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Abstract

Background: People with cocaine use disorder (CUD) often have abnormal cognitive function 

and brain structure. Cognition is supported by brain networks that typically have characteristics 

like rich-club organization, which is a group of regions that are highly connected across the 

brain and to each other, and small worldness, which is a balance between local and long-distance 

connections. However, it is unknown whether there are abnormalities in structural brain network 

connectivity of CUD.

Methods: Using diffusion-weighted imaging, we measured structural connectivity in 37 people 

with CUD and 38 age-matched controls. We identified differences in rich-club organization and 

whether such differences related to small worldness and behavior. We also tested whether rich-

club reorganization was associated with caudate and putamen structural connectivity due to the 

relevance of the dopamine system to cocaine use.

Results: People with CUD had a higher normalized rich-club coefficient than controls, more 

edges connecting rich-club nodes to each other and to non-rich-club nodes, and fewer edges 

connecting non-rich-club nodes. Rich-club nodes were shifted posterior and lateral. Rich-club 

reorganization was related to lower clustered connectivity around individual nodes found in CUD, 

to increased impulsivity, and to a decrease in caudate connectivity.

Conclusions: These findings are consistent with previous work showing increased rich-club 

connectivity in conditions associated with a hypofunctional dopamine system. The posterior shift 
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in rich-club nodes in CUD suggests that the structural connectivity of posterior regions may be 

more impacted than previously recognized in models based on brain function and morphology.
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1. INTRODUCTION

Cocaine use across the world has been regaining popularity (United Nations Office on Drugs 

and Crime, 2020) and is associated with increased risk of mortality, infections, and serious 

psychological distress (Butler et al., 2017; Mustaquim et al., 2021; Peacock et al., 2021). 

Chronic cocaine use alters dopamine system functioning (Mash et al., 2002; Volkow et al., 

1993; Volkow et al., 2006) and is associated with a range of cognitive deficits (Potvin et 

al., 2014), which are accompanied by abnormal brain structure and function (Hester and 

Garavan, 2004; Kubler et al., 2005; Ma et al., 2009; Moeller et al., 2010). Healthy structural 

brain networks are organized with features of complex networks, including hubs (regions 

that are highly connected across the brain), some of which are highly connected to one 

another to form what is called a rich-club (Fornito and Bullmore, 2015; van den Heuvel 

and Sporns, 2013), and small worldness, which is a balance between long distance and local 

connections (Bullmore and Sporns, 2009; Sporns, 2013; Watts and Strogatz, 1998). Such 

network characteristics are critical for healthy cognitive function (Caeyenberghs et al., 2014; 

Crossley et al., 2016; Misic and Sporns, 2016) by shaping the functioning of the network 

(Betzel et al., 2013; Bullmore and Sporns, 2009; Honey et al., 2009). Emerging evidence 

suggests that individuals with substance use and other addictive disorders have abnormal 

rich-club organization and small worldness (Park et al., 2018; Zorlu et al., 2019); however, 

whole brain structural brain networks have not been mapped in people with cocaine use 

disorder (CUD).

Neuroimaging studies have revealed localized effects of cocaine on the structural integrity of 

the brain. Generally, cocaine use is associated with reduced white matter integrity, typically 

in frontal/anterior structures (Hanlon et al., 2011a; Lim et al., 2002; Lim et al., 2008; Lyoo 

et al., 2004; Moeller et al., 2005; Romero et al., 2010) and white matter tracts that connect 

such regions (Bell et al., 2011; He et al., 2020), as well as subcortical regions (Hanlon 

et al., 2011a). Several recent meta-analyses and reviews have shown reduced white matter 

integrity in the frontal lobes and in the anterior corpus callosum, which connects the frontal 

hemispheres (Beard et al., 2019; Hampton et al., 2019; Suchting et al., 2021). Other studies 

found increased integrity in posterior white matter tracts connected to the parietal lobes 

associated with recent cocaine use (Bell et al., 2011), and people with CUD have greater 

gray matter volume in the posterior parietal cortex (Romero et al., 2010). However, other 

work has shown decreased integrity in posterior regions (Hodges et al., 2021; Ma et al., 

2017; Narayana et al., 2009; Narayana et al., 2014). Identifying changes in whole-brain 

network organization in CUD will clarify whether these local anatomical changes relate to 

abnormalities in brain network connectivity, as they do in non-cocaine-using populations 

