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Abstract

HIV is associated with disruptions in cognition and brain function. Marijuana use is highly 

prevalent in HIV but its effects on resting brain function in HIV are unknown. Brain function can 

be characterized by brain activity that is correlated between regions over time, called functional 

connectivity. Neuropsychiatric disorders are increasingly being characterized by disruptions in 

such connectivity. We examined the synergistic effects of HIV and marijuana use on functional 

whole-brain network organization during resting state. Our sample included 78 adults who differed 

on HIV and marijuana status (19 with co-occurring HIV and marijuana use, 20 HIV-only, 17 

marijuana-only, and 22 controls). We examined differences in local and long-range brain network 

organization using eight graph theoretical metrics: transitivity, local efficiency, within-module 

degree, modularity, global efficiency, strength, betweenness, and participation coefficient. Local 

and long-range connectivity were similar between the co-occurring HIV and marijuana use and 

control groups. In contrast, the HIV-only and marijuana-only groups were both associated with 

disruptions in brain network organization. These results suggest that marijuana use in HIV may 

normalize disruptions in brain network organization observed in persons with HIV. However, 

future work is needed to determine whether this normalization is suggestive of a beneficial or 

detrimental effect of marijuana on cognitive functioning in HIV.
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1. INTRODUCTION

Nearly 40 million people are living with human immunodeficiency virus (HIV) across the 

world, with over 1.5 million becoming newly infected each year (UNAIDS, 2019). An 

estimated 15–50% of individuals with HIV have HIV-associated neurocognitive disorder 

(HAND; McArthur, Steiner, Sacktor, & Nath, 2010). HAND can occur when the virus 

infiltrates the central nervous system and causes a neuroinflammatory cascade (Valcour, 

Sithinamsuwan, Letendre, & Ances, 2011). Even when the disease is well-managed, the 

latent viral reservoir can cause persistent inflammation, which can promote neuronal damage 

(Saylor et al., 2016). Alterations in brain structure and function accompany HAND, with 

diffuse degradation in gray and white matter volume (Becker et al., 2011; Cohen et al., 2010; 

Kuper et al., 2011; Pfefferbaum et al., 2012; Sarma et al., 2014), as well as changes in brain 

function (Ann et al., 2016; Chaganti, Heinecke, Gates, Moffat, & Brew, 2017; 

Chockanathan, DSouza, Abidin, Schifitto, & Wismuller, 2019).

Factors like drug use may contribute to the progression of HAND. Marijuana use is 

especially common among HIV-positive individuals, with rates of use ranging from 20% to 

60% (Crane et al., 2017; D’Souza et al., 2012; Gamarel et al., 2016; Hartzler et al., 2017; 

Mimiaga et al., 2013; Okafor, Cook, et al., 2017; Okafor, Zhou, et al., 2017). Though 

marijuana use in individuals with HIV has been associated with worse learning and memory 

performance (Cristiani, Pukay-Martin, & Bornstein, 2004; Thames, Mahmood, Burggren, 

Karimian, & Kuhn, 2016), it has also been suggested that moderate marijuana use may 

protect against such cognitive declines in HIV and that marijuana-associated neurocognitive 

decline depend on the amount of marijuana used (Thames et al., 2017; Thames et al., 2016; 

Watson et al., 2020). This lack of consistency suggests that the effects of marijuana on 

neurocognitive functioning in HIV are complex and under-characterized.

Abnormalities in patterns of functional connectivity between brain regions are increasingly 

being used to characterize neurocognitive impairment and neuropsychiatric conditions (for 

reviews, see: Dennis & Thompson, 2014; Fornito, Zalesky, Pantelis, & Bullmore, 2012; 

Stam, 2014; Xia et al., 2018). Functional connectivity is defined as correlated brain activity 

over time. Functional connectivity between two brain regions suggests that these regions are 

communicating (Biswal, Yetkin, Haughton, & Hyde, 1995; Damoiseaux et al., 2006; 

Greicius, Krasnow, Reiss, & Menon, 2003; Salvador et al., 2005; van den Heuvel & Pol, 

2010). Topological properties of brain function can be quantified by measuring functional 

connectivity within and between large-scale brain networks. Healthy brain networks operate 

efficiently by segregating into discrete networks with high local connectivity, and integrating 

those networks with few strategically placed long-range connections such that the distance 

between any two networks is minimized. During task-free resting state, HIV has generally 

been associated with decreases in local and long-range connectivity (Plessis et al., 2014; 
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Samboju et al., 2018; Thomas, Brier, Snyder, Vaida, & Ances, 2013), though the literature is 

mixed (Toich et al., 2018; H. J. Wang et al., 2018), suggesting that the response to neuronal 

insult caused by HIV varies across regions. Independent of HIV, individuals who use 

marijuana generally show increased connectivity between regions across the brain during 

resting state (Cheng et al., 2014; Filbey et al., 2014; Lopez-Larson, Rogowska, & Yurgelun-

Todd, 2015; C. Orr et al., 2013), but this literature is also mixed (C. Orr et al., 2013; Pujol et 

al., 2014).

Despite the work done investigating connectivity in HIV and marijuana alone, the 

synergistic effects of marijuana and HIV on brain network organization is unclear. 

