the time-line follow-back
procedure to assess cocaine (and other substance) use prior to the
experiment, which is generally considered to be a highly reliable
method to asses information about substance use, including cocaine
use, in both treatment and nontreatment seeking populations.52
Nonetheless, we cannot fully exclude the possibility that some CUs
were (still) under the influence of some substances.
In conclusion, the current study provides important first evidence
for sex-dependent differences in WM-related PFC recruitment
among regular CUs. Although speculative, these data suggest that
PFC deficits are more strongly implicated in the development,
continuation, and possibly treatment of CUD in females compared
with males. Most importantly, the current findings highlight the
crucial need for (i) including both males and females in (pre)clinical
addiction research and (ii) disaggregating (neuroimaging) findings for
males and females separately.48 Doing so will not only lead to a
better understanding of (sex differences in) the (neuro)pathology
of addiction but could also pave the way for the development of
sex-tailored treatment of SUDs.

10 of 11

11. Fox HC, Morgan PT, Sinha R. Sex differences in guanfacine effects on
drug craving and stress arousal in cocaine-dependent individuals.
Neuropsychopharmacology. 2014;39(6):1527-1537. Available from:
https://doi.org/10.1038/npp.2014.1
12. Milivojevic V, Fox HC, Jayaram-Lindstrom N, Hermes G, Sinha R. Sex
differences in guanfacine effects on stress-induced stroop performance in cocaine dependence. Drug Alcohol Depend. 2017;179(June):
275-279.
13. D'Esposito M. From cognitive to neural models of working memory.
Philos Trans R Soc B Biol Sci. 2007;362(1481):761-772.
14. Baddeley A. Working memory: looking back and looking forward. Nat
Rev Neurosci. 2003;4(10):829-839.
15. Charlet K, Beck A, Jorde A, et al. Increased neural activity during high
working memory load predicts low relapse risk in alcohol dependence. Addict Biol. 2013;19:402-414.
16. Owen AM, Mcmillan KM, Laird AR. N-back working memory paradigm: a meta-analysis of normative functional neuroimaging studies.
Human Brain. 2005;59(December 2004):46-59.
17. Wager TD, Smith EE. Neuroimaging studies of working memory: a
meta-analysis. Cogn Affect Behav Neurosci. 2003;3(4):255-274.
18. Tomasi D, Goldstein RZ, Telang F, et al. Widespread disruption in
brain activation patterns to a working memory task during cocaine
abstinence. Brain Res. 2007;26(1171):83-92.
19. Moeller FG, Steinberg JL, Schmitz JM, et al. Working memory
fMRI activation in cocaine-dependent subjects: association with
treatment response. Psychiatry Res - Neuroimaging. 2010;181(3):
174-182.
20. Wesley M, Lile JA, Fillmore MT, Porrino L. Neurophysiological capacity
in a working memory task differentiates dependent from nondependent
heavy drinkers and controls. Drug Alcohol Depend. 2017;175:24-34.
Available from: file:///C:/Users/Carla Carolina/Desktop/Artigos para
acrescentar na qualificaç~
ao/The impact of birth weight on cardiovascular disease risk in the.pdf
21. Smith AM, Longo CA, Fried PA, Hogan MJ, Cameron I. Effects of marijuana on visuospatial working memory: an fMRI study in young
adults. Psychopharmacology (Berl). 2010;210(3):429-438.
22. Cousijn J, Wiers RW, Ridderinkhof KR, van den Brink W,
Veltman DJ, Goudriaan AE. Effect of baseline cannabis use and
working-memory network function on changes in cannabis use in
heavy cannabis users: a prospective fMRI study. Hum Brain Mapp.
2014;35(5):2470-2482.
23. Tervo-Clemmens B, Simmonds D, Calabro F, et al. Early Cannabis use
and neurocognitive risk: a prospective functional neuroimaging study.
Physiol Behav. 2017;176(10):139-148. Available from: file:///C:
/Users/Carla Carolina/Desktop/Artigos para acrescentar na
qualificaç~ao/The impact of birth weight on cardiovascular disease risk
in the.pdf
24. Tervo-Clemmens B, Simmonds D, Calabro FJ, Day N, Richardson G,
Luna B. Adolescent cannabis use and brain systems supporting adult
working memory encoding, maintenance, and retrieval. Neuroimage.
2018;169(1):496-409.
25. Park M-S, Sohn S, Park J-E, Kim S-H, Yu IK, Sohn J-H. Brain functions
associated with verbal working memory tasks among young males
with alcohol use disorders. Scand J Psychol. 2011;52(1):1-7. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/21054421
26. Tapert SF, Brown GG, Kindermann SS, Cheung EH,
Frank LR, Brown SA. fMRI measurement of brain dysfunction in
alcohol-dependent young women. Alcohol Clin Exp Res. 2001;25(2):
236-245.
27. Charlet K, Beck A, Jorde A, et al. Increased neural activity during high
working memory load predicts low relapse risk in alcohol dependence. Addict Biol. 2014;19(3):402-414.
28. Hill AC, Laird AR, Robinson JL. Gender differences in working
memory networks: a BrainMap meta-analysis. Biol Psychol. 2014;102:
18-29.

