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Luca Presotto,5 Christian Mazzeo,3 Stelvio Sestini,3 and Daniela Perani2,6,7

Abstract

Objectives: Attention-deficit hyperactivity disorder (ADHD) in adulthood shows high co-occurrence rates with
cocaine use disorder (CoUD). The self-medication hypothesis (SMH) provides a theoretical explanation for this
comorbidity. This study investigates the neurobiological mechanisms that could support SMH in adult patients
with attention-deficit hyperactivity disorder with cocaine use disorder (ADHD–CoUD).
Materials and Methods: We included 19 ADHD–CoUD patients (84.2% male; age: 32.11 years [7.18]) and 16
CoUD patients (68.7% male; age: 36.63 years [8.12]). All subjects underwent a fluorine-18-fluorodeoxyglucose
positron emission tomography (18F-FDG PET) brain scan. We tested brain metabolism differences between
ADHD–CoUD and CoUD patients using voxel-based and regions of interest (ROIs)-based analyses. The corre-
lation between dependence/abstinence duration and regional brain metabolism was also assessed in the two
groups. Lastly, we investigated the integrity of brain metabolic connectivity of mesocorticolimbic and nigrostria-
tal dopaminergic systems, and large-scale brain networks involved in ADHD and addictions.
Results: The voxel-wise and ROIs-based approaches showed that ADHD–CoUD patients had a lower metabo-
lism in the thalamus and increased metabolism in the amygdala and parahippocampus, bilaterally, than CoUD
subjects and healthy controls (HCs). Metabolism in the thalamus negatively correlated with years of dependence
in ADHD–CoUD patients. Moreover, connectivity analyses revealed that ADHD–CoUD patients had a more
preserved metabolic connectivity than CoUD patients in the dopaminergic networks and large-scale networks
involved in self-regulation mechanisms of attention and behaviors (i.e., anterior default mode network
[ADMN], executive network [ECN], and anterior salience network [aSAN]).
Conclusions: We demonstrated distinct neuropathological substrates underlying substance-use behaviors in
ADHD–CoUD and CoUD patients. Furthermore, we provided neurobiological evidence in support of SMH,
demonstrating that ADHD–CoUD patients might experience short-term advantages of cocaine assumption
(i.e., compensation of dopaminergic deficiency and related cognitive-behavioral deficits).
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pothesis; self-regulation mechanisms

Impact Statement

This study provides neurobiological evidence for self-medication hypothesis (SMH) in adults with attention-
deficit hyperactivity disorder with cocaine use disorder (ADHD–CoUD). The current results suggest differential
treatment approaches, namely pharmacological approaches for cocaine use disorder (CoUD) individuals with
and without attention-deficit hyperactivity disorder (ADHD), to improve functional adjustment and reduce the
risk of relapse in addictive behaviors. Specifically, stimulant pharmacological treatments (e.g., methylphenidate-
and amphetamine-based stimulants) with a long-acting formulation should be considered the first line of inter-
vention for adults with ADHD–CoUD. Furthermore, these pharmacological treatments could be combined with
evidence-based behavioral interventions for emotional dysregulation in patients with substance use disorders and
ADHD.

Introduction

Attention-deficit hyperactivity disorder (ADHD)
is one of the most common neurodevelopmental disor-

ders, affecting *5% of children and early adolescents
worldwide (Polanczyk et al., 2014). ADHD persists through-
out adulthood in up to 57% of patients (Fayyad et al., 2017).
About 51.7% of adult patients with ADHD had at least one
psychiatric comorbid disorder; substance use disorders
(SUDs) are the most co-occurring conditions (Simon et al.,
2009). Consistently, 20% of adult treatment-seeking individ-
uals with SUDs meet the criteria for ADHD (van de Glind
et al., 2014). Furthermore, a considerable percentage of
treatment-seeking adult individuals with ADHD (*10%)
develop cocaine use disorder (CoUD) (Oliva et al., 2021).

One of the most interesting explanations of the robust asso-
ciation between ADHD and CoUD is the self-medication hy-
pothesis (SMH). The SMH gives a valuable perspective to
understanding the emotional and psychological dimensions
of reliance on drugs (Khantzian, 1997), suggesting that per-
sonality organization, individual characteristics, and inner
psychological states can drive specific drugs assumption as
the best practical solution to relieve such suffering and dis-
tress. Individuals with ADHD bump into cocaine abuse be-
cause of its modulatory effects on hyperactivity, inattention,
and behavioral dysregulation (Mariani et al., 2014).

On the contrary, individuals who use cocaine without a
history of ADHD choose this substance to relieve feelings
of boredom, emptiness, and fatigue, or to elate sensations
and energy (Suh et al., 2008). However, no empirical studies
have demonstrated this hypothesis, and its neurobiological
foundations need more clarification. Further research may re-
veal mechanisms involved in developing and maintaining
different forms of addiction.

Cocaine is a psychostimulant; it binds to the dopamine
transporter (DAT) and blocks its physiological function (do-
pamine reuptake), increasing dopamine availability in the
synaptic cleft. It has been demonstrated that cocaine abuse
is responsible for a dopamine signaling adaptation in meso-
corticolimbic and nigrostriatal dopaminergic pathways (Vol-
kow et al., 2001). Disturbances in these pathways can cause
impaired cognitive abilities, motivational deficits, and alter-
ation of voluntary movement control in ADHD (Gold et al.,
2014).

