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Abstract

Objective: The cingulate gyrus is implicated in the neurobiology of addiction, such as chronic
cocaine consumption. Early life stress (ELS) is an important moderator of cocaine use disorder
(CUD). Therefore, we investigated the effect of CUD on cingulate cortical thickness and tested
whether a history of ELS could influence the effects of CUD. Methods: Participants aged 18-50
years (78 with CUD due to crack cocaine consumption and 53 healthy controls) underwent
magnetic resonance imaging and the cingulate thickness (rostral anterior, caudal anterior, pos-
terior, and isthmus regions) was analysed. The clinical assessment comprised the Childhood
Trauma Questionnaire (CTQ) and the Addiction Severity Index. Group comparisons adjusting
by sex, age, and education were performed. Mediation models were generated where lifetime
cocaine use, CTQ score, and cortical thickness corresponded to the independent variable, inter-
mediary variable, and outcome, respectively. Results: Group comparisons revealed significant
differences in six out of eight cingulate cortices, showing lower thickness in the CUD group.
Furthermore, years of regular cocaine use was the variable most associated with cingulate thick-
ness. Negative correlations were found between CTQ scores and the isthmus cingulate (right
hemisphere), as well as with the rostral anterior cingulate (left hemisphere). In the mediation
analysis, we observed a significant negative direct effect of lifetime cocaine use on the isthmus
cingulate and an indirect effect of cocaine use mediated by CTQ score. Conclusion: Our findings
suggest that a history of ELS could aggravate the negative effects of chronic cocaine use on the
cingulate gyrus, particularly in the right isthmus cingulate cortex

Significant outcomes

o Persons with cocaine use disorder presented lower cingulate cortical thickness, and
years of cocaine use was the variable most associated with cingulate thickness.

 Negative correlations were found between early life stress and cingulate thickness.

o A partial mediation effect of early life stress on cingulate was found in cocaine use disorder.

Limitations

o The cross-sectional design cannot address the longitudinal developmental effects of
exposure to early life stress.

o We only measured one aspect of grey matter integrity: cortical thickness.

o The results do not inform whether the observed cortical thinning found in cocaine use
disorder could persist with successful treatment.

Introduction

Cocaine use disorder (CUD) is a severe, complex, and debilitating disease characterised by
changes in reward and inhibitory systems (Volkow et al., 2019). There are four key interrelated
brain circuits that are involved in or affected by CUD, including the reward circuit (e.g. nucleus
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accumbens and additional striatum regions), the learning/memory
circuit (e.g. amygdala and the hippocampus), the motivation/drive
circuit (e.g. orbitofrontal/subcallosal cortices and motor cortex),
and the cognitive control circuit (e.g. dorsolateral prefrontal cortex
and the cingulate gyrus) (Volkow et al., 2016). The cingulate is
implicated with the neurobiology of impulsivity, cocaine craving,
and attentional bias toward cocaine-related cues preceding relapse
(Volkow et al., 2012, Canterberry et al., 2016). In addition, findings
suggest that persons with CUD have hypometabolism in the cin-
gulate gyrus during the first months of withdrawal, suggesting that
altered function, structure, and metabolism of specific cingulate
cortices have clinical implications for the CUD treatment (Volkow
and Fowler, 2000, Volkow et al., 2012).

Individual differences are highly relevant in the context of sub-
stance use disorders. Early-life stress (ELS) is an environmental
factor that substantially increases the risk of developing several
psychiatric disorders, including CUD (Andersen and Teicher,
2009). Moreover, childhood maltreatment has been associated
with worse clinical and treatment outcomes for CUD, as patients
with a history of childhood physical neglect, for instance, exhibited
higher levels of cocaine withdrawal symptoms during detoxifica-
tion treatment when compared with patients with no such
(Francke et al., 2013). In addition to the clinical perspective, neuro-
imaging evidence points to the existence of altered brain develop-
ment trajectories associated with ELS exposure (Teicher and
Samson, 2016), a finding that could be implicated with the vulner-
ability to substance use disorders later in adulthood (De Bellis et al.,
2019). Consistent with that, studies have reported that ELS (Ross
et al., 2021, Lim and Khor, 2022) and CUD are associated with
alterations in structure, morphology, and function of brain regions
involved in motivation, impulsivity, inhibitory control, and emo-
tional regulation (Teicher and Samson, 2013, Irizar et al, 2020,
Tondo et al., 2021), including the cingulate. For instance, structural
and functional alterations in the cingulate cortices have been
reported following traumatic stress exposure (Baker et al., 2013,
Calati et al., 2018). However, little is known about whether a his-
tory of ELS could interact with CUD effects on the cingulate struc-
ture, providing further insights into the relationship between stress
and addiction at the neuropathophysiological level.