Identifying differences in local versus long-range connectivity could help to explain the 

inconsistencies in these literatures. To our knowledge, only two studies have investigated the 

interaction between HIV and marijuana on brain structure and the blood oxygenation level 

dependent response during functional magnetic resonance imaging (fMRI). In the first, 

Thames and colleagues (2017) investigated brain structure and showed that HIV has 

different effects on brain structure than marijuana but did not find an HIV x marijuana 

interaction. In the second, Meade and colleagues (2019) investigated brain activity during a 

cognitive interference task. They found an interaction effect, with increased activity in the 

co-occurring HIV and marijuana group compared to individuals with either condition alone 

or controls. These results indicate that marijuana may not simply exacerbate the existing 

effects of HIV, but that there may be a synergistic effect of HIV and marijuana use that 

differs from either condition alone.

In the current study, we examined differences in functional brain network organization in a 

cohort of 79 individuals with and without HIV and individuals who used and did not use 

marijuana. We focused on local and long-range connectivity during resting state. Local 

connectivity is connectivity between neighboring regions or regions within the same 

network. Long-range connectivity is connectivity between non-neighboring regions or 

regions across networks. Individual brain networks are thought to underlie unique cognitive 

functions (Laird et al., 2011; Yeo et al., 2015), so strong local connectivity is thought to 

reflect strength in those separate domains. Long-range connectivity, by contrast, is thought 

to reflect functioning in complex cognitive processes that require multiple domains of 

cognition (Yeo et al., 2015). Understanding the synergistic effects of HIV and marijuana on 

local and long-range connectivity can contribute to understanding whether treatment for 

neurocognitive dysfunction in co-occurring HIV and marijuana use should focus on 

improving the single cognitive processes that serve as the building blocks of cognition or 

whether it should focus on improving the ability to integrate said cognitive processes. 

Because the only other study examining the synergistic effects of HIV and marijuana on 

brain function found that co-occurring HIV and marijuana had increased brain activity 

compared to either condition alone and compared to controls, we hypothesized that co-

occurring HIV and marijuana would be associated with increased local and long-range 

connectivity compared to HIV-only, marijuana-only, and controls.
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2. METHODS

2.1 Participant Recruitment and Eligibility

Adults aged 18–55 years were recruited from the Raleigh/Durham area in North Carolina, 

USA using advertisements in local newspapers, community-based organizations, websites, 

and infectious disease clinics. Four groups of participants were recruited: marijuana users 

with HIV (co-occurring), marijuana users without HIV (MJ-only), non-marijuana users with 

HIV (HIV-only), or non-marijuana users without HIV (control). The co-occurring and MJ-

only groups met the following criteria: ≥10 days of marijuana use in the past 30 days and ≥1 

year of regular marijuana use [i.e., consistent use at a frequency of ≥3 days/week (McLellan 

et al., 1992)]. The non-marijuana groups met the following criteria: no lifetime cannabis 

dependence, no history of regular marijuana use, 0 days of marijuana use in the past 90 days, 

and a marijuana negative drug screen. Alcohol and nicotine use were permitted in all groups, 

but individuals with a primary alcohol use disorder were excluded. Participants also could 

have no history of other drug abuse, including cocaine, amphetamine, benzodiazepines, and 

opioids, as defined by the following: history of regular use, lifetime dependence, use in the 

past 30 days, or positive drug screen (could screen positive for amphetamines, opioids or 

benzodiazepines if they had a prescription). HIV-related inclusion criteria included being 

diagnosed for > 3 months. All HIV-negative participants had their HIV status verified via 

OraQuick® rapid HIV test, and a self-reported HIV+ status was verified by medical record 

review. All individuals with HIV were currently engaged in HIV care.

Additional exclusion criteria were nonfluency in English, illiteracy, less than eighth-grade 

education, severe learning disability, severe mental illness, current use of antipsychotic or 

mood stabilizing medications, serious neurological disorders not caused by HIV, acute 

opportunistic brain infections or history of such infections without return to normal 

cognition, severe head trauma with loss of consciousness > 30 minutes and persistent 

functional decline, and other MRI contraindications.

2.2 Procedures

After a telephone pre-screen, eligible participants were invited for a thorough in-person 

screening and an MRI scan session. The Duke University Institutional Review Board 

approved all procedures and participants provided written informed consent. During the in-

person screening, participants completed clinical interviews, questionnaires, a pregnancy 

test, and urine drug screening. We identified current and past substance use disorders using 

Module E of the Structured Clinical Interview for the Diagnostic and Statistical Manual of 

Mental Disorders (Fourth Edition, Text Revision; First, Spitzer, Gibbon, & Williams, 1996). 

History of substance use and associated impairments was assessed using the Addiction 

Severity Index-Lite (McLellan et al., 1992). We assessed substance use in the past 90 days at 

the screening visit and the MRI visit using timeline follow-back methodology (Robinson, 

Sobell, Sobell, & Leo, 2014). Premorbid cognitive function was estimated using the 

Wechsler Test of Adult Reading (Wechsler, 2001). Demographics, smoking behavior, and 

medical history were assessed using an audio computer-assisted self-interview. Participants 

also provided releases for research staff to view medical records to verify self-report history. 