Decreased attention, restlessness, and impaired learning in
patients with ADHD seem to be caused by the pathological
increased synaptic reuptake of dopamine, resulting in re-
duced levels of extracellular synaptic dopamine (Levy,
1991). The crucial role of dopaminergic systems in the path-
ophysiology of ADHD and the impact of the modulation of
cocaine effects on brain functioning might represent the un-
derlying neurobiological substrate in supporting SMH prin-
ciples in these patients.

Fluorine-18-fluorodeoxyglucose positron emission to-
mography (18F-FDG PET) is a functional imaging technique
that helps understand the brain alterations underlying psy-
chopathological states. 18F-FDG PET represents a proxy
for neuronal activity and an index of synaptic function and
density, and it is used to measure resting-state cerebral met-
abolic rates of glucose (Perani et al., 2020). The application
of multivariate methods to 18F-FDG PET data can reliably
contribute to the in vivo access of the biochemical and func-
tional architecture of the brain, such as brain metabolism,
metabolic network connectivity of large-scale networks,
and neurotransmission systems (Sala et al., 2023).

This study investigates possible neurobiological mecha-
nisms supporting the SMH in adult CoUD subjects with
(i.e., attention-deficit hyperactivity disorder with cocaine
use disorder [ADHD–CoUD]) and without a history of
ADHD (i.e., CoUD). To do so, we investigated the differ-
ences between ADHD–CoUD and CoUD patients in (1)
short- and long-term effects of cocaine on brain functioning
as measured with 18F-FDG PET data, (2) metabolic connec-
tivity alterations of mesocorticolimbic and nigrostriatal dopa-
minergic systems, and (3) the integrity of major large-scale
brain networks involved in ADHD and cocaine addiction.

We hypothesized the presence of brain compensation
mechanisms related to cocaine assumption in ADHD–
CoUD patients; specifically, we expected these mechanisms
to involve the dopaminergic and large-scale brain networks
underlying core psychopathological domains of ADHD
(i.e., self-regulation of attention and behavior).

Materials and Methods

Participants

Expert psychiatrists enrolled the patients at the Psychiatric
Disorders Centre of Ospedale di Prato (NOP) S. Stefano,
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Prato, Italy, between 2016 and 2018. Empirical evidence
supported the reliability of unstructured clinical interviews
based on DSM diagnostic criteria for several mental disor-
ders, including substance-related disorders (Miller et al.,
2001). Expert psychiatrists conducted a traditional diagnos-
tic assessment (Sharp et al., 2013) based on DSM-5 (Ameri-
can Psychiatric Association, 2013) criteria to assess CoUD.
Thirty-five patients were clinically diagnosed as CoUD and
included in the study.

Structured evaluations of adult ADHD compared with un-
structured clinical assessments are recommended (Schneider
et al., 2019). At the time of recruitment, DIVA 2.0 was the
available semistructured diagnostic interview for ADHD in
adults based on DSM-IV-TR criteria (American Psychiatric
Association, 2000). All 35 patients underwent DIVA 2.0
(Kooij and Francken, 2010), administered by a trained psy-
chiatrist to assess the presence of adult ADHD.

Nineteen patients fulfilled the diagnosis of adult ADHD.
Eight patients with ADHD (42%) suffered from the inatten-
tive subtype, four participants (21%) met the criteria for the
hyperactive-impulsive subtype, and seven patients (37%)
showed the ADHD combined type. Abstinence maintenance
was self-reported by patients and demonstrated through a
urine toxicological screening. The participants did not present
other neurological conditions, including pervasive develop-
mental disorders and epilepsy. All patients (ADHD–CoUD
and CoUD) also underwent an 18F-FDG PET brain scan.

Thirty gender-matched healthy controls (HCs) were in-
cluded from the internal database of the In Vivo Human
Molecular and Structural Neuroimaging Unit, IRCCS San
Raffaele Scientific Institute, Milan, Italy. They did not
have a history of neurological or psychiatric diseases or
other chronic illnesses and were not taking psychoactive
medication.

The local ethical committees approved this research study
according to the Helsinki Declaration. All participants or their
caregivers approved and signed a informed consent form.

Regional brain metabolism analysis

Section S1 in the Supplementary Data contains details of
images acquisition and preprocessing. We tested brain me-
tabolism differences between ADHD–CoUD and CoUD
patients using both voxel-based and regions of interest
(ROIs)-based methods. We performed a voxel-wise group
comparison through a Statistical Parametric Mapping
(SPM) two-sample t-test, entering age as a variable of no in-
terest. The p-value was set at p uncorrected <0.005 with clus-
ter extent (Ke)p ‡ 100 voxels. We also analyed the differences
in the means uptake of metabolism among the three groups
(ADHD–CoUD, CoUD, and HCs) in ROIs with crucial rele-
vance for cognitive and behavioral functioning in ADHD and
CoUD conditions (Ivanov et al., 2010; Koob and Volkow,
2010; Mehta et al., 2019).