Thus, this study had two main goals: 1) to compare the cortical
thickness (CT) of four cingulate regions (rostral anterior, caudal
anterior, posterior, and isthmus regions) between participants with
CUD and healthy controls; and 2) to test a mediation model where
the severity of exposure to ELS experiences would influence the
association between lifetime cocaine consumption and cingulate
CT alterations. As the cingulate gyrus has been associated with
both ELS and cocaine addiction, we hypothesised that participants
with CUD would have cingulate cortical thinning in comparison
with controls. Moreover, a direct effect of lifetime cocaine use
on cingulate CT was expected, as well as a mediation effect of
ELS on this relationship. Therefore, we employed a hypothesis-
driven region of interest approach to investigate CT alterations
in cingulate subregions.

Importantly, this study was performed with participants who
predominantly consumed smoked cocaine (i.e. crack) instead of
snorted cocaine (Bittencourt et al., 2021). Crack cocaine is associ-
ated with shorter periods of sustained abstinence during treatment,
greater propensity for dependence, higher plasmatic levels of the
substance, greater intensity of psychotropic effects, easier admin-
istration, and lower costs when compared with intranasal and
intravenous use of cocaine (Kiluk et al., 2013, Voon et al., 2016).
Moreover, crack cocaine users are often socioeconomically
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disadvantaged, and previous studies have shown that over 80%
of female crack cocaine users reported lifetime victimisation,
largely during childhood (Tractenberg et al, 2012, Perrenoud
et al., 2021), suggesting that this population of substance users pos-
sess a high risk for the long-term negative consequences of ELS
and CUD.

Methods
Participants

We conducted a cross-sectional study with 78 participants with
CUD and 53 healthy controls. We recruited the CUD group from
public drug treatment inpatient facilities in southern Brazil.
During hospitalisation, they followed a standardised cocaine
detoxification protocol. The treatment consisted of psychoeduca-
tion and support groups, moderate physical activity, a balanced
diet (2200 Kcal/day), nursing care, and psychological and medical
treatments. As inpatients, they were in an abstinence-controlled
environment with no access to any type of drug, including alcohol
and nicotine. We recruited the HC from the same community by
word-of-mouth advertising.

For inclusion, all participants had to (a) be right-handed;
(b) self-declare as being of low or middle socioeconomic status;
(c) be 18-50 years old; (d) have graduated middle school (>8 years
of educational attainment) in Brazil; and (e) have an IQ > 80.
Other criteria for inclusion in the CUD group were having (f) a
mental disorder primarily diagnosed as CUD, confirmed via the
Structured Clinical Interview for DSM-IV Axis I Disorders
(SCID-1V) (Kiibler, 2013); (g) undergone 7-14 days of inpatient
treatment; and (h) tested positive for cocaine in a urine screening
test during the first three days of hospitalisation (indicating they
had used cocaine less than 1 week before the test). As previously
mentioned, participants with CUD had a preference for smoking
cocaine as a route of administration. Handedness was checked
individually using the Handedness Inventory, with scores above
nine indicating right-handedness (Briggs and Nebes, 1975).
Participants were excluded if they presented potential contraindi-
cations for magnetic resonance imaging (MRI) scanning (metallic
implants, recent tattoos, claustrophobia), acute or unstable clinical
illnesses, abuse of other substances 14 days or less before the
study, neurologic disorders, HIV, or syphilis. Participants took a
fast-track blood exam to test for the latter two conditions.
Concurrent severe psychotic mental disorders were also an exclu-
sion criterion; however, we accepted patients who had other sub-
stance use disorders into the CUD group.

