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Abstract

There are significant sex differences in the clinical characteristics of cocaine use dis-

order (CUD). As this is a brain disorder that involves changes in functional connectiv-

ity, we investigated the existence of sex differences among people with CUD

and controls. We used a data-driven method comparing males (n = 20, CK-M) and

females with CUD (n = 20, CK-F) and healthy controls (20 males, HC-M and

20 females, HC-F). The participants undertook a resting-state functional magnetic

resonance imaging exam. Regional homogeneity (ReHo) was performed to identify

group and sex differences. Persons with CUD of both sexes presented lower ReHo

parameters than controls, especially within the parietal lobule. Males with CUD

showed higher ReHo than females in three right-side brain areas: postcentral gyrus,

putamen and fusiform gyrus. It was found that abstinence symptoms severity was

associated with lower ReHo values in the right postcentral gyrus and the right fusi-

form gyrus. Participants with CUD exhibited altered ReHo parameters compared to

controls, similar to what is found in ageing-related disorders. Our data also indicate

that cocaine has sex-specific effects on brain functioning when analysing ReHo.
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1 | INTRODUCTION

Cocaine use disorder (CUD) is a chronic relapsing disorder of the

brain characterized by changes in reward and inhibitory systems.1,2

Resting-state fMRI (rs-fMRI) studies of persons with CUD have

identified alterations in mesocorticolimbic functional connectivity

(FC),3–5 particularly between limbic areas and the default mode

network.6 Moreover, some evidence has shown that brain
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dysfunctions in premotor and supplementary motor areas associated

with cocaine use are distributed across large-scale brain networks,

including the intraparietal sulcus and the orbitofrontal, the anterior

cingulate insular cortices.7

Regional homogeneity (ReHo) evaluates the similarities or coher-

ence of intra-regional spontaneous low-frequency BOLD signal fluctu-

ations in voxel-wise analysis across the entire brain.8 ReHo is based

on the assumption that when the brain is activated, it is in the form of

a cluster rather than a single voxel. It represents the most efficient,

reliable and widely used index of network centrality for characterizing

the FC relationships between a given node in the human brain

connectome regarding its local functional interactions.9 Despite that,

the few studies on FC during resting state in CUD did not include

such an approach.7,10

Sex-related differences in brain function are critical for rs-fMRI

studies. For example, sex-related differences in default mode and dor-

sal attention network connectivity are associated with reward and

punishment,11 and resting-state studies show significant sex-related

differences in connectivity between the frontoparietal and sensory-

motor networks.12–14 However, few studies have investigated sex dif-

ferences in rs-fMRI alterations associated with CUD and, even less so,

such modifications in populations from Latin America.7,15

Therefore, considering that females advance faster from recrea-

tional cocaine use to CUD in comparison to males16 and the adverse

outcomes are more severe within females with CUD,17–19 including

higher subjective cravings20 and higher drug consumption,21 this study

aimed to explore sex differences among persons with CUD and healthy

controls using rs-fMRI. The central hypothesis was that persons with

CUD might experience unique modulation of neural activity with

sex-dependent alterations in brain ReHo during resting state. To test

this hypothesis, we first used rs-fMRI to explore differences in ReHo

between males and females with CUD and healthy controls. Second,

we examined possible relationships between areas with significant

differences in ReHo and clinical characteristics of cocaine addiction.

2 | METHODS

2.1 | Participants

Eighty participants took part in this cross-sectional study—a group of

40 people with CUD (CK), divided into a male (CK-M, n = 20) and a

female (CK-F, n = 20) groups. Given our interest in investigating pos-

sible sex differences in FC that would be specific to CUD, we chose to

include 40 healthy controls (HC), divided into males (HC-M, n = 20)

and females (HC-F, n = 20) to check if possible differences between

CK-M and CK-F would be a specific effect within cocaine users.

We recruited participants with CUD from public drug-treatment

facilities in the local area. During hospitalization, they followed a

standardized cocaine detoxification protocol. As inpatients, they were

in an abstinence-controlled situation with no access to drugs,

including alcohol and cigarettes. We recruited the control participants

from the community through local advertisements. The original

sample was 23 individuals for CK-M, 23 for CK-F, 22 for HC-M and

21 for HC-F. Still, some participants were excluded due to problems

with MRI acquisition (e.g., excessive motion or claustrophobia).