Based on literature, we selected the following ROIs: fron-
topolar cortex (BA10), anterior cingulate, medial frontal or-
bital cortex, hippocampus, amygdala, dorsal caudate
nucleus, dorsal putamen, ventral striatum, globus pallidus,
thalamus, cerebellum hemispheres, and vermis. We
extracted the mean values of metabolism from each ROI
for all subjects. ROIs were mainly derived from the Auto-
mated Anatomical Labelling (AAL) atlas (Tzourio-Mazoyer

et al., 2002). However, due to some AAL ROIs’ relative
coarseness, we complemented the selected AAL ROIs with
more refined ROIs, especially cerebellar regions and fronto-
polar cortex (BA10), derived from dedicated atlases (Har-
vard Oxford subcortical Atlases available in FSL and
ANATOMY toolbox atlas).

Given the thalamus’s functional-anatomical complexity in
terms of connections with the brain cortex, we used ROIs de-
rived from the Oxford thalamic connectivity atlas that seg-
mented the thalamic gray matter based on white-matter
connectivity traits to six cortical areas (Behrens et al., 2003).
Specifically, this atlas identifies six gray-matter regions named
in accordance with their projection to the cortex: thalamus–
motor, thalamus–parietal, thalamus–prefrontal, thalamus–
premotor, thalamus–temporal, and thalamus–visual.

We computed a linear regression analysis with each ROI’s
metabolism as a dependent variable and age as an indepen-
dent variable. The unstandardized residuals were retained
to represent age-adjusted metabolism values, excluding the
aging effect in the group comparisons. Then, we performed
the analysis of variance with Bonferroni correction for nor-
mally distributed variables and Kruskal–Wallis with Bonfer-
roni correction for nonparametric variables to study the
metabolic difference among CoUD with and without
ADHD and HC groups in the selected ROIs. The statistical
threshold used was p < 0.05.

Lastly, we performed bivariate spearman correlation
analyses to test the correlation between dependence/
abstinence duration and age-adjusted metabolism val-
ues of each ROI. The statistical threshold was p < 0.05
(Benjamin–Hochberg corrected for multiple compari-
sons). Statistical analyses were performed using SPSS
26.0 (SPSS Inc., Released 2019; SPSS for Windows,
Version 26.0; SPSS, Inc., Chicago, IL) and RStudio for
Windows.

Brain metabolic connectivity analyses

Neurotransmitters networks analyses. According to
well-validated node selection and ROIs definition procedures
(Caminiti et al., 2017; Carli et al., 2020), we have addressed
neural networks related to dopaminergic neurotransmission
systems—nigro-striato-cortical and mesolimbic pathways.
Specifically, the two dopaminergic systems were assembled
by considering the topographical organization of ascending
dopaminergic projections based on biochemical, histochem-
ical, and anatomopathological findings (Ciliax et al., 1999;
Fallon, 1988).

ROIs used for the connectivity analyses were derived
from the AAL atlas (www.gin.cnrs.fr/AAL), except for the
bilateral dorsal putamen and caudate nucleus, which were
obtained from Harvard Oxford subcortical atlas available in
FSL. The small dopaminergic nuclei, that is, substantia
nigra pars compacta and ventral tegmental area, were not
included in the analysis due to the limited spatial resolution
of the PET method. For a complete overview of the ROIs
included, see Supplementary Tables S1 and S2 in the Sup-
plementary Data.

Partial correlation analysis. We created a subject-by-
Node/ROI matrix for each group (i.e., ADHD–CoUD,
CoUD, and HCs) to assess the connectivity within the
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nigro-striato-cortical and the mesolimbic dopaminergic path-
ways. The matrices contained the regional metabolic mean
value extracted from each neurotransmitter network’s spe-
cific ROIs for each subject.

We computed partial correlations using MATLAB for
Windows (Mathworks, Inc., Sherborn, MA). Partial corre-
lation is a statistical approach that allows measuring met-
abolic connectivity between two nodes while factoring out
other regions’ contributions (Sala and Perani, 2019). This
multivariate method relies on good reproducibility and
general applicability within experimental settings typical
of PET neuroimaging studies (Veronese et al., 2019).
The resulting partial correlation matrices were set at a sta-
tistical threshold of p < 0.01, uncorrected for multiple
comparisons.

Age was entered as a nuisance covariate in the analyses.
We applied Fisher’s transformation to each coefficient to
test whether the strength of the partial correlation coeffi-
cients (between nodes–dopaminergic networks) differed be-
tween groups (ADHD–CoUD and HCs; CoUD and HCs).
Then, Z-test was used to test significant changes in partial
correlation coefficients. We set the statistical threshold at
p < 0.01, corrected for Bonferroni multiple comparisons.
The resulting z-score matrices were then used to calculate
the percentage of altered metabolic connections of each net-
work and compare them between groups (ADHD–CoUD and
CoUD). See Section S2 in the Supplementary Data for details
of connectivity measures.