For healthy controls, the exclusion criteria also included
psychiatric or neurological disorders aside from tobacco use disor-
der. This sample was screened for major psychiatric disorders
using the SCID-IV (Kiibler, 2013) and administered by a trained
member of the research staff before the date of the MRI exam.
Use of psychotropic medications within 6 months before the study
and use of alcohol within a week before the study were also exclu-
sion criteria.

All participants tested negative for cocaine, cannabis, amphet-
amines, opiates, and benzodiazepines in a urine screening test on
the date of the MRI. Whenever a crack cocaine user checked into
the drug treatment centre and fulfilled the inclusion criteria, we
invited them to participate in the study. After 1 week of hospital-
isation, professional psychiatrists interviewed each participant
using the SCID-IV. Participants underwent an MRI exam between
the eighth and fifteenth days of hospitalisation.
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All procedures were approved and carried out in accordance
with the Ethics Committee of the Pontifical Catholic University
of Rio Grande do Sul (PUCRS). After a complete description of
the study, all subjects provided written informed consent.

Assessments

Sociodemographic characteristics and drug use patterns were
obtained with the Addiction Severity Index - 6™ version (ASI-6)
(McLellan et al., 1980, Kessler et al., 2012). This is a semi-structured
interview that gathers information on recent and lifetime problems
related to substance misuse - including information on licit (tobacco
and alcohol) and illicit drug (cannabis, smoked or snorted cocaine).
A pattern of use of at least three times per week during a year was
considered a regular year of substance use. Data on both snorted and
smoked cocaine were grouped into a single variable.

We assessed childhood maltreatment history with the Childhood
Trauma Questionnaire (CTQ). The CTQ is a self-answered, five-
point, Likert-type questionnaire with 28 items that evaluate the
severity of exposure to ELS. The CTQ generates a total score (pos-
sible score range: 25-125) accounting for five types of maltreatment
experiences (emotional abuse, physical abuse, sexual abuse, emo-
tional neglect, and physical neglect) (Bernstein et al., 1994,
Grassi-Oliveira et al., 2006). In addition, there are quantitative
scores for each type of maltreatment. Qualitatively, the presence
of maltreatment was determined by using the suggested CTQ cut-
off scores for cases of moderate severity.

MRI scanning

All MRI scans were performed in a 3.0T whole-body scanner
(Signa, GE Healthcare, Milwaukee, USA). The three-dimensional,
T1-weighted images were set to the following parameters: repeti-
tion time = 2400 ms, echo time = 15 ms, slice thickness = 1.6 mm,
scan matrix =512 X 512, voxel size = 1 mm?, field of view = 256
mm, and resolution =256 X 256. All T1 images were visually
inspected for the quality of the image and for the absence of appar-
ent motion artefacts. All subjects were invited to undergo a mock
scan in a fake MRI machine before the actual MRI scan. The objec-
tive was to allow them to familiarise themselves with the proce-
dures of this study.

FreeSurfer pre-processing

To assess the subjects’ CT, we carried out cortical reconstructions
using the FreeSurfer (version 5.3) image analysis suite (http://
surfer.nmr.mgh.harvard.edu/). In short, the processing of cortical
reconstructions involves motion correction and averaging (Reuter
et al., 2010) of volumetric T1-weighted images, removal of non-
brain tissue using a hybrid watershed/surface deformation pro-
cedure, automated Talairach transformation, segmentation of
the subcortical white matter and deep subcortical structures
(Ségonne et al., 2004), intensity normalisation tessellation of the
grey matter/white matter boundary (Sled et al., 1998), automated
topology correction (Ségonne et al., 2007), and surface deforma-
tion following intensity gradients to optimally place the grey/white
and grey/cerebrospinal fluid borders at the location where the
greatest shift in intensity defines the transition into the other tissue
class (Fischl and Dale, 2000). Cingulate CT (rostral anterior, caudal
anterior, posterior, and isthmus regions) was extracted by parcel-
lation of the cortex using the Desikan-Killiany atlas (Desikan et al.,
2006). For each of the four cortical cingulate areas in both hemi-
spheres, FreeSurfer calculates the average CT. Reconstructed
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images were visually inspected by three researchers with experi-
ence in neuroimaging and manually corrected for segmentation
or processing mistakes in accordance with FreeSurfer’s trouble-
shooting guidelines. Thus, all T1 images were visually inspected
for the quality of the image and for the absence of apparent motion
artefacts. The edited exams were then reprocessed, and CT data
were extracted from the corrected images.