We reviewed health care records in all participants to confirm that no exclusionary 

Hall et al. Page 4

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2022 January 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



neurologic, psychiatric, or medical conditions were present. For HIV+ participants, we also 

abstracted HIV disease indicators, including date of diagnosis, HIV viral load, and CD4 cell 

counts.

On the scan day, participants were asked to abstain from marijuana use for >6 hours prior to 

the scan. Though we did not use Draeger testing to verify recency of marijuana use, staff 

were trained to recognize signs of intoxication. No participant exhibited such signs. 

Participants also completed another pregnancy test prior to scanning. Participants then 

completed an hour-long MRI scan.

2.3 Imaging Protocol

All scans were performed at Duke University Hospital using a 3T GE MR750 scanner with 

an eight-channel head coil. Two resting state whole-brain BOLD images were collected with 

T2*-weighted echo-planar imaging using the following parameters: repetition time (TR) = 

2000ms, echo time (TE) = 25ms, field of view (FOV) = 240 × 240 mm2, flip angle = 90°, in-

plane matrix size = 64 × 64, voxel size of 3.75 × 3.75 × 3.8 mm3, and 35 axial slices. 

Participants were instructed to keep their eyes open and observe a cross-hair displayed via 

projector on to a screen within the scanner bore. Each resting state scan had 180 volumes. 

T1-weighted structural images were acquired using a spoiled gradient echo sequence with 

the following parameters: TR = 8.156ms, TE = 3.18ms, FOV = 256 × 256 mm2, flip angle = 

12°, in-plane matrix size = 256 × 256, voxel size of 1 × 1 × 1 mm3, number of axial slices = 

166, inversion time = 450ms, and parallel acceleration factor = 2.

2.4 Preprocessing and Quality Control

The structural images were first visually checked to ensure full coverage and identify 

significant motion-related artifacts that could affect registration to functional images. 

Structural data were skull-stripped using FMRIB Software Library (FSL) Brain Extraction 

Toolbox (Smith, 2002). Structural images were registered to the 2-mm Montreal 

Neurological Institute standard-space template using FNIRT nonlinear registration 

(Andersson, Jenkinson, & Smith, 2007a, 2007b). Finally, the structural images were 

segmented into grey matter, white matter, and cerebrospinal fluid using FSL FAST (Zhang, 

Brady, & Smith, 2001).

Functional data were converted to LAS orientation and the first six volumes were excluded 

to allow the signal to reach a steady state. Motion correction was conducted using FSL’s 

MCFLIRT (Jenkinson, Bannister, Brady, & Smith, 2002). Three translation and three 

rotational motion parameters were regressed out using rigid-body transformation. Slice-

timing correction was then applied to the resting data. High-pass temporal filtering was 

performed using a Gaussian filter with a frequency of 0.01 Hz to remove low-frequency 

artifacts. Data were then smoothed with a kernel of 6mm using FEAT and then intensity was 

normalized across volumes (mean=1000). Motion correction, slice-timing correction, high-

pass temporal filtering, and intensity normalization were all done using FSL’s FEAT (Smith 

et al., 2004). Additional denoising was conducted through ICA-AROMA, a data-driven 

method to identify and remove motion and physiological-related components from fMRI 

data (Pruim et al., 2015). Nuisance regressors consisting of mean signal within the white 
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matter and cerebrospinal fluid were regressed out of the functional data. Finally, the 

functional data were registered to the T1-weighted anatomical slices with FLIRT (Jenkinson 

et al., 2002; Jenkinson & Smith, 2001) using a 12-parameter affine transformation

The two separate resting state runs were combined by first taking each of the registered 

functional runs and creating a binarized mask image for each. Each run was then demeaned 

utilizing the mask image and the two demeaned functional runs were concatenated.

A motion threshold of relative mean displacement > 0.3mm was utilized for each run. No 

individual runs were found to be in excess of this threshold. In-scanner motion, measured by 

absolute and relative root mean square displacement in the concatenated resting state data, 

did not differ between groups (absolute: F(3,75) = 0.15, p > 0.90, relative: F(3,75) = 0.75, p 
> 0.50). Absolute and relative root mean square displacement means (standard deviations) 

are as follows: absolute: 0.24 (0.12), relative: 0.06 (0.03)

2.5 Construction of Functional Connectivity Networks

We used an atlas comprised of 300 cortical, subcortical, and cerebellar regions (Seitzman et 

al., 2019) to extract timecourses of brain activity in each region for every participant. The 

timecourses consisted of the average activity within a region in every volume in both runs 

and were obtained using nilearn (Abraham et al., 2014). Regions were excluded from 

analyses if 25% of the voxels within the region had insufficient coverage for any participant. 