(Irimia and Van Horn, 2014), and the specific pattern of network reorganization in CUD.
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The use of graph theory to examine whole-brain abnormalities in structural connectivity in 

brain disorders is becoming increasingly common in emerging clinical paradigms (Fornito 

and Bullmore, 2015; Fornito et al., 2015; Zalesky et al., 2010). Highly connected hub 

regions are biologically costly and are particularly vulnerable to damage in neurocognitive 

disorders (Crossley et al., 2014). In non-clinical populations, these hubs are commonly 

identified as including the precuneus, superior frontal cortex, anterior and posterior cingulate 

cortex, insula, superior parietal lobule, putamen, hippocampus, and thalamus (Kocher et 

al., 2015; van den Heuvel and Sporns, 2011). Accordingly, abnormal structural rich-club 

organization has been found across multiple neurocognitive conditions, including decreased 

rich-club connectivity strength in alcohol use disorder (Zorlu et al., 2019), multiple sclerosis 

(Shu et al., 2018), siblings of people with schizophrenia (Collin et al., 2014a), and attention-

deficit/hyperactivity disorder (Ray et al., 2014) compared with controls. Interestingly, there 

is increased rich-club connectivity in early Parkinson’s disease (Mishra et al., 2020) and in 

people with Alzheimer’s disease (Daianu et al., 2013; Lee et al., 2018), both of which have 

etiologies that include decreased dopamine system functionality (Lotharius and Brundin, 

2002; Nobili et al., 2017; Pan et al., 2019), like CUD. This increase in connectivity 

strength may occur when brain damage is restricted enough that there can be compensatory 

hyperconnectivity.

The present study compared the structural connectome based on diffusion-weighted imaging 

(DWI) data of CUD to that of non-cocaine using controls. We hypothesized that CUD 

would have abnormal rich-club organization compared to controls. Though the increased 

rich-club connectivity in alcohol use disorder may suggest a similar pattern in CUD, 

alcohol facilitates inhibitory GABA transmission (Nevo and Hamon, 1995) whereas cocaine 

acts as a stimulant (Withers et al., 1995). Furthermore, other neuropsychiatric disorders 

with dopaminergic etiology, such as early Parkinson’s disease and Alzheimer’s disease, 

are associated with increased rich-club connectivity. Second, we predicted that abnormal 

rich-club organization would be related to impulsivity, abnormal small world properties, and 

to structural abnormalities in dopamine-rich regions.

2. METHODS AND MATERIALS

2.1 Participants and procedures

The study recruited adults aged 18-55 years who either had a current diagnosis of CUD 

or no history of cocaine use (controls). The CUD group met the following criteria: current 

cocaine dependence as defined by the DSM-IV-TR, regular cocaine use for ≥1 year, ≥2 days 

of use in the past 30 days, and cocaine as a principal drug of abuse. The control group 

met the following criteria: no lifetime CUD (abuse or dependence), no history of regular 

cocaine use, no cocaine use in the past year, and a cocaine-negative urine drug screen. 

Alcohol, marijuana, and nicotine use were permitted in both groups, but participants could 

not have a current primary alcohol or marijuana use disorder (i.e., alcohol or marijuana 

dependence secondary to a CUD was acceptable). For all other illicit drugs, individuals 

were excluded for any history of dependence, lifetime regular use for >2 years, regular 

use in the past 25 years, and use in the past 30 days. Additional exclusion criteria were: 

indicators of severe mental illness or impaired mental status; <8th grade education; English 
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non-fluency or illiteracy; severe learning disability with functional impairment; serious 

neurological disorders; acute opportunistic brain infections or a history of such infections 

without return to normal cognition; severe head trauma with loss of consciousness >30 

minutes and persistent functional decline; and any MRI contraindications.

Study procedures were approved by the institutional review board at Duke University 

Health System. Informed consent was obtained from all participants. The screening included 

clinical interviews, computerized surveys, a urine drug screen, and pregnancy testing. 

The Mini International Neuropsychiatric Interview was used to confirm the absence of 

disqualifying psychiatric disorders and conditions (Sheehan et al., 1998). The Addiction 

Severity Index-Lite (McLellan et al., 1992) and the Structured Clinical Interview for DSM-

IV-TR (First et al., 1996) were used to assess lifetime substance use and substance use 

disorders, respectively. At each visit, urine toxicology screens were used to corroborate 

self-report of recent drug use. Participants also completed an audio computer-assisted self-

interview that included a demographics survey and medical history. HIV-negative status was 

verified using an OraQuick© rapid test. After the visit, healthcare records were reviewed to 

ensure no exclusionary medical history, including substance abuse.