Statistical Analyses

Descriptive analyses are presented as mean and standard deviation
or absolute and relative frequencies. Differences involving continu-
ous and categorical variables in sociodemographic clinical data
were evaluated using independent t-tests, Yate’s correction for
chi-square, or Fisher’s exact tests, respectively.

Analysis of covariance (ANCOV A) was used to estimate cingu-
late CT differences between groups adjusting by sex, age, and edu-
cation. We estimated Cohen’s D effect sizes for the CT group
comparisons. Pearson’s correlation was used to measure the asso-
ciation between sociodemographic/clinical variables and CT in the
whole sample. Spearman’s correlation was used to measure the
associations only in the CUD group due to less sample size.

The cingulate regions with significant differences between
groups and significant associations with CTQ scores were inserted
in a mediation model in which lifetime cocaine use, CTQ scores,
and cingulate thickness were defined, respectively, as the indepen-
dent variable, the intermediary variable, and the outcome. Within
these models, the direct effect corresponds to the effect of cocaine
use on CT in the absence of the mediating variable (CTQ). The
indirect effect corresponds to the effect of cocaine use on CT
through the mediating variable. Indirect effects were estimated
using the bootstrap bias-corrected method that generates 95% con-
fidence intervals (CIs). Cls that do not contain zero or both pos-
itive/negative values indicate statistically significant direct or
indirect effects in mediation models with 10,000 bootstrap sam-
ples. The total effect equals the sum of both direct and indirect
effects. The graphical model is displayed in Fig. 4. The covariates
included in the mediation analyses were the same as in the
ANCOVAs (ie. sex, age, and education). Spearman’s correlation
was performed to evaluate relationships involving CTQ scores
and the mediation result between CUD participants.

All statistical analyses were performed using SPSS v. 26.0 (SPSS
Inc., Chicago, IL, USA). Mediation analysis was performed using
PROCESS v. 3.5 by Andrew Hayes (Hayes and Preacher, 2014).

Results
Sample characteristics

Demographic and clinical characteristics are shown in Table 1. The
CUD group was older, had fewer years of education, had higher
rates of unemployment, and had fewer participants self-declared
as white. Furthermore, the CUD group had more severe exposure
to ELS experiences than the control group, with higher CTQ scores
among CUD participants than healthy controls. Similarly, the
CUD group presented a significantly higher prevalence of physical
abuse (p=.003), emotional abuse (p=.019), emotional neglect
(p =.002), and physical neglect (p =.001), considering the quanti-
tative scores for each type of ELS. Qualitatively, among the CUD
group 27 participants (34%) presented childhood physical abuse
history, 17 participants (22%) presented childhood sexual abuse
history, 26 participants (33%) presented childhood emotional
abuse history, 25 participants (32%) presented childhood
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Table 1. Sample characteristics
Variables HC (n=53) CK (n=78) p-value
Age (years; mean t SD) 28.39 (6.8) 33.83 (6.8) 0.001
Education (degree; mean + SD) 1.96 (0.47) 1.17 (0.69) 0.001
Sex (male:female) 18:35 40:38 0.051
Ethnicity (caucasian; %) 64.7% 44.9% 0.027
Employment (%) 86.3% 61% 0.002
Years in life that drank alcohol regularly. three or more days a week (mean + SD) 0.26 (0.97) 6.30 (7.41) 0.027
Years in life that smoked tobacco regularly. three or more days a week (mean + SD) 17.46 (3.1) 13.77 (3.7) 0.001
Years in life that smoked cannabis regularly. three or more days a week (mean + SD) - 15.50 (4.3) -
Years in life that used cocaine/crack regularly. three or more days a week (mean + SD) - 9.46 (5.8) -
CTQ total score (meantSD) 35.0 (12.1) 47.0 (17.7) 0.001