For inclusion, all participants had to (a) be right-handed, (b) self-

declare as being of low or middle socio-economic status, (c) be 18–

50 years old, (d) have >8 years of formal education and (e) have an

IQ >80. Additionally, (f) the participants with CUD should have

tested positive for cocaine in urine screening test during the first

three days of hospitalization (indicating that there had been less

than 1 week since their last cocaine consumption). They also

(g) should have CUD as the primary diagnosis, and (h) their pre-

ferred method of cocaine consumption should be by smoking a rock

(i.e., crack), as the route of use could impact the clinical response.22

Aside from restrictions related to MRI procedures, the exclusion

criteria included the presence of neurologic disorders, HIV or syphi-

lis. For the last two, the participants took a fast-test blood exam.

For participants with CUD, concurrent severe mental disorders were

also an exclusion criterion; we included only patients who had other

substance use disorders or who had depressive and anxiety disor-

ders with no painful symptoms. For the HC, the exclusion criteria

also considered any mental disorder aside from tobacco use disor-

ders. The HC should not have used any medication with neurophar-

macological effects in the last 6 months before assessment and

should not have drunk alcohol in the week before the exam. All par-

ticipants should have tested negative for cocaine, cannabis, amphet-

amines, opioids and benzodiazepines in a urine screening on the

MRI exam. The ethics committees from the institutions involved in

the study approved this work, and all participants gave informed

consent before beginning the procedures.

2.2 | Measures

The presence/absence of mental disorders, including the confirmation

of CUD, were assessed by The Structured Clinical Interview for DSM-IV

Axis I Disorders.23 IQ was assessed with the Wechsler Abbreviated Scale

of Intelligence-II (WASI-II), an IQ score in vocabulary and matrix rea-

soning.24 Because even subclinical symptoms can impact FC

measures,25 on the day of the fMRI exam, we assessed depressive

symptoms using a self-assessment measure—the Beck Depression

Inventory-II.26 We investigated symptoms related to crack cocaine

abstinence with the Cocaine Selective Severity Assessment (CSSA),27

which considers various abstinence symptoms of at least 24 h. It uses

a 0–7 visual analogue scale, and the sum of all items returns a total

score. Participants were assessed by CSSA 60 min before the

MRI exam.

All participants also completed an interview regarding other medi-

cal conditions and sociodemographic characteristics. To better charac-

terize the CK sample and investigate the severity of drug use, the

participants completed the Addiction Severity Index (ASI-6). This

interview evaluates drug use and the related adverse psychosocial

outcomes. The ASI-6 computes composite scores of negative impact

in nine domains: drugs, alcohol, family/children, psychiatric symptoms,
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medical issues, legal problems, employment, social support and social

problems. Higher scores mean more severe problems.28,29

We also assessed childhood maltreatment history with the Child-

hood Trauma Questionnaire (CTQ30), as childhood maltreatment is

documented to have sex-dependent effects on cocaine users.31 The

CTQ is a self-answered 5-point Likert-type questionnaire with

28 items and evaluates the severity of negative life experiences. The

results include a global score and subscores for various types of mal-

treatment. Standard cut-offs can classify the presence or absence of

each type of maltreatment.30,32

2.3 | Procedures

As soon as each crack cocaine user entered the drug-treatment facility

and fulfilled the inclusion criteria, we invited them to participate in the

study. After 1 week of hospitalization, professional psychiatrists inter-

viewed each participant using the SCID-V. Psychologists gave them the

WASI subtests to test their IQs; on the day of the cognitive assessment,

medications were suspended for 24 h. Participants also answered

the ASI-6 during the second week of hospitalization and underwent

an MRI exam between the eighth and 15th day of hospitalization.

HC was invited through advertisements that expressed voluntary

interest and fulfilled the inclusion criteria. Afterward, we scheduled

two assessment sessions for each participant before the exam. In each

�1-h session, the participants answered the same questions as the

CK participants. We planned the MRI exams after finishing all these

assessments.

On the day of their MRI exams, all participants had to test nega-

tive for drugs in a urine screening. Moreover, the participants had to

answer the BDI-II questions. The CK participants also completed the

CSSA. All psychiatric medications were suspended for the CK partici-

pants 36 h before the exam.

2.3.1 | Imaging data acquisition

Data were collected on a GE HDxt 3T scanner using an eight-channel

radio-frequency head coil. At the beginning of the scanning session, a

single, high-resolution T1-weighted anatomic image was collected

(echo time = 2.18 ms; repetition time = 6.1 ms; flip angle = 11�;

number of excitations = 1; slice thickness = 1 mm; field of view-

= 256 mm; resolution = 256 � 256). The rs-fMRI exams were con-

ducted while participants were still and looked at a white cross

centred on a black screen; participants were instructed not to think

about anything. As a result, 210 echo-planar images were acquired

using a single-shot, gradient-echo planar-pulse sequence (echo

time = 30 ms; repetition time = 2000 ms; flip angle = 90�; field of

view = 240 mm; matrix size = 64 � 64). Twenty-nine interleaved,

sagittal, 4.4-mm-thick slices were selected to provide whole-brain

coverage (at a plane resolution of 3.75 � 3.75 mm2). The first three

volumes were eliminated to account for T1 equilibrium effects, leaving

207 images.