Participants completed the Barret Impulsiveness Scale, 11th revision (BIS-11; Barratt, 1959; 

Stanford et al., 2009). The BIS is a 30-item self-report instrument, all rated on a scale from 

1-4, designed to assess the personality/behavioral construct of impulsiveness. Additional 

details about procedures and data acquisition, and processing are described in detail in our 

previous work (Meade et al., 2020) and in the Supplementary Materials.

2.2 MRI data acquisition and processing

All scans were performed on the same 3T GE Discovery MR750 imaging system with an 

8-channel head coil at Duke University Hospital. Data were collected using three protocols 

with slightly different acquisition parameters and were harmonized during processing. 

Diffusion-weighted images (DWI) were acquired in the axial plane using a single shot spin-

echo EPI sequence (FOV= 256 mm2, voxel size = 2mm3,128*128 matrix, 90° flip angle, 

interleaved slices of 2mm thickness). Data were acquired in 30 directions for protocols 1 

and 2, and 64 directions for the third protocol. TE was set to use the minimum to maximize 

the signal-to-noise ratio and the time ranged across participants. Additional parameters 

differed slightly between protocol 1 (b-factor= 900 s/mm2, TR/TE= 10,000/81.5-84.6, 73 

slices), protocol 2 (b-factor= 800 s/mm2, TR/TE= 8000/77.9-83.9, 67 slices), and protocol 

3 (b-factor=800 s/mm2, TR/TE=8000/77.9-81.0, 67 slices). To harmonize the DWI data, we 

implemented a downsampling procedure using a matlab dot() function (inner product) that 

identified the diffusion-encoding directions that were most similar to those in the protocol 

with 30 directions (Chen et al., 2021). Details on DWI data processing are provided in our 

previous work (Hall et al., 2021) and in the Supplementary Materials. Protocol was included 

as a dummy coded covariate in all analyses. A visual check ensured whole-brain coverage 

and absence of uncorrectable motion or scanner artifacts.
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2.3 Whole-brain tractography

Deterministic tractography was conducted using MRtrix3’s tckgen, implementing an 

anatomically-constrained (ACT) procedure (Smith et al., 2012) with a five-tissue-type (5TT) 

segmentation of the T1 image using the Freesurfer-based algorithm in 5ttgen (Smith et 

al., 2012). One hundred thousand tracks were generated from random points in the mask 

image at a step size of 0.2mm, constrained to a 60-degree maximum angle between steps 

and excluding tracks whose lengths were outside the range of 4mm-200mm. Ten percent 

of the tracks were overlaid on each participant’s MNI-registered T1 image and visually 

inspected to ensure tracts fell within white matter. The Human Connectome Project multi-

modal parcellation (HCPMMP) atlas (Glasser et al., 2016) was used to define nodes and 

included subcortical regions from the Harvard-Oxford atlas (Desikan et al., 2006; Frazier 

et al., 2005; Goldstein et al., 2007; Makris et al., 2006). The HCPMMP atlas consists 

of 360 neuroanatomical regions delineated using multimodal MRI and machine learning 

and provides complete cortical and subcortical coverage. We also created a connectome 

using the Desikan-Killiany atlas that was used for replication (Desikan et al., 2006). The 

Desikan-Killiany atlas consists of 68 cortical regions based on probabilistic information 

estimated from a manually labeled training set and 16 subcortical volumes based on an atlas 

containing probabilistic information on the location of structures. Both atlases that were 

utilized in this investigation contained nodes that corresponded to the non-clinical rich club 

nodes previously identified. Streamline count between every pair of nodes was extracted 

into weighted, undirected connectomes using tck2connectome (Tournier et al., 2019). We 

excluded edges consisting of fewer than three streamlines. Furthermore, to eliminate the 

effect of region size, the number of streamlines was normalized by the mean of the sizes 

of the two regions for each edge. To ensure that the connectomes in both groups had the 

same density, we applied a density threshold, retaining only the top x% of connections. For 

the HCPMMP and Desikan-Killiany atlases respectively, every individual had a density of at 

least 2% and 12%, so these were used as the respective thresholds. Degree distributions for 

each group were visually inspected to confirm similarity between groups (Figure S1).