Legend. HC: healthy controls. CK: Crack-cocaine use disorder. Education: 0 - no formal education. 1 - elementary/middle school. 2 - high school. 3 - college.

emotional neglect history, and 24 participants (30%) presented
childhood physical neglect history, while among the control group
6 participants (11%) presented childhood physical abuse history, 5
participants (9%) presented childhood sexual abuse history, 8 par-
ticipants (15%) presented childhood emotional abuse history,
4 participants (7%) presented childhood emotional neglect history,
and 4 participants (7%) presented childhood physical neglect
history.

Regular alcohol use was more common in the CUD group than
in the control group, while regular tobacco use was more common
in the control group than in the CUD group. No participant in the
control group presented histories of regular cocaine/crack
consumption.

Cortical thickness

Freesurfer analyses revealed cingulate regions with significant CT
in CUD participants compared with healthy controls (Fig. 1).
Group comparisons controlled for sex, age, and education
revealed significant differences between groups in six regions
out of eight (LH - left hemisphere / RH - right hemisphere), show-
ing lower CT in the CUD group compared with the control
group (p-values < 0.05). Compared with controls, the CUD group
showed lower CT in the LH caudal anterior cingulate (p=
0.009, Cohen’s d=1.01), LH rostral anterior cingulate
(p <0.001, Cohen’s d=1.11), RH rostral anterior cingulate
(p=0.003, Cohen’s d=0.76), LH posterior cingulate thickness
(p= 0.018, Cohen’s d=0.87), RH posterior cingulate (p =0.007,
Cohen’s d=0.76), and RH isthmus cingulate (p =0.003, Cohen’s
d=0.69). Groups did not differ in RH caudal anterior cingulate
and LH isthmus cingulate thickness.

Correlation analyses

Fig. 2A shows the correlation matrix between substance use, sam-
ple characteristics, and cingulate CT. The correlation analysis
between CTQ scores and cingulate thickness showed that CTQ
scores were negatively correlated with RH isthmus cingulate and
with LH rostral anterior cingulate thickness. At the same time,
there were no significant associations with other cingulate regions.
Furthermore, there were significant associations between cingulate
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thickness and age/education. Age was negatively correlated with
almost all cingulate regions, except for the RH and LH isthmus cin-
gulate. Similarly, education was positively correlated with almost
all cingulate regions, except for the RH isthmus and the RH rostral
cingulate. We also performed a scatter plot to show the association
between CTQ scores and RH isthmus cingulate thickness (Fig. 2B).

Regarding licit/illicit drugs, years of regular cocaine use was the
variable most associated with cingulate thickness, negatively
correlated with LH caudal anterior cingulate, LH posterior cingu-
late, RH caudal anterior cingulate, RH isthmus cingulate, and
posterior cingulate thicknesses. Additionally, the correlational
analysis revealed that years of regular alcohol use were negatively
correlated with LH caudal anterior cingulate, RH caudal anterior
cingulate, and LH rostral anterior cingulate thicknesses. There
were no associations between tobacco/cannabis and cingulate
thickness.

Mediation model

We ran mediation models in which years of regular cocaine use (if
a control participant had never used cocaine, it was computed as
zero years) was the predictor of cingulate thickness and tested
whether CTQ scores could underlie this association. These analy-
ses were controlled for age/education/sex and allowed us to iden-
tify the direct and indirect effects of cocaine use through childhood
maltreatment. Thus, we tested the mediation effect only for the RH
isthmus cingulate since this region was correlated with the total
CTQ score in previous analyses.