Metabolic connectivity in large-scale brain networks: inter-
regional correlation analysis. We performed a brain meta-
bolic connectivity analysis to investigate metabolic
changes in large-scale brain networks of ADHD–CoUD
and CoUD patients compared with HCs. We considered
the large-scale brain networks whose seeds showed maximal
involvement in ADHD and cocaine addiction, namely ante-
rior and posterior default mode networks (ADMN and
PDMN), executive network (ECN), attentive network
(ATTN), sensory-motor network (SMN), basal ganglia net-

work (BGN), limbic network (LIN), and anterior salience
network (aSAN).

Based on the core principle that brain regions whose me-
tabolism is correlated at rest are functionally interconnected
(Horwitz et al., 1984), we applied a voxel-wise interregional
correlation analysis (IRCA). This method was previously val-
idated for 18F-FDG PET data and allowed to derive large-
scale brain metabolic network connectivity starting from
proper seed regions (Lee et al., 2008). Seed ROI was defined
from the functional atlas of large-scale brain networks (Shirer
et al., 2012) (Supplementary Table S3 in the Supplementary
Data).

The mean 18F-FDG seed uptake, extracted separately for
each clinical group, was set as a variable of interest in mul-
tiple regression models, testing for voxel-level correlations
with the whole brain metabolic activity in different groups
(ADHD–CoUD, CoUD, and HCs). Age was used as a nui-
sance variable. The statistical threshold was set at
p-uncorrected <0.005, family-wise error-corrected at the
cluster level, with Kep ‡100 voxels. Differences in network
topography and spatial extension were measured according
to the proper similarity index (i.e., Dice similarity coeffi-
cient) and the number of correlated voxels (Ncv) (Savio
et al., 2017), respectively.

Results

Demographic and clinical features

The ADHD–CoUD and CoUD patients did not differ in
demographic and clinical variables (Table 1). They pre-
sented a comparable percentage of males and females, age,
years of CoUD, and days of abstinence before the scan.

Comparisons between groups in regional metabolism

Voxel-based analyses. ADHD–CoUD patients had re-
duced metabolism in the bilateral thalamus and increased
metabolism in the bilateral amygdala and parahippocampus,
compared with CoUD subjects and HCs (Fig. 1A). CoUD

Table 1. Demographic and Clinical Features of Patients

ADHD–CoUD CoUD HCs Statistic (p)

Number 19 16 30 —
Gender (M/F) 16/3 11/5 24/6 0.520
Age 32.11 – 7.18 36.63 – 8.12 55.83 – 9.55 0.001a

ADHD—inattentive subtype (No.) 8 — — —
ADHD—hyperactive-impulsive subtype (No.) 4 — — —
ADHD—combined subtype (No.) 7 — — —
Years of CoUD 10.89 – 4.88 9.19 – 3.33 — 0.244
Period of abstinence before the scan (days) 4.68 – 3.94 5.50 – 4.35 — 0.590

aHCs differed from both CoUD and ADHD–CoUD patients.
ADHD, attention-deficit hyperactivity disorder; ADHD–CoUD, attention-deficit hyperactivity disorder with cocaine use disorder; CoUD,

cocaine use disorder; F, female; HCs, healthy controls; M, male.

‰

FIG. 1. Brain metabolism regional differences: voxel-wise and ROIs comparisons. (A) Brain metabolic differences
between ADHD–CoUD and CoUD patients were obtained with a data-driven approach (voxel-wise SPM comparisons). The
p-value was set at p uncorrected <0.005 with cluster extent (Ke)p ‡ 100 voxels. (B) Brain metabolic differences between
ADHD–CoUD and CoUD patients revealed by a hypothesis-driven approach (ROI-based regional metabolism comparison;
*p < 0.05; **p < 0.01). ADHD–CoUD, attention-deficit hyperactivity disorder with cocaine use disorder; CoUD, cocaine use
disorder; HCs, healthy controls; ROIs, regions of interest; SPM, Statistical Parametric Mapping.
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patients showed a lower and more diffuse metabolism than
HCs in frontal regions: superior orbitofrontal gyrus, superior
and middle frontal gyrus, bilaterally (Supplementary Fig. S1
in the Supplementary Data). ADHD–CoUD also showed
lower metabolism than HCs in the frontal cortex but was lim-
ited to the right middle frontal gyrus (Supplementary Fig. S1
in the Supplementary Data).

ROIs-based analyses. ADHD–CoUD patients had a
lower metabolism in the thalamus than CoUD subjects and
HCs. ADHD–CoUD patients also showed a higher metabo-
lism than HCs in the amygdala. Both groups (ADHD–CoUD
and CoUD) showed a lower metabolism than HCs in the fron-
topolar cortex; only CoUD patients had lower metabolism
than HCs in the medial orbitofrontal cortex (Fig. 1B and Sup-
plementary Table S4 in the Supplementary Data).

Correlation results. ADHD–CoUD patients showed a
significant negative correlation between thalamus metabo-
lism and years of addiction. ADHD–CoUD patients also
showed a negative correlation between metabolism in the
vermis and days of abstinence. In other words, ADHD–
CoUD participants who reported fewer days of abstinence
had a higher metabolism in the vermis (q =�0.58;
p = 0.038). No significant correlation was found in CoUD pa-
tients (Fig. 2).