2.4 Rich-club organization

Rich-club organization, and all graph metrics, were computed from the weighted structural 

connectivity matrices from the in-house scripts. The weighted rich-club coefficient φk was 

computed at all node degrees k:

φw(k) =
w > k

∑l = 1
E > kwl

ranked

where w is a vector of all connection weights, E>k is the number of links between the 

nodes with a degree greater than k, and W>k is the sum of the weights between the 

same nodes (van den Heuvel and Sporns, 2011). Normalized rich-club coefficients (nRCC) 

were calculated for each participant by dividing their RCCs by the average RCC of 1000 

random graphs constructed by randomly rewiring nodes in a manner that preserves degree 

distribution at all nodes (Maslov and Sneppen, 2002). The network was said to have a rich-

club organization at a given node degree k when the nRCC was greater than 1. Significance 
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was assessed using one-sample t-tests against 1 in each group. Rich-club results were 

analyzed when all participants had edges at a given k.

Between-group differences in rich-club organization were conducted on the individual 

nRCCs using PALM permutation testing (Winkler et al., 2014) at each degree level with 

1000 permutations. The significance threshold was set at FDR-corrected p < 0.05. Rich-club 

organization was verified using the Desikan-Killiany atlas.

Individual-level rich-club nodes were ranked by determining the highest degree level at 

which a node participated in a rich-club, which were then averaged in each group. The top 

12% of nodes were considered as a group-level rich-club (Collin et al., 2014b; Daianu et al., 

2016; van den Heuvel and Sporns, 2011; van den Heuvel et al., 2013). Using this rich-club 

node designation, we calculated the percent of rich-club edges (connections between two 

rich-club nodes), feeder edges (connections between a rich-club node to a non-rich-club 

node), and local edges (connections between two non-rich-club nodes), out of all existing 

edges. Those percentages were compared between groups using ANCOVAs. Due to group 

differences in years of education (mean-centered), alcohol use in the past 30 days (yes/no), 

cannabis use in the past 30 days (yes/no), and daily cigarette (yes/no), these were included 

as covariates in all models unless otherwise noted. These ANCOVAs, and all statistics 

reported, were conducted using SPSS 28.

2.5 Brain network metrics

Other brain network metrics were obtained using the Brain Connectivity Toolbox (http://

www.brain-connectivity-toolbox.net; Rubinov and Sporns, 2010) and in-house scripts. The 

small world coefficient, which is the ratio of the normalized clustering coefficient (the 

fraction of triangles around a node normalized by the clustering coefficient for a random 

graph) to the normalized characteristic path length (the average distance between a node and 

all other nodes in the brain; formal equations defined in Rubinov and Sporns, 2010) was 

> 1 for all participants. This confirmed that the threshold applied allowed brain networks 

to maintain the standard organization required for functioning (Bassett and Bullmore, 2006; 

Watts and Strogatz, 1998). We report the normalized transitivity, which is the ratio of 

triangles to triplets in a network and is an alternative to clustering coefficient (defined 

in Rubinov and Sporns, 2010), and normalized characteristic path length for each group. 

Group differences in normalized transitivity and normalized characteristic path length were 

examined using two ANCOVAs.

2.6 Relationship between rich-club and small world characteristics and impulsivity

To determine whether abnormal rich-club characteristics relate to other abnormal brain 

network properties, we ran a series of four linear regression models predicting normalized 

transitivity as a function of each of four rich-club characteristics (nRCC, % rich-club 

edges, % feeder edges, and % local edges). A parallel set of analyses were run predicting 

normalized characteristic path length. Cocaine group was entered as a control variable 

as we did not have an a priori reason to expect that the relationship between rich-club 

characteristics and small world characteristics would differ between CUD and controls. A 

Hall et al. Page 6

Drug Alcohol Depend. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.brain-connectivity-toolbox.net
http://www.brain-connectivity-toolbox.net


similar set of regression models were run using total BIS scores as a function of the four 

rich-club characteristics in the CUD group only.

2.7 Exploratory relationship between striatal integrity and rich-club characteristics

Due to the relationship between cocaine use and striatal dopamine system abnormalities, we 

identified group differences in caudate and putamen connectivity strength (the sum of the 

normalized number of tracts; Rubinov and Sporns, 2010) with the rest of the brain, averaged 

across hemispheres, using ANCOVAs. Cocaine group was entered as a control variable.

We then investigated the relationship between the striatal connectivity strength and rich-

club characteristics. The connectivity strength of the structure(s) that significantly differed 

between CUD and controls were used as independent variables in regression models with 

rich-club characteristics as dependent variables. To verify that the relationship between 

striatal connectivity and rich-club characteristics was not driven by average whole-brain 

connectivity strength, we identified group differences in whole-brain connectivity strength 

and ran parallel regression models with whole-brain connectivity strength as the independent 

variable.