Using this criteria, no regions were excluded. Then for each participant, the timecourses for 

each region were correlated with timecourses for every other region to create 300 × 300 

connectivity matrices. As the purpose of the analyses herein was to compare our results to 

the existing connectivity literature, and to lay the groundwork for future work investigating 

the synergistic effects of HIV and marijuana on functional connectivity, we established 

functional connectivity using Pearson correlation to be consistent with the broad brain 

network organization literature (e.g. Braun et al., 2012; Hayasaka & Laurienti, 2010; Liao et 

al., 2013; van den Heuvel et al., 2017). Future work will be necessary to explore other 

methods of establishing functional connectivity (e.g. DSouza, Abidin, Chockanathan, 

Schifitto, & Wismuller, 2018; DSouza, Abidin, Leistritz, & Wismuller, 2017; Guo, Seth, 

Kendrick, Zhou, & Feng, 2008; Lombardi et al., 2019). Connections between regions whose 

anatomical centers were less than 20mm apart were excluded from analyses as connectivity 

between anatomically close regions can be artificially inflated by motion (Power, Barnes, 

Snyder, Schlaggar, & Petersen, 2012). Those matrices were then Fisher-transformed. The 

matrices were thresholded at densities ranging from 0.01–0.25, inclusive, in increments of 

0.01, so that only the strongest X% of connections remained at each threshold. The matrices 

retained their edge weights.

2.6 Graph Theory Analysis

Graph theory analyses were performed using the Brain Connectivity Toolbox (Rubinov & 

Sporns, 2010). Metrics that can be obtained for each brain region separately (local 

efficiency, within-module degree, betweenness, strength, and participation coefficient) were 

averaged across every region in the brain. The graph metrics are defined below.
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Basic concepts and notation: N is the set of all nodes in the network, and n is the number of 

nodes. L is the set of all links in the network, and l is the number of links. (i,j) is a link 

between nodes i and j, (i,j ∈ N). aij is the connection status between i and j. aij = 1 when link 

(i,j) exists (when i and j are neighbors); aij = 0 otherwise. Links (i,j) are associated with 

connection weights wij. lw is the sum of all weights in the network. The degree of a node i is 

ki = ∑j ∈ N aij and the weighted degree of a node i is ki
w = ∑j ∈ N wij.

2.6.1 Local Connectivity

2.6.1.1 Modularity: Modularity is the extent to which a graph can be divided into non-

overlapping modules, or networks of regions. We used the Louvain community detection 

algorithm (Blondel, Guillaume, Lambiotte, & Lefebvre, 2008) to quantify modularity. The 

modules detected were used in participation coefficient and within-module degree 

calculations (see below).

2.6.1.2 Transitivity: Transitivity is the relative number of connected triangles in a graph 

compared to the total number of triplets

Tw =
∑i ∈ N 2tiw

∑i ∈ N ki ki − 1

Where tiw is the geometric mean of triangles around a node i, tiw = 1
2 ∑j, ℎ ∈ N wijwiℎwjℎ

1/3,

2.6.1.3 Local Efficiency: Local efficiency is global efficiency (see below) calculated on a 

node’s neighborhood.

Eloc
w = 1

2 ∑
i ∈ N

∑j, ℎ ∈ N, j ≠ i wijwiℎ djℎ
w Ni

−1 1/3

ki ki − 1

where djℎ
w  is the shortest path length between nodes j and h.

2.6.1.4 Within-Module Degree: Within-module degree is the degree of a node calculated 

for nodes within its network.

zi = kiw mi

where mi is the module containing node i (identified using the aforementioned Louvain 

community detection algorithm), ki
w is the within-module degree of i, meaning the sum of 

all links between i and other nodes within its module. We used weighted within-module 

degree.
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2.6.2 Long-Range Connectivity

2.6.2.1 Global Efficiency: Global efficiency is the average inverse characteristic path 

length, which is the shortest path between two nodes, averaged across every pair of nodes.

Ew = 1
n ∑

i ∈

∑j ∈ N, j ≠ i dijw
−1

n − 1

where Ni is the number of nodes that are direct neighbors of node i and dij
w is the shortest 

path between nodes i and j.

2.6.2.2 Betweenness: Betweenness is the fraction of all shortest paths that contain a given 

node. Nodes with high betweenness participate in a large number of shortest paths. For node 

i in a network N:

Bi = 1
(n − 1)(n − 2) ∑

ℎ, j ∈ Nℎ ≠ j, g ≠ i, j ≠ i

ρℎj(i)
ρℎj

ρℎj is the total number of shortest paths from node h to node j, and ρℎj(i) is the shortest 

number of paths from node h to node j that pass through i.

2.6.2.3 Strength: Node strength is the sum of weights of links connected to the node.

Si = ∑
j

wij

where wij is the weight of the connections between nodes i and j.

2.6.2.4 Participation Coefficient: Participation coefficient is a measure of diversity of 

intermodular connections of individual nodes.

yiw = 1 − ∑
m ∈ M

kiw(m)

kiw

2

where M is the set of modules (identified using the aforementioned Louvain community 

detection algorithm), m is a single module, ki
w is the sum of all links between i and all nodes 

and ki(m) is the sum of all links between i and all nodes in module m.

2.7 Data Analysis

Demographic and clinical characteristics were compared between groups using one-way 

ANOVAs, t-tests, or chi-squared analyses, as appropriate, using SPSS 26. Significant 

ANOVAs were probed with Tukey’s honestly significant difference post hoc tests. We 

calculated the graph metrics at each threshold and then calculated the area under the curve 

(AUC) across all thresholds by integrating along the x-axis using the composite trapezoidal 
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rule. The AUC for each metric was compared between groups in 2×2 ANCOVA (HIV x MJ). 