COUSIJN ET AL.

29. Jacobs EG, Weiss B, Makris N, et al. Reorganization of functional networks in verbal working memory circuitry in early midlife: the impact
of sex and menopausal status. Cereb Cortex. 2017;27(5):2857-2870.
30. Schulz KP, Clerkin SM, Fan J, Halperin JM, Newcorn JH. Guanfacine
modulates the influence of emotional cues on prefrontal cortex activation for cognitive control. Psychopharmacology (Berl). 2013;226(2):
261-271.
31. Braver TS, Cohen JD, Nystrom LE, Jonides J, Smith E, Noll DC. A
parametric study of prefrontal cortex involvement in human working
memory TODD. Neuroimage. 1997;5(1):49-62.
32. Saunders JB, Aasland OG, Babor TF, De La Fuente JR, Grant M.
Development of the alcohol use disorders identification test (AUDIT):
WHO collaborative project on early detection of persons with harmful alcohol consumption–II. Addiction. 1993;88(6):791-804. Available
from: http://search.ebscohost.com/login.aspx?direct=true&db=pbh&
AN=6617582&site=ehost-live&scope=site
33. Beck AT, Ward CH, Mendelson M, Mocl J, Erbauch J. An inventory
for measuring depression. Arch Gen Psychiatry. 1961 [cited 2013 Nov
1];4(6):561-571. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/13688369
34. Bados A, Gómez-Benito J, Balaguer G. The state-trait anxiety inventory, trait version: does it really measure anxiety? J Pers Assess. 2010
[cited 2012 Mar 21];92(6):560-567.Available from. http://www.ncbi.
nlm.nih.gov/pubmed/20954057
35. Sandra Kooij JJ, Marije Boonstra A, Swinkels SHN, Bekker EM, de
Noord I, Buitelaar JK. Reliability, validity, and utility of instruments for
self-report and informant report concerning symptoms of ADHD in
adult patients. J Atten Disord. 2008;11(4):445-458. Available from:
https://doi.org/10.1177/1087054707299367
36. Patton JH, Stanford MS, Barratt ES. Factor structure of the Barratt
impulsiveness scale. J Clin Psychol. 1995;51(6):768-774.
37. Berman AH, Bergman H, Palmstierna T, Schlyter F. Evaluation of the
Drug Use Disorders Identification Test (DUDIT) in criminal justice and
detoxification settings and in a Swedish population sample. Eur Addict
Res. 2005;11(1):22-31.
38. Sobell L, Sobell M. Timeline follow-back: a technique for assessing
self-reported alcohol consumption. In: Measuring Alcohol Consumption. Totowa, NJ: Humana Press; 1992:41-72.
39. Heather N, Gold R, Rollnick S. Readiness to change questionnaire: user's
manual. 1991 [cited 2017 May 30]; Available from: https://scholar.
google.nl/scholar?hl=nl&q=Readiness+to+Change+Questionnaire%3A
+User's+Manual.+N&btnG=&lr=
40. Adamson SJ, Kay-Lambkin FJ, Baker AL, et al. An improved brief measure of cannabis misuse: the cannabis use disorders identification
test-revised (CUDIT-R). Drug Alcohol Depend. 2010;110(1–2):
137-143.
41. First MB. Structured clinical interview for the DSM (SCID). In: The
Encyclopedia of Clinical Psychology. Hoboken, NJ, USA: John Wiley &
Sons, Inc.; 2015:1-6.
42. Esteban O, Markiewicz CJ, Blair RW, et al. fMRIPrep: a robust
preprocessing pipeline for functional MRI. Nat Methods. 2019;16(1):
111-116.
43. Pruim RHR, Mennes M, van Rooij D, Llera A, Buitelaar JK,
Beckmann CF. ICA-AROMA: a robust ICA-based strategy for
removing motion artifacts from fMRI data. Neuroimage. 2015;112:
267-277.
44. Mann K, Ackermann K, Croissant B, Mundle G, Nakovics H,
Diehl A. Neuroimaging of gender differences in alcohol dependence:
are women more vulnerable? Alcohol Clin Exp Res. 2005;29(5):
896-901.
45. Kalmady
SV,
Agarwal
SM,
Shivakumar
V,
Jose
D,
Venkatasubramanian G, Reddy YCJ. Revisiting Geschwind's
hypothesis on hrain latéralisation: a functional MRI study of digit ratio
(2D: 4D) and sex interaction effects on spatial working memory.
Laterality. 2013;18(5):625-640.