In the mediation analysis, we found a negative significant direct
effect of cocaine use on the RH isthmus cingulate (b = —0.005,
95%CI [—0.009, —0.002]) and an indirect effect mediated by
CTQ scores on the RH isthmus cingulate (b =—0.001, 95%CI
[—-0.002, —0.0001]), suggesting partial mediation. The media-
tion model showed a significant improvement over a null model
(R=0.37; R-squared = S 0.14; Mean Square Error=0.011;
p=0.0006. Specifically, 16.66% of the model’s total effect
(b=-0.006, 95%CI [—0.010, —0.003]) was explained by the
indirect effects mediated by ELS. Also, a marginal interaction
effect was observed for sex (p = 0.055). The mediation model
is shown in Fig. 3. Additionally, Spearman’s correlation analysis
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and tobacco represent years of regular consumption. CTQ, represents the total score. B: Correlation between CTQ total score and isthmus cingulate (right hemisphere) cortical

thickness.

Fig. 3. The direct effect means the effect of
cocaine use on CT when the mediating variable
(CTQ) is not included. The indirect effect means
the effect of cocaine use on CT through the mediat-
ing variable. 95% confidence intervals (Cls) that do
not include zero, or both positive/negative values,
indicate statistically significant effects. The total
effect is the sum of the indirect/direct effect in
the mediation model. A pattern of crack-cocaine

Mediation model

CTQ total score

Indirect effect, b=-0.001
95%CI (-0.002, -0.0001)

-0.27**

use at least three times per week during a year
was considered as a regular year of crack-cocaine
consumption. Univariate standardized regression
coefficients are presented above lines, showing a
positive association between the predictor and
the mediator, and negative associations between
the predictor/mediator with the outcome.

Crack-cocaine years of
use

between the RH isthmus cingulate and CTQ scores for each type
of maltreatment experience in the CUD group only showed a
negative correlation with childhood physical abuse score (rho
0.25, p =0.024), while there were no significant associations
between other CTQ scores and RH isthmus.

Since we also found a negative correlation between alcohol use
and LH rostral anterior cingulate thickness, we also tested the
mediation model with alcohol instead of cocaine use as the main
predictor. Neither a direct effect of alcohol (b = —0.0009, 95%CI
[—0.004, 0.002]) nor an indirect effect of ELS/alcohol (b = —0.0004,
95%CI [—0.001, 0.0004]) were detected.
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Direct effect, b=-0.005
95%CI [-0.009, -0.002]

Total effect, b=-0.006 - 95%CI (-0.010, -0.003)

Right Isthmus Cingulate
Thickness

Discussion

Using structural MRI data, we compared cingulate CT between
CUD patients and healthy control subjects. Group comparisons
revealed significant differences in LH caudal anterior cingulate,
LH rostral anterior cingulate, RH rostral anterior cingulate, LH
posterior cingulate, RH posterior cingulate, and RH isthmus cin-
gulate thicknesses, with a significantly lower CT in the CUD group
than in the control group. We also observed higher CTQ scores in
the CUD group than in the control group. Significant negative cor-
relations were found between CTQ scores and CT of the RH
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isthmus cingulate and the LH rostral anterior cingulate. The
mediation analysis showed a negative significant direct effect of
cocaine use on isthmus cingulate CT and an indirect effect medi-
ated by CTQ scores on isthmus cingulate CT, suggesting partial
mediation. Particularly, 16,66% of the model’s total effect was
explained by the indirect effects mediated by ELS. We demon-
strated that ELS is related to CUD and, in conjunction with it,
mediates the effect of CUD on decreased isthmus cingulate thick-
ness in the right hemisphere. This supports the role of ELS as a key
environmental stressor that influences brain developmental trajec-
tories associated with drug addiction.