As a result of the significant group differences in age (in years), education (in years), and 

daily cigarette use (yes/no), graph theory metrics are analyzed controlling for these variables 

in ANCOVAs using SPSS. Significant ANCOVA results are reported at p < 0.05. Results 

surviving False Discovery Rate (FDR) correction for the comparison of eight graph metrics 

are indicated below.

We also examined the effects of suppressed viral load and CD4 count on graph metrics. To 

examine the effects of viral load suppression on functional connectivity in individuals with 

HIV, we performed separate ANCOVAs using each graph metric as the dependent variable 

and suppressed vs. unsuppressed viral load as the independent variable, with age, education, 

and daily cigarette use as covariates of no interest. To examine the effects of CD4 count on 

functional connectivity in individuals with HIV, we performed separate regression models 

using each graph metric as the dependent variable and recent and nadir CD4 counts as 

independent variables (in different models). Age, education, and smoking were included as 

covariates of no interest in all models.

3. RESULTS

3.1 Demographic and Clinical Characteristics

The final sample included 79 total participants: 20 co-occurring, 20 HIV-only, 17 MJ-only, 

and 22 controls. Table 1 summarizes the demographic and clinical characteristics of the 

sample. Across all groups, 73.42% identified as male and 63.29% identified as African 

American. Gender and racial distributions did not differ across groups. The average age was 

36.92 (SD=9.52) years, and average years of education was 14.43 (SD=2.04) years. There 

were significant group differences on age and education (p’s < 0.001). Post-hoc tests 

revealed that the HIV-only group was older than the co-occurring and MJ-only groups, and 

that the control group had significantly more years of education than the co-occurring and 

MJ-only groups. The average premorbid verbal IQ was 96.71 (SD = 17.70). Despite the 

differences in education, there were no group differences (p > 0.05) in IQ.

In the HIV-positive groups, there were no significant differences between the co-occurring 

and the HIV-only groups on HIV characteristics (p’s > 0.05). More than half (65.00%) had a 

suppressed viral load of <50 copies/mL. The mean number of years since HIV diagnosis was 

9.20 (range: 1–29 years, SD = 7.41). Nadir CD4 count ranged from 3 to 1037 (median = 

283.50, IQR = 345). Recent CD4 counts ranged from 77 to 1477, (median 725.50, IQR = 

366).

Among marijuana users, there were no significant differences between the co-occurring and 

the MJ-only groups on marijuana use characteristics (p’s > 0.05). 51.35% endorsed criteria 

for marijuana dependence. The mean age of first regular use was 19.08 (range: 11–40, SD = 

5.29), they used on 79.24 out of the past 90 days (range: 25–90, SD = 19.74), they were high 

an average of 6.56 hours/day (range: 0–20, SD = 5.37) when they used, and lifetime use in 

years was 12.24 years (range: 1–30, SD = 7.01 years).
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Significantly fewer controls smoked cigarettes in the past 30 days compared to the other 

three groups, but there were no differences in past 30-day prevalence of alcohol use.

3.2 Graph Theory Metrics

There were no main effects of HIV or MJ for any of the graph metrics (all p’s > 0.05, Table 

2). There were significant interactions for three local metrics (see Table 2): transitivity 

(F(1,72) = 9.28, p < 0.005), local efficiency (F(1,72) = 8.61, p < 0.005), and within-module 

degree (F(1,72) = 7.10, p < 0.01). There were also significant interactions for all long-range 

metrics (see Table 2): global efficiency (F(1,72) = 6.00, p < 0.05), strength (F(1,72) = 6.14, p 
< 0.005), betweenness (F(1,72) = 4.44, p < 0.05), and participation coefficient (F(1,72) = 

4.15, p < 0.05). All three local metrics, and two of the long-range metrics, strength and 

global efficiency, survived FDR-correction for multiple comparisons.

All local metrics showed similarity between the co-occurring and control groups. 

Additionally, there was increased local connectivity in the HIV-only and MJ-only groups 

compared to the co-occurring and control groups (see Figure 1). Simple effects testing 

revealed that the HIV-only group had significantly higher values than the control group for 

transitivity (F(1,72) = 7.74, p < 0.01, η2 = 0.10), local efficiency (F(1,72) = 7.24, p < 0.01, 

η2 = 0.09) and within-module degree (F(1,72) = 6.39, p < 0.05, η2 = 0.08). The MJ-only 

group also had significantly higher values than the control group for transitivity (F(1,72) = 

5.49, p < 0.05, η2 = 0.07) and local efficiency (F(1,72) = 5.09, p < 0.05, η2 = 0.07), and there 

was a trend in the same direction for within-module degree (F(1,72) = 3.85, p < 0.06, η2 = 

0.05).

All long-range metrics also showed similar connectivity between the control group and the 

co-occurring group and similarity between the HIV-only and MJ-only groups (see Figure 2). 