Metabolic connectivity

Nigro-striato-cortical network. CoUD patients demon-
strated widespread alteration of metabolic connectivity
within the nigro-striato-cortical dopaminergic network,
showing 39% altered connections compared with HCs. On
the contrary, the connectivity reconfiguration of the same

FIG. 2. Correlation between dependence/abstinence duration and regional metabolism of each ROI. Significant correlations
among age-corrected metabolism values and dependence duration (left) and abstinence duration (right) in ADHD–CoUD
(blue) and CoUD (red) clinical groups (Benjamini-Hochberg correction for multiple comparisons). Among the 17 ROIs ana-
lyzed, only 4 showed a significant correlation with these 2 clinical variables: dependence and abstinence duration. The sub-
regions of the thalamus were derived from the Oxford thalamic connectivity atlas that segmented the thalamic gray matter
based on white-matter connectivity traits to six cortical areas: prefrontal, premotor, parietal, motor, temporal, and visual cor-
tices (Behrens et al., 2003). The six gray-matter regions of the thalamus derived their name according to their projection to the
specific cortices: thalamus–motor, thalamus–parietal, thalamus–prefrontal, thalamus–premotor, thalamus–temporal, and thal-
amus–visual. Three out of six thalamic ROIs significantly correlated with years of dependency duration: thalamus–prefrontal,
thalamus–visual, and thalamus–parietal.
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network was substantially unaffected in the ADHD–CoUD
group—3% of changes compared with HCs. The direct com-
parison between the clinical groups showed that metabolic
connectivity alterations of the nigro-striato-cortical network
were more severe in the CoUD than in the ADHD–CoUD
subjects (v2 = 35.5385; p < 0.00001). See Figure 3A for
nigro-striato-cortical connectivity results.

Mesocorticolimbic network. The analyses found wide-
spread connectivity alterations within the mesolimbic dopa-
minergic network among CoUD patients compared with
HCs—53% of altered connections. On the contrary, the con-
nectivity reconfiguration of the same network was limited in
the ADHD–CoUD group compared with HCs—9% of al-
tered connections. The direct comparison between clinical
groups showed that metabolic connectivity alterations of
the mesolimbic network were more severe in the CoUD sub-
jects than in the ADHD–CoUD subjects (v2 = 41.2698;
p < 0.00001). See Figure 3B for mesolimbic connectivity
results.

Metabolic connectivity in large-scale brain networks:
IRCA results

ADMN and ECN. ADMN and ECN showed excellent
overlap between ADHD–CoUD patients and HCs (ADMN =
92% and ECN = 93%). CoUD patients showed a lower de-
gree of overlap with HCs (ADMN = 66% and ECN = 65%),
and greater decrease of network extension (ADMNNcv =
31,446 and ECNNcv = 31,286) than ADHD–CoUD patients
(ADNNcv = 39,694 and ECNNcv = 40,373).

Posterior default mode network. PDMN was the most
affected network in both groups (PDMNADHD-CoUD = 26%;
PDMNcocaine = 37%), although with divergent changes.
ADHD–CoUD patients showed a reduced network extension
(Ncv = 7210) than HCs (Ncv = 16,561), and the CoUD group
presented a more extended network (Ncv = 23,280) than HCs
(Ncv = 16,561).

ATTN and BGN. ADHD–CoUD and CoUD patients
showed a similar percentage of overlap with HCs in ATTN
(ATTNADHD–CoUD = 44%; ATTNCoUD = 49%) and BGN
(BGNADHD–CoUD = 51%; BGNCoUD = 46%).

SMN. ADHD–CoUD patients showed a higher percent-
age of overlap with HCs (39%) and higher network exten-
sion (Ncv = 18,763) than CoUD patients (26% of overlap
with HCs and Ncv = 5872), suggesting a more preserved
connectivity.

LIN. Despite both clinical groups showing a similar
percentage of overlap with HCs (LINADHD–CoUD =
39% and LINCoUD = 44%), ADHD–CoUD patients presented
a more extended network (Ncv = 9305) than CoUD patients
(Ncv = 3073).

aSAN. ADHD–CoUD patients presented a more pre-
served aSAN than CoUD patients, considering both the
degree of overlap with HCs (ADHD–CoUD = 71%; CoUD =
39%) and network extension (ADHD–CoUD = 35,641;
CoUD = 18,972).

See Figure 4 and Supplementary Tables S5 and S6 in the
Supplementary Data for IRCA results in graphical represen-
tations and indices.

Discussion

ADHD in adults showed high co-occurrence rates with
CoUD. According to the SMH, ADHD patients might use
drugs to suppress distressing symptoms. Cocaine seems to
calm and counteract hyperactivity, emotional lability, and in-
attention in ADHD individuals (Mariani et al., 2014).
Despite the SMH might help explaining the comorbidity of
substance abuse in ADHD, its neurobiological correlates
are not clarified yet.

This study explored the neurobiological mechanisms that
could support SMH in adult patients with ADHD–CoUD
by applying univariate and multivariate connectivity ap-
proaches to 18F-FDG PET data. We expected ADHD–
CoUD patients to have altered brain mechanisms related to
cocaine assumption within brain regions and networks in-
volved in its core psychopathological domains (i.e., self-
regulation of attention and behavior).