Previous neuroimaging studies observed that the cingulate cor-
tex of cocaine users has abnormalities in perfusion (Childress et al.,
1999), white matter fractional anisotropy (Tondo et al., 2021), and
grey matter density compared with controls (Ersche ef al., 2012).
Similar to our findings, Connolly et al., observed a negative asso-
ciation between years of cocaine use and grey matter volume of the
cingulate gyrus (Connolly et al., 2013). More specifically, the ante-
rior cingulate cortex is involved in reward processing and motiva-
tional salience and governs cognitive control processes such as
attention and inhibition (Bubb et al., 2018, Zhao et al, 2021).
Consistent with these observations, the rostral anterior cingulate
cortex has been previously linked to encoding aversive emotional
states (Rainville et al., 1997) and uncertainty in the decision-mak-
ing framework (Bush et al., 2000), and particularly in the suppres-
sion of task-irrelevant emotional information (Davis et al., 2005).
The posterior cingulate cortex is a primary node of the default
mode network and is related to drug abuse (Li et al, 2013).
Thus, the cingulate cortex serves not only as a crucial neural sub-
strate characterising the neurobiological mechanisms of addiction
but also has the potential of a therapeutic target and neuroimaging-
based biomarker of CUD (Zhao et al., 2021). Indeed, given that the
cingulate cortex is also implicated in the modulation of cue-
induced cocaine craving (Kilts et al., 2004), evidence suggests that
bilateral transcranial stimulation over the prefrontal cortex
changes the drug-cued reactivity in the cingulate cortex in patients
with CUD (Conti and Nakamura-Palacios, 2014).

We also verified a mediation effect of ELS severity within the
relationship between lifetime cocaine consumption and cingulate
CT, suggesting that adverse experiences during childhood, such as
abuse and neglect, could aggravate the effects of CUD later in life
regarding thinning of the right isthmus cingulate CT. Importantly,
the mediation model suggested that some percentage of the total
model effect was due to the influence of a history of ELS (i.e. indi-
rect effect), showing that years of substance consumption is not the
only factor associated with altered brain CT. Indeed, evidence sug-
gests that additional psychosocial factors (e.g. childhood maltreat-
ment, adversity, poverty) account for a proportion of the
detrimental effects of substance use disorders in the brain (De
Bellis et al., 2019). For instance, it has been shown that highly trau-
matised Kurdish male refugees and repatriated French citizens
from Algeria presented reduced bilateral isthmus cingulate cortex
volume in comparison with healthy non-traumatized controls
(Calati et al, 2018), suggesting that stressful experiences may
increase the risk to the isthmus cingulate of the adverse effects
of lifetime cocaine consumption.

The results of this study should be interpreted by taking some
limitations into account. First, it must be pointed out that our find-
ings suggest only a partial mediation effect of ELS on the relation-
ship between lifetime cocaine use and decreased isthmus cingulate
thickness. It suggests that other pathophysiological mechanisms
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underlie the association between lifetime cocaine use and cingulate
thickness. Second, the CUD group was older and had lower educa-
tional attainment than the control group, which is important
because age and education are associated with differences in brain
structure. However, all statistical analyses were controlled for age
and education. Third, our study is cross-sectional, so it cannot
address the longitudinal developmental effects of exposure to
childhood maltreatment on CT. Despite the cross-sectional design,
we used mediation analysis to investigate this relationship.
Therefore, with all due caution, given the nature of our data, the
statistical method can facilitate an understanding of the relation-
ships between these factors. Fourth, the results also do not inform
whether the observed cortical thinning found in CUD subjects
could persist with successful treatment and long abstinence peri-
ods. Thus, prospective studies also need to explore the relevance
of these findings to the progression of drug addiction, prediction
of relapse, and treatment outcomes. Lastly, we only measured one
aspect of grey matter integrity: CT. Therefore, we cannot rule out
the existence of other anatomical alterations associated with CUD.
Future studies using other measures and analysis methods should
help elucidate these functional changes to the underlying brain
structure.

Conclusion

Our results provide evidence of the interactive effects of both child-
hood maltreatment and lifetime cocaine use on the cingulate gyrus
among persons with CUD, suggesting putative mechanisms by
which exposure to ELS may create a vulnerable brain substrate
for the effects of CUD later in life. This finding is important for
our understanding of the effects of trauma, stress, and CUD on
the grey matter structure of the brain. Because the cingulate gyrus
is implicated in cognitive, emotional, and behavioural control
processes, the effects of CUD on the cingulate cortex may reflect
a progressive loss of control related to addictive behaviours.
Future longitudinal studies should build on the groundwork estab-
lished by the analyses presented in this study to examine both
structure and function of grey matter in clinical groups and to
identify a clinical usage for these neuroimaging markers.
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