2.3.2 | Preprocess of the fMRI data

All preprocessing and statistical analyses were carried out using the

Analysis of Functional NeuroImages33 toolbox. The preprocessing was

performed using the afni_proc.py function, including slice-time and

motion corrections.34 The motion-corrected fMRI images were cor-

egistered with the individual anatomical images (T1).35 The T1 images

were segmented into grey matter, white matter and cerebrospinal

fluid; they were then spatially normalized using a nonlinear registra-

tion to standard space (the MNI152 template).36 Using the same reg-

istration parameters for the T1 images, the fMRI images were

registered to the MNI152 space and then smoothed using a 6-mm

FWHM Gaussian filter. Censoring was performed on all-time points

with a more than 0.3 mm motion. Nuisance regression was performed

using the average time-sequence signal of the white matter and cere-

brospinal fluid and the six motion parameters.37

2.4 | Data analysis

2.4.1 | Group characteristics

One-way analysis of variances (ANOVAs) compared groups for

sociodemographic, childhood maltreatment and depression factors.

For the CK-M and CK-F, the drug use characteristics and abstinence

were computed using independent two-sample t tests.

2.4.2 | Motion

We used a one-way ANOVA to assess the differences in average head

motion between groups. In the case of significant differences, we

investigated specific group-by-group head motion differences for fur-

ther control.

2.4.3 | Regional homogeneity

We used a whole-brain investigation approach to investigate crack use

and sex differences in FC, using ReHo analysis. ReHo assesses the syn-

chrony in BOLD fluctuations within clusters of voxels.38 Since ReHo

measures temporal synchrony among close neighborhoods, it has

been considered an index of network centrality.9,38 After

preprocessing the resting-state fMRI data, we calculated ReHo using

a 27-voxel neighbourhood for each subject. Higher ReHo values mean

a higher degree of localized temporal synchronization within a neigh-

bouring cluster. We computed a 2 � 2 (Group � Sex) ANCOVA with

3dMVM39 for comparing ReHo across groups. Based on the compari-

sons of sample characteristics, we included depressive symptoms

(from BDI-II scores), childhood maltreatment (from CTQ total scores),

head motion, alcohol and cannabis years of frequent use as covariates

due to their significant group differences. Further post hoc tests with

Bonferroni correction explored specific group differences.
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2.4.4 | Multiple comparison adjustments

To correct multiple comparisons, the 3dClustSim programme

was used to calculate a corrected p score of <0.05. Following the

calculation, the analyses were carried out for a cluster of p < 0.005

with a minimum cluster size = 45 voxels (1926 μl).

2.4.5 | Correlation analyses

We first located brain regions using a data-driven approach based on

ReHo values identified significant differences between groups. To

check possible interrelationship between ReHo values from these

brain regions and clinical variables such as addiction severity (ASI-6

drugs score), abstinence symptoms severity (CSSA total score), years

of cocaine use and age of cocaine use onset, Pearson correlations

were applied followed by Bonferroni multiple comparison

adjustments.

3 | RESULTS

3.1 | Sample characteristics

Demographic and clinical characteristics are shown in Table 1.

The CK-F group reported more severe childhood maltreatment

histories than the HC groups. Since we found the main group effect in

the severity of depressive symptoms, we included BDI-II and CTQ

scores as covariates in all comparative analyses of brain functioning.

Regular tobacco use was also more common in CK groups than in HC

groups, which was expected.

Within CK groups, we found significant differences in drug use

characteristics. In terms of alcohol use, CK-M reported higher

years of frequent use and earlier age of first use. On the other

hand, in terms of cannabis use, no significant sex differences

were found regarding the frequency of cannabis use and age of

first use. CK-F users reported higher rates of frequent

tobacco smoking. There were no sex differences regarding years of

regular cocaine use and age of first cocaine use. Still, the CK-F

group reported more severe cocaine abstinence symptoms,

higher addiction severity, and more serious medical problems.

CK-M reported the highest negative impact on family and social

support.