We found both detrimental and compensative effects of
cocaine abuse in patients with ADHD–CoUD. Concerning
detrimental cocaine effects, ADHD–CoUD patients showed
a thalamic hypofunction associated with years of cocaine
abuse. We also found possible compensative effects of co-
caine use in ADHD patients: (1) more preserved dopamine
networks (i.e., nigro-striato-cortical and mesocorticolimbic)
than CoUD patients and (2) more preserved brain connectiv-
ity than CoUD patients in those large-scale networks in-
volved in self-regulation mechanisms of attention and
behaviors (i.e., ADMN, ECN, and aSAN) (Goulden et al.,
2014; Sun et al., 2012).

These results provide insight into the neurobiological
mechanisms, and support the SMH. The details of each
main finding are discussed in the following paragraphs.

Both voxel-wise and ROI-based approaches revealed a spe-
cific thalamic hypofunction in ADHD–CoUD patients. Thala-
mus dysfunction is considered a key event in ADHD
pathogenesis, leading to hyperactivity and inattention symp-
toms (Bailey and Joyce, 2015). We also found a significant cor-
relation between number of years of cocaine abuse and lower
metabolism in several thalamic divisions (i.e., prefrontal, vi-
sual, premotor, motor, and parietal) in the ADHD–CoUD
group. A recent study demonstrated that cocaine abuse results
in surface atrophy of the thalamus (Xu et al., 2023). Thus, the
association between thalamus hypometabolism and total years
of cocaine abuse might indicate a long-term detrimental effect
of cocaine use on the thalamus in these patients.

However, we did not find the same relationship in the
CoUD group. The explanation might lay in the higher vulner-
ability of this brain structure in ADHD–CoUD patients than
in CoUD patients due to pre-existing thalamic dysfunctions
(Bailey and Joyce, 2015). The combined effect of ADHD-
related pathological mechanisms and long-term cocaine-
induced neuroadaptations in glutamate transmission (Rouiller
et al., 2003)—which plays a relevant role in modulating the
activity of these regions (Sherman, 2011)—might cause the
specific vulnerability observed in our cohort.

In ADHD–CoUD patients, the voxel-wise approach also
revealed a higher metabolism than in CoUD patients and
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FIG. 3. Nigro-striato-cortical and mesolimbic cortical dopaminergic networks. ADHD–CoUD and CoUD dopaminergic
networks are graphically represented with connectivity matrices and 3D brain templates. The matrices represent the signif-
icant differences obtained when comparing partial correlation coefficients between ADHD–CoUD patients (blue) and CoUD
patients (red) with HCs in the dopaminergic nigro-striato-cortical network (A) and mesocorticolimbic dopaminergic network
(B). The color bar displays the Z scores’ values of comparing partial correlation coefficients’ strengths. The altered connec-
tions of patients in comparison with HCs are shown in yellow, with the unchanged connections in black. The histograms show
the percentage of altered connections in the dopaminergic pathways in ADHD–CoUD (blue) and CoUD (red). The statistical
threshold was set at p-value <0.01, corrected for Bonferroni multiple comparisons. 3D, three-dimensional. For other abbre-
viations, see Supplementary Tables S1 and S2 in the Supplementary Data.
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HCs in limbic regions (i.e., amygdala and parahippocampal
gyrus bilaterally). The ROIs-based analyses confirmed
these results. ADHD–CoUD patients showed higher metabo-
lism than HCs and CoUD patients in the amygdala without
reaching the statistical threshold with the latter group (Sup-
plementary Table S4 in the Supplementary Data). These
findings are coherent with previous data on amygdala dys-
functional activity in ADHD adults compared with HCs
(Tajima-Pozo et al., 2018).

Amygdala dysfunction is associated with emotional dysre-
gulation, significantly contributing to ADHD psychopathol-
ogy during the lifespan (Corbisiero et al., 2013). The
difference in amygdala activation between ADHD–CoUD
and CoUD patients might reflect various neurobiological
bases of emotional dysregulation in individuals with
ADHD and SUDs. Impaired emotion regulation in SUDs is
mainly associated with a hypoactivation of the rostral ante-
rior cingulate cortex/ventromedial prefrontal cortex (Wilcox
et al., 2016).

Accordingly, we found a more extended hypofunction in
frontal cortices in CoUD patients than in ADHD–CoUD pa-
tients (Supplementary Fig. S1 and Supplementary Table S4
in the Supplementary Data). Notably, the frontal cortex re-
ceives massive dopaminergic projections, representing a
central hub in the dopaminergic networks (Ciliax et al.,
1999; Fallon, 1988). Consistently, metabolic connectivity
analyses revealed a severe alteration in CoUD patients of
nigro-striato-cortical, and mesocorticolimbic dopaminergic
networks.

On the contrary, we found a preserved metabolic connec-
tivity of the same dopaminergic networks in ADHD–CoUD
patients (Fig. 3). These data might support the hypothesis
that cocaine intake replaces the dopaminergic deficiency un-
derlying ADHD clinical manifestations (Gold et al., 2014;
Levy, 1991). Empirical studies showed that stimulant phar-
macological treatments for ADHD increase the functional
connectivity of frontoparietal networks associated with im-
proving attentional performances (Wong and Stevens, 2012).