3. RESULTS

3.1 Sample characteristics

The sample included 37 people with CUD and 38 control age-matched participants (Table 

1). Participants were primarily male and African-American, ranging in age from 28 to 55. 

Participants were well matched on gender and race, but the CUD group had significantly 

fewer years of education and a greater mean total BIS score than controls.

The CUD group had been using cocaine regularly for an average of 17.68 years (SD = 8.28), 

with the majority (92%) reporting smoking as their primary route of administration. In the 

30 days prior to screening, they had used on an average of 10.35 days (SD = 7.09). On the 

day of the MRI, 70% had a urine toxicology screen positive for cocaine. The mean number 

of days since last use was 3.43 (SD = 4.20), with 73% reporting use within the past 3 days. 

Other substance use was common in both groups, although people with CUD generally were 

more likely to use cigarettes, alcohol, and cannabis (Table 1).

3.2 Rich-club organization

Rich-club organization was present at degrees ranging from 2-18 for both the CUD and the 

control groups. At k = 4-18, the CUD group had higher nRCCs than controls (Figure 1A, 

Table S1). Results were replicated using the Desikan-Killiany atlas (Figure 1B, Table S1).

3.3 Rich-club nodes

Nodes in the rich-club in both groups were similar to those typically found to be in the 

rich-club in non-clinical populations, including superior frontal, putamen, and thalamus (van 

den Heuvel and Sporns, 2011). Rich-club nodes that were specific to the control group 

were largely in frontal regions, including medial and inferior frontal regions, anterior frontal 

regions, retrosplenial cortex, and posterior cingulate gyrus, whereas rich-club nodes that 
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were specific to the CUD group were largely in parietal and temporal regions, including 

inferior parietal cortex, insula, and lateral temporal regions (Figure 2A, Table S2).

3.4 Group differences in edge class distribution and small world characteristics

There was a greater percent of rich-club edges and feeder edges in the CUD than the control 

group. In contrast, there were fewer local edges in the CUD group than in the controls 

(Figure 2B).

3.5 Relationship between rich-club characteristics and small world characteristics

People with CUD had significantly lower normalized transitivity than controls but no 

significant difference in normalized characteristic path length (see Figure 3A). There were 

relationships between the percent of rich-club, feeder, and local edges and normalized 

transitivity, with a greater percent of rich and feeder edges being associated with lower 

transitivity and a greater percent of local edges being associated with higher transitivity 

(Figure 3B, Table S3). There were no relationships between rich-club characteristics and 

characteristic path length.

3.6 Relationship between rich-club characteristics and impulsivity

There was a significant relationship between percent rich club edges and BIS score among 

persons with CUD, where more rich club edges were associated with a higher BIS score 

(Figure 4, Table S4). There was no relationship between the nRCC, percent of feeder edges, 

or local edges and BIS score.

3.7 Relationship between striatal structural integrity and rich-club characteristics

We first found that the caudate had lower connectivity strength in CUD compared to controls 

but that there were no group differences in putamen connectivity strength (Figure 5A, Table 

S5). Then, examining the relationship between caudate connectivity strength and rich-club 

characteristics, we found a significant relationship between caudate connectivity strength 

and % of rich-club edges, with more caudate connectivity strength being associated with 

fewer rich-club edges, although this relationship did not survive FDR multiple comparisons 

correction (Figure 5B, Table S6). Though there was a significant decrease in whole-brain 

connectivity strength in CUD compared to controls (CUD estimated marginal mean [EMM] 

= 0.308 (0.010), control EMM = 0.389 (0.013), F(1,67) = 29.935, p = 0.0000007; Table 

S5), there was no relationship between whole-brain connectivity strength and rich-club 

characteristics (Table S6), suggesting that this is not a general relationship between 

connectivity strength and % of rich-club edges.

4. DISCUSSION

To our knowledge, this is the first study to investigate differences in the structural 

connectome of people with CUD compared to controls. We found that the CUD group had 

a higher rich-club coefficient at k levels ranging from 4-18, indicating greater connectivity 

amongst rich-club nodes compared to controls. They also had a greater percentage of 

rich-club and feeder edges, and a lower percentage of local edges. These abnormal rich-club 

properties were related to abnormal small world properties and increased impulsivity. Rich-

Hall et al. Page 8

Drug Alcohol Depend. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



club nodes common to both groups were largely concentrated in medial and lateral frontal 

regions, but there were fewer in the CUD group compared to controls. Rich-club nodes 

specific to CUD were largely concentrated in temporoparietal regions but were missing 

from the posterior midline regions where they were found in controls. This suggests a 

lateral posterior shift in rich-club nodes in CUD. Finally, abnormal rich-club properties were 

associated with decreased striatal structural connectivity.