3.2 | Motion

A one-way ANOVA showed significant differences in average head

motion between groups. The post hoc test showed that CK-F had

more head motion than both HC groups. Descriptive results are

detailed in Table 1. Hence, we adjusted all imaging analyses, including

average head motion as a covariate.

3.3 | ReHo

Figure 1 illustrates the two-way ANCOVA results. Table 2 shows

ReHo post hoc comparisons analyses. All results were controlled for

depressive symptoms, childhood trauma, head motion, alcohol and

cannabis use.

When contrasting with CK-F, CK-M showed higher ReHo in three

brain regions: right postcentral gyrus, right putamen and right fusiform

gyrus. CK-M showed higher ReHo in the left superior parietal lobule

and left precuneus when contrasting with HC-M.

Among female groups, CK-F showed lower ReHo than HC-F in

the left inferior parietal lobule, right superior temporal gyrus and left

superior parietal lobule. No differences between HC-M and HC-F

were found.

3.4 | Association between clinical variables and
ReHo measures

We found that abstinence symptoms severity was associated with

lower ReHo values in the Right Postcentral Gyrus (r = �0.48,

p = 0.002; padj = 0.014) (Figure 2A) and Right Fusiform Gyrus

(r = �0.45, p = 0.003, padj = 0.021) (Figure 2B). We also found that

earlier onset of cocaine use was related with lower ReHo in the Right

Postcentral Gyrus (r = �0.32, p = 0.048; padj = 0.33), Right Putamen

(r = �0.33, p = 0.038; padj = 0.26), Right Cuneus (r = �0.33,

p = 0.036; padj = 0.25), but those correlations did not survive multiple

comparison adjustments. When we analysed the relationship between

years of cocaine use and ReHo parameters we found that it was asso-

ciated with higher values in Left Precuneus (r = 0.37, p = 0.019;

padj = 0.13), but it did not survive p adjustment.

4 | DISCUSSION

Despite the main effect of biological sex in ReHo values of resting-

state functional magnetic resonance imaging data, post hoc analysis

only indicated such effect in persons with CUD, probably because it

was much larger within CK groups. We also found that both CK

groups presented lower ReHo parameters than HC groups, especially

within the parietal lobule. Males with CUD (CK-M) had higher ReHo

in three areas on the right side of the brain compared to females with

CUD (CK-F). In addition, Moreover, after adjusting for multiple com-

parisons, it was found that the severity of abstinence symptoms was

associated with lower ReHo values in the regions related to the ven-

tral temporal and visual cortex within persons with CUD.

Although the ReHo method cannot directly measure the intensity

of the local neuron activity, abnormal ReHo signals are related to fluc-

tuations in neuronal activity because they reflect the synchronization

of neuronal activity in the local brain region.8,40 ReHo is a measure of

similarity of the BOLD time series of a given voxel to those of its

nearest neighbors. It has been shown to explain the variance in
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neurovascular coupling and task activations.41 Therefore the decreased

ReHo parameters identified in persons with CUD compared with

controls could reflect less internal consistency in (a) left precuneus and

left superior parietal lobule in males and (b) right superior temporal

gyrus and left superior and inferior parietal lobules in females.

A decreased ReHo in precuneus has been found in cognitively

normal older adults but with higher beta-amyloid retention42 and

within Alzheimer's Disorder (AD) and Mild Cognitive Impairment

(MCI) patients.43 In addition, reduced ReHo in parietal lobules was

identified in participants with MCI.44 This is intriguing because

recently, we demonstrated white matter deficits in cocaine users by

integrating in vivo DTI findings and ex vivo proteomic analysis,

suggesting an ageing-like effect associated with CUD.45

Assuming ReHo as an index of centrality within brain networks,

persons with CUD may have decreased regional connectivity in brain

areas related to facial emotion recognition,41 visuospatial imagery,

episodic memory retrieval, self-consciousness, and the ability to be

engaged in self-related mental representations during rest.46 This is

corroborated by previous findings showing that CUD individuals

exhibited significant impairments in recognizing facial expressions of

fear and anger47 and lower levels of emotional self-awareness.48

We also found that sex differences in ReHo values were only

detected among CK groups, with CK-M exhibiting higher ReHo within

the right hemisphere in the postcentral gyrus, putamen, and the fusi-

form gyrus when compared with CK-M. Thus, this prominent rightward

brain lateralization in males with CUD needs further investigation.

Nonetheless, abstinence symptoms severity was associated with lower

ReHo values in the right postcentral gyrus and the right fusiform gyrus.