Consistently, the prolonged cocaine intake in ADHD pa-
tients might mimic the effects of stimulant pharmacotherapy.
Of note, cocaine modulation of the dopaminergic system
might represent the neurobiological substrate for the
ADHD patients’ perception of attentional improvement
after cocaine use (Mariani et al., 2014).

ADHD–CoUD patients with a limited period of abstinence
showed a higher metabolism in the vermis. The vermis has
relevant implications for the turnover of dopamine and nor-
adrenaline in the caudate and nucleus accumbens through its
projections to these structures (Snider and Maiti, 1976). Fur-
thermore, the cerebellar vermis showed morphological and

functional alterations among individuals with ADHD,
which were associated with motor symptoms (Paloyelis
et al., 2007). Accordingly, vermis functioning has been se-
lected as a key outcome for stimulant pharmacological treat-
ments (e.g., methylphenidate), which exert robust effects on
catecholamine systems in ADHD (Volkow et al., 2005).

Specifically, an 18F-FDG PET study demonstrated that a
single dose of methylphenidate significantly increased cere-
bellar metabolism in ADHD individuals (Volkow et al.,
1997). Thus, considering the stimulant pharmacological ef-
fects of cocaine on the dopaminergic system and its rapid
pharmacokinetic (Cone, 1995), the improvement of vermis
functionality with cocaine use in ADHD patients may sug-
gest a possible compensatory effect on motor symptoms,
according to clinical evidence and the SMH principles
(Mariani et al., 2014).

Additional support for SMH came from IRCA results.
Notably, patients with ADHD–CoUD showed more pre-
served connectivity than individuals with CoUD in
ADMN, ECN, and aSAN. The better integrity of these net-
works in ADHD–CoUD patients suggests that cocaine may
compensate for attention deficits in ADHD patients due to
the crucial role of ADMN, ECN, and aSAN in attentive pro-
cesses (Sun et al., 2012). Of note, previous studies showed
the therapeutic effects of stimulant medications on the func-
tional organization of these networks and their positive im-
pacts on attentive symptoms in ADHD patients (Peterson
et al., 2009).

All these neurobiological findings support the SMH of co-
caine use among ADHD individuals based on a still spared
neurobiological dopaminergic substrate, allowing the self-
medication attempt to counteract the attentional symptoms
linked to this condition.

Large-scale brain network analyses revealed a disruption of
PDMN connectivity in ADHD–CoUD patients. This result
could support the role of emotion dysregulation as a core fea-
ture of individuals with ADHD. Indeed, PDMN plays a crucial
role in sustaining emotional evaluation and responsiveness
(Vogt, 2014). Moreover, the disruption of PDMN might re-
flect a more pronounced vulnerability of patients with
ADHD than with CoUD to cocaine-induced neuroadaptations
linked to corticotropin-releasing factor activity that signifi-
cantly impact the functional organization of this network
(Koob and Le Moal, 2008). These results may also fit with a
hypothalamic–pituitary–adrenal axis alteration, which is con-
sidered a stable biomarker of ADHD during the disease’s de-
velopment (Scassellati et al., 2012).

Overall, our results offer supporting evidence that
ADHD–CoUD and CoUD patients are characterized by dis-
tinct neurobiological substrates, which might underpin

‰

FIG. 4. Large-scale brain network metabolic connectivity analyses. (A) IRCA metabolic connectivity results in ADHD–
CoUD (blue) and CoUD (red) groups and HCs (green), using the a priori regions as seeds. The overlapped regions are light
blue (ADHD–CoUD vs. HCs) and yellow (CoUD vs. HCs). (B) The severity of changes in large-scale network connectivity
in ADHD–CoUD (left) and CoUD (right) subjects is shown. As measured by DICE, large-scale networks are displayed
according to the extent of connectivity changes. Lower values of DICE indicate greater severity of the connectivity change.
ADHD–CoUD patients showed more preserved brain connectivity in those large-scale networks involved in self-regulation
mechanisms of attention and behaviors (i.e., ADMN, ECN, and aSAN) ranging from good to excellent overlap with HCs
compared with CoUD subjects, who ranged only from fair to good. ADMN, anterior default mode network; ATTN, attentive
network; BGN, basal ganglia network; ECN, executive network; IRCA, interregional correlation analysis; LIN, limbic
network; PDMN, posterior default mode network; aSAN, anterior salience network; SMN, sensory-motor network.
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different core psychopathological features of these condi-
tions. Specifically, ADHD patients are characterized by per-
vasive deficits in self-regulatory mechanisms of motor
activity, attention, and emotions (Barkley, 2022) linked to al-
terations of dopaminergic networks (Gold et al., 2014; Levy,
1991). Subjects with CoUD without a history of ADHD pres-
ent core dysfunctions in reward-processing systems and re-
lated decision-making neural mechanisms (Luijten et al.,
2017) that are associated with the dimension of impulsivity,
especially considering the motor disinhibition domain
(Kozak et al., 2019; Stevens et al., 2014).