As hypothesized, we found that people with CUD had abnormal rich-club connectivity. 

Similar to studies on Parkinson’s disease and Alzheimer’s disease, people with CUD had 

increased rich club connectivity (Daianu et al., 2013; Lee et al., 2018; Mishra et al., 

2020). The increased rich-club organization we find in CUD, coupled with the increase 

in the percent of rich-club and feeder edges, complements previous work showing increased 

connectivity in CUD. Wang et al. (Wang et al., 2015) show global increases in functional 

connectivity in CUD compared to controls during resting state, and Konova et al. (Konova 

et al., 2015) show increased hub node functional connectivity density in CUD, with hub 

nodes consisting of default mode network nodes. Our findings of decreased local clustering 

in CUD and fewer local edges are similar to work showing decreased functional local 

efficiency in CUD (Wang et al., 2015). The increased rich-club organization in CUD 

may signify inefficient network connectivity caused by the shift in rich club nodes from 

more frontal to posterior regions. It should be noted that for the covariates entered in our 

ANCOVA models, only years of education was also a predictor of rich-club organization. 

Studies examining socioeconomic status that include years of education have found a 

positive relationship between greater years of education and white matter integrity (Johnson 

et al., 2013; Shaked et al., 2019). However, as the CUD group had lower years of education, 

and greater rich club coefficient, if this variable was driving the results we would have 

expected the opposite effect. We also show a relationship between rich-club/feeder/local 

edge redistribution and local clustering in both people with CUD and controls but no 

relationship with long distance connections, measured with characteristic path length. 

Damaged rich-club edge connectivity has been shown to have a larger impact on local 

connectivity than global, possibly because rich-club edges are responsible for establishing 

diverse connections across the brain that integrate multiple cognitive functions (de Reus and 

van den Heuvel, 2014).

The posterior shift in rich-club nodes that we find in CUD is consistent with theories about 

addiction that postulate that in prolonged drug use, posterior default mode network regions, 

including the posterior parietal cortex, become more active as self-referential processing 

intensifies. In contrast, regions in the anterior default mode network, including medial 

frontal regions, become less active as emotion regulation abilities become less intact (Zhang 

and Volkow, 2019). Interestingly, lateral posterior parietal regions are not implicated in 

prevailing models of addiction (Everitt and Robbins, 2016; Volkow et al., 2019). However, 

these models are largely based on work investigating brain function and morphology; the 

addition of structural connectivity to the literature may enhance these models. Though 

medial parietal structures are more frequently implicated in CUD (Lebel et al., 2013; 

Narayana et al., 2009) than lateral parietal cortical structures (e.g., Grewen et al., 2014), 

there is evidence showing posterior parietal regions in CUD have elevated creatine, which 

has been attributed to the establishment of white-matter tract connectivity (O'Neill et al., 
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2001). Additionally, people with CUD have been shown to have increased activity in parietal 

regions in response to reward and reward cues, especially cocaine (Costumero et al., 2018; 

Porrino et al., 2007; Tomasi et al., 2015), and have increased parietal connectivity during 

rest (Ray et al., 2015). Furthermore, people with CUD have decreased parietal activity 

during inhibition (Barros-Loscertales et al., 2011; Elton et al., 2014; Li et al., 2008), and 

reduced parietal volume related to impulsivity (Meade et al., 2020). This suggests that there 

may be some extended impacts of cocaine beyond the regions identified in classic models 

of addiction, and that identifying abnormalities in structural connectivity may reveal such 

impacts.

Additionally, the decreased connectivity that we find in CUD in frontal regions, and 

orbitofrontal regions in particular, is in line with much of the addiction literature. Models 

of cocaine use postulate that the medial/orbitofrontal cortex regions facilitate control over 

drug use and when lesioned, drug use increases (Everitt and Robbins, 2005; Grakalic et 

al., 2010). Furthermore, as drug use becomes more compulsive, frontal regions are thought 

to disengage as the role of striatal regions in mediating drug-taking behavior increases 

(Everitt and Robbins, 2016). Accordingly, decreases in frontal white matter integrity in CUD 

compared to controls are commonly reported (He et al., 2020; Lim et al., 2002), as well as 

decreased frontal functional connectivity (Gu et al., 2010; Kelly et al., 2011). As the people 

with CUD in our sample had been using for an average of >15 years, the decrease in frontal 

connectivity is aligned with this model of compulsive drug use.