Despite the lack of information about lower connectivity in those

areas within CUD, the magnitude of connectivity reduction in sensori-

motor and visual regions was significantly associated with the severity

of harmful or hazardous drinking behaviours in a previous study.49

The authors suggest dysfunction in a brain network in charge of sen-

sory awareness and attention providing important information neces-

sary for decision-making and assessment. Despite our findings being

associated with resting-state conditions, a recent meta-analysis of

regional differences for task-evoked activation during loss anticipation

for participants with addictions showed hyperactivation in the post-

central gyrus.50 The role of the fusiform gyrus in CUD is still largely

unknown, but dopamine was considered to be related to its neural

activity and emotion recognition.51

The present study has limitations that must be kept in mind when

interpreting its results. First, the menstrual cycle affects resting-state

fMRI,12 but this was not controlled. Second, although we noted the

sex differences in tobacco use disorders in Beltz et al.,52 we did not

control for this in our models. Third, even though, as far as we know,

this is the first experiment to study differences between males and

females regarding the effect of cocaine use, the sample size is limited.

Forth, we used stringent criteria to control false positives, but more

extensive imaging studies must be conducted to validate these results.

Fifth, these results should be interpreted in the context of subacute

withdrawal (2–3 weeks).53 Since a linear improvement in negative

affect, cocaine craving, and cognitive skills is expected over the firstT
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F IGURE 1 Analysis of covariance (ANCOVA) map of regional homogeneity (ReHo) in participants with cocaine use disorder (CUD) and
healthy controls (HC) (P < 0.05). The image shows the peak signal of each brain region—using MNI152 template. The color bar shown on the
bottom represents Fscore. (A) The main SEX effect with higher ReHo on Right Superior Frontal Gyrus in male participants. (B) The main GROUP
effects, with HC having lower ReHo in 1: Left Superior Parietal Lobule; 2 Left Postcentral Gyrus; 3: Right Superior Parietal Lobule; 4: Right
Superior Medial Gyrus; 5: Right Cuneus

TABLE 2 ReHo diferences

Post hoc

Contrast CK-M CK-F HC-M HC-F CS
Peak MNI coordinates

Brain region CK-M versus CK-F M (SD) M (SD) M (SD) M (SD) μlð Þ x y z

Right postcentral gyrus CK-M > CK-F** 0.63 (0.07) 0.51 (0.11) 0.60 (0.06) 0.59 (0.05) 3087.0 45 �19 34

Right putamen CK-M > CK-F** 0.56 (0.04) 0.45 (0.10) 0.53 (0.05) 0.53 (0.05) 2186.6 35 �8 3

Right fusiform gyrus CK-M > CK-F** 0.46 (0.05) 0.36 (0.08) 0.43 (0.04) 0.40 (0.06) 1972.2 35 �26 �25

CK-M versus HC-M

Left superior parietal lobule CK-M < HC-M** 0.44 (0.06) 0.43 (0.09) 0.51 (0.04) 0.48 (0.06) 3258.5 �24 �72 56

Left precuneus CK-M < HC-M** 0.49 (0.08) 0.56 (0.13) 0.60 (0.07) 0.5 (0.06) 2786.8 �4 �65 28

CK-F versus HC-F

Left inferior parietal lobule CK-F < HC-F** 0.55 (0.08) 0.48 (0.11) 0.56 (0.06) 0.58 (0.06) 4459.0 �46 �26 49

Right superior temporal gyrus CK-F < HC-F** 0.57 (0.04) 0.48 (0.11) 0.60 (0.05) 0.58 (0.07) 2015.1 59 �26 7

Left superior parietal lobule CK-F < HC-F** 0.47 (0.06) 0.42 (0.09) 0.52 (0.05) 0.51 (0.07) 1929.3 �35 �65 59

Note: CS: Cluster size. Values for all groups were extracted only for representation; analyses were computed using whole brain functional connectivity (FC).

**p < 0.001.

F IGURE 2 Regional homogeneity (ReHo) parameters association with severity of cocaine abstinence and addiction. (A) Abstinence symptoms
severity was associated with lower ReHo values in the Right Postcentral Gyrus. (B) Abstinence symptoms severity was associated with lower
ReHo values in the Right Fusiform Gyrus
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month of cocaine withdrawal,53 we don't know if ReHo findings

would be the same in persons with current use or long-term recovery.

Participants with CUD exhibited altered ReHo parameters com-

pared to controls, similar to those found in AD and MC samples. Spe-

cific sex differences were identified within CK groups, where men

show higher rates of ReHo in brain regions related to sensory aware-

ness, memory, and emotion recognition. Finally, we described the role

of the right postcentral gyrus and right fusiform gyrus in cocaine with-

drawal severity.
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