Despite this evidence, we acknowledge some limitations.
Although short-term abstinence maintenance allowed us to
observe differential effects of cocaine within the clinical
groups directly, future studies should replicate the current
findings, including subjects with medium- and long-term ab-
stinence (e.g., 1, 3, and 6 months) to confirm SMH principles
among individuals with ADHD–CoUD. Moreover, the ab-
sence of a clinical control group composed of adult ADHD
patients without SUDs and pharmacological treatment
naive represented an additional limitation to our analyses.

Future research should also administer a more comprehen-
sive assessment (e.g., neuropsychological and self-report) of
core ADHD psychopathological domains (i.e., self-regulation
of attention, behaviors, and emotions) to demonstrate how
preserved and disrupted brain networks effectively might ex-
plain neurocognitive performances and emotional manifesta-
tions associated with this condition.

Nevertheless, this is the first study to provide neurobiolog-
ical evidence for SMH in adults with ADHD–CoUD. The
current results suggest differential treatment approaches, es-
pecially pharmacological approaches for CoUD individuals
with and without ADHD, to improve functional adjustment,
and reduce the risk of relapse in addictive behaviors. Specif-
ically, stimulant pharmacological treatments (e.g., methyl-
phenidate- and amphetamine-based stimulants) (Faraone
and Glatt, 2009), especially with a long-acting formulation,
should be considered the first line of intervention for adults
with ADHD–CoUD to reduce symptomatology linked to
self-regulation deficits of attention and behaviors and, in
turn, reducing the probability of relapse in addictive behav-
iors (i.e., cocaine use and medication abuse) (Geffen and
Forster, 2018).

Furthermore, these pharmacological treatments could be
combined with evidence-based behavioral interventions for
emotional dysregulation in patients with SUDs and ADHD
(Cavicchioli et al., 2019; Hirvikoski et al., 2011), consider-
ing their implications for relapse prevention (Cavicchioli
et al., 2020).
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Luijten M, Schellekens AF, Kühn S, et al. Disruption of reward
processing in addiction: An image-based meta-analysis of func-
tional magnetic resonance imaging studies. JAMA Psychiatry
2017;74:387–398; doi: 10.1001/jamapsychiatry.2016.3084

Mariani JJ, Khantzian EJ, Levin FR. The self-medication hy-
pothesis and psychostimulant treatment of cocaine depen-

dence: An update. Am J Addict 2014;23:189–193; doi:
10.1111/j.1521-0391.2013.12086.x

Mehta TR, Monegro A, Nene Y, et al. Neurobiology of ADHD:
A review. Curr Dev Disord Rep 2019;6:235–240; doi:
10.1007/s40474-019-00182-w

Miller PR, Dasher R, Collins R, et al. Inpatient diagnostic assess-
ments: 1. Accuracy of structured vs. unstructured interviews.
Psychiat Res 2001;105:255–264; doi: 10.1016/S0165-
1781(01)00317-1

Oliva F, Mangiapane C, Nibbio G, et al. Prevalence of cocaine
use and cocaine use disorder among adult patients with
attention-deficit/hyperactivity disorder: A systematic review
and meta-analysis. J Psychiatr Res 2021;143:587–598; doi:
10.1016/j.jpsychires.2020.11.021

Paloyelis Y, Mehta MA, Kuntsi J, et al. Functional MRI in
ADHD: A systematic literature review. Expert Rev Neuro-
ther 2007;7:1337–1356; doi: 10.1586/14737175.7.10.1337

Perani D, Caminiti SP, Carli G, et al. PET Neuroimaging in
Dementia Conditions. In: PET and SPECT in Neurology.
(Dierckx RAJO, Otte A, de Vries EFJ, et al. eds.) Springer
Berlin, Heidelberg: Springer, Cham; 2020; pp. 211–282;
doi: 10.1007/978-3-030-53168-3_9

Peterson BS, Potenza MN, Wang Z, et al. An FMRI study of the
effects of psychostimulants on default-mode processing dur-
ing Stroop task performance in youths with ADHD. Am J
Psychiatry 2009;166:1286–1294; doi: 10.1176/appi.ajp.
2009.08050724

Polanczyk GV, Willcutt EG, Salum GA, et al. ADHD preva-
lence estimates across three decades: An updated systematic
review and meta-regression analysis. Int J Epidemiol 2014;
43:434–442; doi: 10.1093/ije/dyt261

Rouiller EM, Wannier T, Morel A. The dual pattern of cortico-
thalamic projection of the premotor cortex in macaque mon-
keys. Thalamus Relat Syst 2003;2:189–197; doi: 10.1016/
S1472-9288(03)00019-0

Sala A, Lizarraga A, Caminiti SP, et al. Brain connectomics:
Time for a molecular imaging perspective? Trends Cogn
Sci 2023;27(4):353–366; doi: 10.1016/j.tics.2022.11.015

Sala A, Perani D, Brain molecular connectivity in neurodegener-
ative diseases: Recent advances and new perspectives using
positron emission tomography. Front Neurosci 2019;13:
617; doi: 10.3389/fnins.2019.00617
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