The relationship we show between the percent of rich club edges and impulsivity in CUD 

elucidates a potential mechanism through which CUD may be susceptible to such use. 

People with CUD are known to be impulsive (Moeller et al., 2001; Molander et al., 2011); 

further, impulsivity is associated with other cocaine-related outcomes, like compulsive 

cocaine-taking (Belin et al., 2008), and cocaine-seeking after abstinence (Economidou et 

al., 2009). Impulsivity has been shown to be related to whole-brain resting state network 

organization, with increased connectivity between frontal and subcortical regions being 

associated with less impulsivity (Davis et al., 2013). In CUD, impulsivity is associated with 

decreased frontal grey matter volume (Ersche et al., 2011; Meade et al., 2020) and white 

matter integrity (Romero et al., 2010). Our work contributes to this literature by showing 

that whole-brain structural reorganization of edges in CUD to prioritize rich club node 

connectivity, which largely exclude frontal regions, is also related to increased impulsivity.

Finally, we present evidence showing that abnormal rich-club organization is associated with 

abnormalities in the striatal dopamine system, with lower caudal structural connectivity 

being associated with a greater percent of rich-club edges. People with CUD have a 

hypofunctional dopamine system (Volkow et al., 1990) and the caudate is commonly 

impacted by cocaine use, with lower structural integrity in the white matter surrounding 

it (Vaquero et al., 2017), and decreased functional connectivity (Hanlon et al., 2011b). 

Dopamine system functionality is associated with decreased functional integration across 

the brain and increased segregation, as well as decreased default mode network connectivity 

(Carbonell et al., 2014; Kelly et al., 2009; Luo et al., 2015; Nagano-Saito et al., 2017; Shine 

et al., 2019; Weingarten et al., 2015). This suggests that damage to the dopamine system 

may lead to increased default mode network function and increased global connectivity. 
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Mishra and colleagues show that individuals with Parkinson’s disease, a neurologic 

condition associated with a hypofunctional dopamine system (Lotharius and Brundin, 2002), 

had increased structural rich-club organization compared to controls (Mishra et al., 2020). 

In contrast, a hyperfunctional dopamine system, exemplified in schizophrenia, is associated 

with the converse: decreased integration and increased segregation (Hadley et al., 2016). 

The caudate is involved in goal-directed and motivated behavior (Balleine et al., 2007) 

and cognitive flexibility (Klanker et al., 2013). Therefore, decreased caudal connectivity 

in CUD and its relationship with fewer rich-club edges in CUD could reflect a shift from 

goal-directed functioning to a more self-focused state with increased rumination, negative 

affect, or drug-related cognition, supported by the posterior shift in rich-club nodes away 

from frontal regions and into posterior default mode network regions (Zhang and Volkow, 

2019).

4.1 Limitations/Conclusions

This work is the first to demonstrate abnormal whole-brain structural connectivity in 

CUD, the relationship with impaired cognition, and shows a potential mechanism to 

explain such abnormalities. However, we note limitations to this work. 1. Due to the 

relatively low number of diffusion directions in our data (n=30) we used deterministic 

tractography rather than probabilistic tractography. It has been suggested that deterministic 

tractography results in greater specificity with a higher number of false negative connections 

relative to probabilistic tractography, which has greater sensitivity but more false positive 

connections (Zalesky et al., 2016). When building structural connectomes, Zalesky et al. 

(2016) concluded that specificity is more important than sensitivity. 2. Though we showed 

that increased rich-club connectivity in CUD is robust to the selection of atlas, due to 

the modest sample size, a replication is needed in an independent sample. 3. We do not 

have a direct measure of dopamine system functionality. Future work will be necessary to 

validate the relationship between dopamine system functionality and structural connectivity 

in CUD. Despite these limitations, this work shows that prolonged cocaine use has a 

wide-spread impact on brain structure, which may encompass regions that are not typically 

discussed in neurologic models of CUD. If supported by future work, this suggests that 

such models may be updated to include the downstream effects of cocaine use and how 

those impact behavioral outcomes. Understanding the shift in hub regions in cocaine use 

disorder and how this relates to abnormal dopamine circuitry could provide a potential target 

for interventions that could improve decrease impulsive behaviors and potentially help treat 