While the HIV-only and MJ-only groups differed from the control group, the co-occurring 

group had values comparable to the control group. Similarly to the local metrics, the HIV-

only and MJ-only groups had higher global efficiency and strength than the co-occurring and 

control groups. Simple effects testing revealed that the HIV-only group had a significantly 

higher global efficiency (F(1,72) = 6.33, p < 0.05, η2 = 0.08) and strength (F(1,72) = 7.49, p 
< 0.01, η2 = 0.09) than the control group. The MJ-only group had significantly higher 

strength (F(1,72) = 5.74, p < 0.05, η2 = 0.07) and showed a trend towards higher global 

efficiency (F(1,72) = 3.57, p < 0.07, η2 = 0.05) compared to the control group. In contrast, 

betweenness and participation coefficient were lower in the HIV-only and MJ-only groups 

than the co-occurring and control groups. Simple effects testing revealed that the MJ-only 

group had significantly lower betweenness than the control group (F(1,72) = 4.78, p < 0.05, 

η2 = 0.06) and that there was a trend towards significantly lower participation coefficient in 

the HIV-only group compared to the control group (F(1,72) = 3.13, p < 0.09, η2 = 0.04).

Analyses within the HIV group investigating the relationship between graph metrics and 

HIV characteristics including viral load suppression, recent CD4 count, and nadir CD4 

count did not reveal any significant relationships between the graph metrics and HIV 

characteristics (all p’s > 0.1).
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4. DISCUSSION

To our knowledge, this is the first study investigating the effects of marijuana on resting state 

brain function in individuals with HIV. Using graph theory metrics, we show that whole-

brain network organization in HIV-only and MJ-only was different from controls but similar 

amongst themselves. In contrast, whole-brain network organization in co-occurring HIV and 

marijuana use is similar to that of controls, measured across multiple local and long-range 

graph metrics. Local connectivity was increased in both HIV-only and MJ-only, whereas 

long-range connectivity showed both increases and decreases, depending on the metric. Two 

of the long-range metrics, participation coefficient and betweenness, which both show 

decreased connectivity in the HIV-only and MJ-only groups, are less influenced by strong 

connectivity within local communities and may be a more pure measure of long-range 

connectivity than our other two measures of long-range connectivity, strength and global 

efficiency. We discuss this in greater detail below.

The similarity in brain network organization between controls and individuals with co-

occurring HIV and marijuana-use suggests that marijuana offsets the disruptive effects of 

HIV on whole-brain network organization. This raises the question about whether this 

similarity reflects a benefit or detriment in functioning in co-occurring HIV and marijuana 

use compared to HIV- and MJ-only. The existing literature does not reach a consensus on the 

matter. On the one hand, marijuana may protect against the detrimental effects of HIV by 

reducing inflammation. Cells infected with HIV release viral proteins that are toxic for 

neurons (Aggoun-Zouaoui et al., 1996; Hazleton, Berman, & Eugenin, 2010; Meucci & 

Miller, 1996; Pu et al., 2003), which propagates a chronic inflammatory response and a 

disruption of the blood brain barrier (Hazleton et al., 2010). Marijuana may counteract this 

inflammatory milieu by enhancing anti-inflammatory activity in protective cells or by 

diminishing function in cells that cause the inflammatory response (for reviews, see: Di 

Marzo, Bifulco, & De Petrocellis, 2004; Klein, 2005; Maroon & Bost, 2018).

The notion that marijuana offers protection against harm caused by HIV is supported by 

work showing that marijuana also has a neuroprotective effect on multiple neurodegenerative 

disorders (for reviews, see: Centonze, Finazzi-Agro, Bernardi, & Maccarrone, 2007; 

Fernandez-Ruiz et al., 2013) in part due to its anti-inflammatory properties. In fact, recent 

studies have shown that activating the endocannabinoid system can counteract 

neuroinflammation and cognitive decline in neurodegenerative disorders with chronic 

inflammation, and can improve behavioral outcomes in animal models of neurocognitive 

impairment (for a review, see Wu, Zhang, Asher, & Thayer, 2019). Further, the cannabinoid 

receptors have increased expression in HIV-associated neurocognitive disorder, making HIV 

a strong potential target for cannabinoid-based treatments (Wu et al., 2019). If inflammation 

caused by HIV damages brain structures that are critical for facilitating the flow of 

information across the brain, then the anti-inflammatory properties of marijuana may 

normalize brain network organization such that it is similar to that of controls. The 

protective role of marijuana against the harmful effects of HIV could suggest a role for 

marijuana in treating HIV associated neurocognitive disorder. We note that we did not 

measure any mediators of inflammation, nor did we measure the cannabinoid content of the 

cannabis used by participants. As cannabinoids, and specifically cannabidiol, is believed to 
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be responsible anti-inflammatory properties of marijuana (Booz, 2011), future research is 

needed to empirically test the anti-inflammatory hypotheses about our results.

It is interesting to note that the MJ-only group does not have the same reduction in whole-

brain connectivity as the co-occurring group. This suggests that marijuana may not protect 

against disruption in brain function unless HIV is present. We speculate that this may be 

because marijuana’s anti-inflammatory protective effects are most evident when there is 

underlying inflammation. The anti-inflammatory and psychotropic effects of cannabis act 

through different mechanisms, binding primarily to different receptors (Corroon & Felice, 

2019; Herkenham et al., 1990). The psychotropic effects likely underlie marijuana’s 

disruptive effects (Yucel et al., 2016). Without underlying inflammation, the harm caused by 

activation of the psychotropic system may become more apparent or in contrast, the 

activation of the anti-inflammatory system may cause harm. However, this is purely 

speculative and future work that includes inflammatory markers will be necessary to probe 

this question.