11 of 11

COUSIJN ET AL.

46. Speck O, Ernst T, Braun J, Koch C, Miller E, Chang L. Gender differences in the functional organization of the brain for working memory.
Neuroreport. 2000;11(11):2581-2585.
47. Jaeggi SM, Buschkuehl M. The concurrent validity of the N-back task
as a working memory measure. Memory. 2010;18(4):394-412.
48. Heidari S, Babor TF, De Castro P, Tort S, Curno M. Sex and gender
equity in research: rationale for the SAGER guidelines and recommended use. Res Integr Peer Rev. 2016;1(1):1-9. Available from:
https://doi.org/10.1186/s41073-016-0007-6
49. Ballering AV, Bonvanie IJ, Olde Hartman TC, Monden R,
Rosmalen JGM. Gender and sex independently associate with common somatic symptoms and lifetime prevalence of chronic disease.
Soc Sci Med. 2020;253:1-11.
50. Kaag AM, Schulte MHJ, Jansen JM, et al. The relation between gray
matter volume and the use of alcohol, tobacco, cocaine and cannabis
in male polysubstance users. Drug Alcohol Depend. 2018;187(March):
186-194. Available from: https://doi.org/10.1016/j.drugalcdep.2018.
03.010
51. Preston KL, Epstein DH, Cone EJ, Wtsadik AT, Huestis MA,
Moolchan ET. Urinary elimination of cocaine metabolites in chronic
cocaine users during cessation. J Anal Toxicol. 2002;26(7):393-400.

52. Robinson SM, Sobell LC, Sobell MB, Leo GI. Reliability of the timeline
followback for cocaine, cannabis, and cigarette use. Psychol Addict
Behav. 2014;28(1):154-162.

SUPPORTING INF ORMATION
Additional supporting information may be found online in the
Supporting Information section at the end of this article.

How to cite this article: Cousijn J, Ridderinkhof KR, Kaag AM.
Sex-dependent prefrontal cortex activation in regular cocaine
users: A working memory functional magnetic resonance
imaging study. Addiction Biology. 2021;26:e13003. https://doi.
org/10.1111/adb.13003