CUD.
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Highlights

• People with cocaine use disorder (CUD) have increased structural rich club 

connectivity

• Rich club nodes are shifted to the posterior in CUD

• People with CUD have more rich-club and feeder edges, but fewer local edges 

than controls

• Rich-club abnormalities are related to lower clustering and striatal 

connectivity

• Rich-club abnormalities are associated with increased impulsivity in CUD
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Figure 1. Rich-club coefficients.
A. These graphs show the raw RCC for each group graph (light solid lines), the RCC for the 

random graphs (dotted lines), and the mean nRCC (normalized RCC; dark lines). Using both 

atlases, the CUD group had a higher nRCC than the controls. Significant group differences 

are indicated with asterisks. Significant rich-club organization in the CUD (or control group) 

is indicated with crosses (or open circles). Using the HCPMMP atlas, the CUD group had a 

higher nRCC for all ks between 4 and 18. Both groups had significant rich-club organization 

between k = 2-18. B. Using the Desikan-Killiany atlas, the CUD group had a higher nRCC 

for all ks between 6 and 16. The CUD and control groups both had significant rich-club 

organization between k = 4-19.

Hall et al. Page 20

Drug Alcohol Depend. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Rich-club coefficients and nodes.
A. Rich-club nodes common to both groups included frontal, parietal, and subcortical 

regions. Nodes specific to the controls were largely in frontal regions whereas nodes specific 

to CUD were in temporoparietal regions. B. There were a greater percent of rich-club and 

feeder edges but fewer local edges in CUD compared to the control group. All analyses 

controlled for protocol, education, 30-day alcohol use, 30-day cannabis, and daily cigarette 

smoking. Degrees of freedom = 1,67.
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Figure 3. Edge classes and small world characteristics.
A. Estimated marginal means (controlling for protocol, education, 30-day alcohol use, 

30-day cannabis use, and daily cigarette smoking) showing that the CUD group had 

significantly lower normalized transitivity than controls but no significant difference in 

normalized characteristic path length. Degrees of freedom = 1,67. B. Partial correlation plots 

showing a negative relationship between the % of rich-club and feeder edges and normalized 

transitivity, and a positive relationship between the % of local edges and normalized 

transitivity. Protocol, education, 30-day alcohol use, 30-day cannabis use, daily cigarette 

smoking, and cocaine use status were included as covariates of no interest.
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Figure 4. Relationship between rich club edges and impulsivity in CUD.
There is a significant positive relationship between the proportion of rich club edges and 

total BIS score in persons with CUD.
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Figure 5. Striatal – rich-club properties relationship.
A. Estimated marginal means showing decreased connectivity strength between the caudate 

and the rest of the brain in CUD compared to controls, controlling for protocol, education, 

30-day alcohol use, 30-day cannabis use, and daily cigarette smoking. B. Partial correlation 

plots showing the relationship between rich-club properties and caudate connectivity 

strength. There was a negative relationship between caudate connectivity strength and the 

% of rich-club edges across both groups. Protocol, education, 30-day alcohol use, 30-day 

cannabis use, daily cigarette smoking, and cocaine use status were included as covariates of 

no interest.
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Table 1.

Demographic information

CUD (N = 37) Control (N = 38) Statistic p-value

Demographic Characteristics

Sex 0.706

 Male, %, N 62.16%, 23 57.89%, 22 χ2(1) = 0.14

 Female, %, N 37.84%, 14 42.11%, 16

Age in years, M (SD) 45.59 (6.32) 43.13 (7.43) t(73) = −1.55 0.127

Race χ2(2) = 1.53 0.465

 African American, %, N 81.08% 30 73.68%, 28

 White, %, N 13.51%, 5 23.68%, 9

 Other/Mixed, %, N 5.41%, 2 2.63%, 1

Education in years, M (SD) 12.51 (2.51) 13.92 (2.03) t(73) = 2.67 0.009

Barratt Impulsiveness Scale, M (SD) 67.27 (11.60) 54.13 (7.83) t(73) = −5.77 0.0000002

Substance Use Characteristics

Alcohol use in past 30 days, %, N 86.49%, 32 55.26%, 21 χ2(1) = 8.82 0.003

Marijuana use in past 30 days, %, N 45.95%, 17 26.32%, 10 χ2(1) = 3.14 0.077

Daily cigarette use in past 30 days, %, N 62.16%, 23 34.21%, 13 χ2(1) = 5.87 0.015
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