In contrast to the position that marijuana is generally protective against harm caused by HIV, 

work done on brain function in individuals with co-occurring HIV and marijuana use 

suggests that marijuana may exacerbate some aspects of neurocognitive dysfunction in HIV, 

like learning and memory. A review investigating the independent effects of HIV and 

marijuana on memory hypothesized that co-occurring marijuana use and HIV-infection 

strain neural resources, resulting in more pronounced impairment (Skalski, Towe, Sikkema, 

& Meade, 2016). Evidence in support of this idea comes from a study done using a cognitive 

interference task in which there is increased activity in co-occurring HIV and marijuana use 

compared to controls in a set of regions across the brain; this increase in activity only 

occurred in a subset of those regions in HIV- and MJ-only groups (Meade et al., 2019). This 

suggests that as neural insult grows, increases in brain activity, thought to compensate for 

inefficient neural function (Fornito, Zalesky, & Breakspear, 2015), become more 

widespread. Though the current work during resting state does not show this same pattern of 

increased connectivity in the co-occurring group compared to the control group, this may be 

due to the fact that we measured whole-brain connectivity rather than connectivity within 

specific regions or networks. If there was profound brain network reorganization across the 

brain, with increased connectivity in some regions countering decreases in others, whole-

brain connectivity may appear unchanged. When neural insult is mild, as it may be in HIV-

only or MJ-only, reorganization may be limited to increases or decreases in connectivity 

within a few regions that are not countered by connectivity changes in other regions and 

therefore, are apparent when measuring whole-brain network organization. Work done on 

the brain network organization in comatose patients has shown that whole-brain network 

organization does not change but that the distribution of hub regions (highly connected 

regions thought to be critical relay stations) radically changes (Achard et al., 2012). This 

supports the idea that a drastic reorganization of brain network organization can occur even 

when whole-brain network organization metrics are unchanged. Future work with a larger 

sample size that can detect subtle effects at the nodal level could examine the organization of 

hub regions in HIV and co-occurring marijuana use and shed light on this issue.
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Turning to whole-brain network organization in the HIV-only group, we show increased 

local connectivity compared to controls, measured by transitivity, local efficiency, and 

within-module degree. The increase in local connectivity was unexpected because decreased 

connectivity is often shown in the HIV literature (Chaganti et al., 2017; du Plessis et al., 

2017; Guha et al., 2016; Herting et al., 2015; Ortega, Brier, & Ances, 2015; Thomas, Brier, 

Ortega, Benzinger, & Ances, 2015; Thomas et al., 2013). We propose two possible 

explanations for why we find increased local connectivity. The first is that increases in 

functional connectivity may be difficult to detect when measuring connectivity at the level of 

individual regions but measuring across the whole brain, some of the small but consistent 

effects may become detectable. However, there are some instances of increased connectivity 

in HIV (Herting et al., 2015; Toich et al., 2018; H. J. Wang et al., 2018) and further, one 

study shows increases in local connectivity over time in HIV (Correa et al., 2017), and 

another shows increasing small-world properties (a measure of high local connectivity with 

few strong connections linking the local communities) with increasing cognitive impairment 

in HIV (Abidin et al., 2018). The second is that the mean age of our participants (~37 years) 

is lower than many neuroHIV samples. Since HIV is theorized to exacerbate the aging 

process in the brain (Holt, Kraft-Terry, & Chang, 2012), and longer HIV infection/higher 

age is associated with greater brain disruption (Cysique et al., 2017; Thomas et al., 2015) it 

is also possible that connectivity patterns reported in the literature in older individuals may 

differ from the patterns we report in younger individuals with HIV.

The MJ-only group has a similar pattern of disruption as the HIV-only group. Marijuana use, 

unlike HIV, is frequently associated with increased connectivity (Cheng et al., 2014; Filbey 

& Dunlop, 2014; Lopez-Larson et al., 2015; Manza, Tomasi, & Volkow, 2018; Pujol et al., 

2014), though there are exceptions (C. Orr et al., 2013; Pujol et al., 2014). This suggests that 

increases in local connectivity may be more easily detectable at the level of individual 

regions than they are in HIV.

The direction of disruption in long-range metrics also differs in the HIV-only and MJ-only 

groups compared to controls, with higher global efficiency and strength and lower 

betweenness and participation coefficient. Though it is difficult to interpret the inconsistency 

between these long-range metrics, participation coefficient is unique among our long-range 

metrics in that it measures the diversity of communities to which a region is connected and 

therefore, it cannot be disproportionately inflated by a large or strongly connected local 

community (Power, Schlaggar, Lessov-Schlaggar, & Petersen, 2013). Using participation 

coefficient as a measure of inter-network connectivity, we find decreased inter-network 

connectivity and accompanying increases in local/intra-network connectivity. Betweenness 

is also thought to be a long-range metric that is less dependent on the size of the local 

community. These results may help to resolve some of the inconsistencies in the HIV and 

marijuana literature. The discrepancy in these literatures may be due to increased local 

connectivity compensating for decreased long-range connectivity. The pattern of decreased 

long-range connectivity with concomitant increases in local connectivity is also seen in other 

conditions during resting state. Tomasi and Volkow (2012) show decreased long-range 

connectivity and increased short-range connectivity associated with aging. Inflammation has 

also been associated with select increases in local connectivity and decreases in connectivity 

across the brain (Marsland et al., 2017; Yin et al., 2019). In fact, hub regions are often highly 
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impacted by a variety of neurologic conditions (Crossley et al., 2014), which can disrupt the 

balance in long-range and local connectivity (Bertolero, Yeo, Bassett, & D’Esposito, 2018; 

Gratton, Nomura, Perez, & D’Esposito, 2012). In HIV, the long-range connectivity may be 

weakened, and the brain subsequently reorganizes to prioritize local connections.

Abnormal functional activity is likely to be driven in part by changes in underlying brain 

structure. The relationship between structural and functional abnormalities has been 

demonstrated in a variety of conditions that impact neurocognitive function, including 

healthy aging, Alzheimer’s Disease, schizophrenia, and attention-deficit/hyperactivity 

disorder (Hakun, Zhu, Brown, Johnson, & Gold, 2015; Schlosser et al., 2007; Z. Q. Wang et 

al., 2015). As HIV and marijuana use are both associated with abnormalities in brain 

structure (Ances, Ortega, Vaida, Heaps, & Paul, 2012; Ashtari et al., 2009; Becker et al., 

2011; Filbey et al., 2014; Filippi, Ulug, Ryan, Ferrando, & van Gorp, 2001; J. M. Orr, 

Paschall, & Banich, 2016; Pomara, Crandall, Choi, Johnson, & Lim, 2001) future work 

should investigate the relationship between functional brain network organization and 

underlying structural integrity.

4.1 Limitations

There are many strengths in the current work, including the first investigation of the effects 

of marijuana on resting-state brain function in individuals with HIV, a novel application of a 

graph theory approach to quantifying brain network organization, and a well-characterized 

sample of heavy and chronic marijuana users. Nevertheless, this is a preliminary 

investigation with a relatively small sample size (group sizes ranging from 17–22 

participants), and thus the results should be interpreted with caution. Due to this small 

sample size, we chose to focus on whole-brain measures of network organization rather than 

exploring effects at individual nodes. However, it is likely that the mechanisms underlying 

brain network organization alteration in HIV and marijuana use are subtle and require a 

nuanced investigation of differences at the network level or even the level of the interaction 

between the individual region and the rest of the brain. This work is also cross-sectional. 

Longitudinal designs are needed to ascertain the degree to which HIV and marijuana use are 

causal factors in disrupting brain network organization or whether differences in brain 

network organization exist prior to the contraction of HIV or onset of marijuana use. We also 

do not relate brain network organization to neurocognitive performance. However, variations 

in global topological properties have been associated with intellectual performance and they 

change over time as task cognitive performance improves (Douw et al., 2011; Langer, von 

Bastian, Wirz, Oberauer, & Jancke, 2013; van den Heuvel & Pol, 2010) so we expect that 

the brain network abnormalities observed in this study may reflect changes in cognition. 

Understanding how these abnormalities in brain network organization relate to 

neurocognitive performance will help clarify whether these abnormalities underlie 

enhancement or impairments in behavioral outcomes. Finally, two of our long-range metrics 

did not survive FDR correction for multiple comparisons. A larger sample could reduce 

measurement error and increase the effect size.
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5. CONCLUSIONS

The present study indicates that the synergistic effect of marijuana use and HIV on brain 

network organization is distinct from the effects of either HIV or marijuana use alone. 

Whole brain network organization is similar between co-occurring HIV and marijuana use 

and controls whereas it differs between HIV-only and MJ-only and controls. It is unclear 

whether the similarity between co-occurring HIV/marijuana and controls is indicative of the 

protective effects of marijuana on brain function or of increased brain dysfunction in co-

occurring HIV and marijuana use. This work lays important groundwork for future studies 

examining the relationship between brain network organization and behavioral outcomes in 

HIV and marijuana users.
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Highlights

• We measured functional brain network organization in HIV and marijuana use

• Organization is similar between co-occurring HIV and marijuana use and 

controls

• HIV-only and marijuana use-only have increased local connectivity

• Long-range connectivity disruptions in HIV and marijuana use vary across 

metrics
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Figure 1. 
Local graph metrics showing a significant HIV x MJ effect. A. Local metrics plotted across 

all densities by group. Error bars represent standard error. B. Area under the curve for local 

metrics. Means adjusted for covariates (age, education, smoking) are displayed on the y-

axis.
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Figure 2. 
Long-range graph metrics. A. Long-range metrics plotted across all densities tested, shown 

for illustrative purposes. Error bars represent standard error. Means are not adjusted for 

covariates. B. Area under the curve for long-range metrics. Means adjusted for covariates 

(age, education, smoking) are displayed on the y-axis
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