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Abstract
Persons with co-occurring HIV infection and cocaine use disorder tend to engage in riskier decision-making. However, the neural
correlates of sensitivity to risk are not well-characterized in this population. The purpose of this study was to examine the neural
interaction effects of HIV infection and cocaine use disorder to sensitivity to risk. The sample included 79 adults who differed on
HIV status and cocaine use disorder. During functional magnetic resonance imaging (fMRI), participants completed a Wheel of
Fortune (WoF) task that assessed neural activation in response to variations of monetary risk (i.e., lower probability of winning a
larger reward). Across groups, neural activation to increasing risk was in cortical and subcortical regions similar to previous
investigations using theWoF in nondrug-using populations. Our analyses showed that there was a synergistic effect betweenHIV
infection and cocaine use in the left precuneus/posterior cingulate cortex and hippocampus, and right postcentral gyrus, lateral
occipital cortex, cerebellum, and posterior parietal cortex. HIV+ individuals with cocaine use disorder displayed neural hyper-
activation to increasing risk that was not observed in the other groups. These results support a synergistic effect of co-occurring
HIV infection and cocaine dependence in neural processing of risk probability that may reflect compensation. Future studies can
further investigate and validate how neural activation to increasing risk is associated with risk-taking behavior.
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Introduction

Cocaine use disorder is associated with behavioral deficits in
inhibitory control, executive functioning, and decision-mak-
ing, which may contribute to the risk-taking behavior com-
monly seen in this population (Aron & Paulus, 2007; Luijten
et al., 2014; Morein-Zamir & Robbins, 2015). Cocaine dis-
rupts the mesocorticolimbic dopaminergic system, and fre-
quent use is postulated to result in neuroadaptations in
fronto-striatal regions that are implicated in reward-based de-
cision-making (Everi t t & Robbins, 2016). These
neuroadaptations likely result from the proinflammatory ef-
fects of cocaine on the central nervous system, including

increased oxidative stress, induction of inflammatory cyto-
kines, and greater permeability of the blood-brain-barrier
(Buch et al., 2012). It has been proposed that dopamine dys-
regulation acts as a catalyst for dysfunctional immune regula-
tion that underlies these neuroinflammatory responses (Ersche
& Döffinger, 2017). Cocaine-induced neuroadaptations that
affect reward processing and decision-making may lead to
riskier decisions (Heil, Johnson, Higgins, & Bickel, 2006;
Rosselli, Ardila, Lubomski, Murray, & King, 2001;
Verdejo-Garcia, Perales, & Perez-Garcia, 2007).

Persons with cocaine use disorder have disproportionately
high rates of HIV infection (Korthuis et al., 2008). This disparity
is, in part, driven by engagement in high-risk sexual behaviors,
such as inconsistent condom use, multiple sex partners, and trad-
ing of sex for drugs (Berg, Weatherburn, Marcus, & Schmidt,
2019; Cheng et al., 2016; Harzke, Williams, & Bowen, 2009).
Cocaine users display risky behavior on varied decision-making
processing, including riskier choices with more disadvantageous
outcomes and a preference for immediate smaller rewards over
larger delayed rewards (Spronk, vanWel, Ramaekers, &Verkes,
2013). This propensity toward risky decision making may be
exacerbated by the effect of co-occurring HIV infection on the
brain (Cai, Yang, Callen, & Buch, 2016).
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While combination antiretroviral therapy can effectively
restore immune system function and suppress many symp-
toms of HIV infection, neurocognitive impairment remains a
prevalent comorbidity among HIV-positive individuals, with
rates up to 50% (Clifford & Ances, 2013; Heaton et al., 2010).
HIV-associated deficits are most prominent in the cognitive
domains of attention, memory, and executive function
(Brouillette et al., 2016; Eggers et al., 2017; Heaton et al.,
2015). In particular, HIV infection has also been associated
with increased risky decision-making (Fujiwara, Tomlinson,
Purdon, Gill, & Power, 2015; Hardy, Hinkin, Levine,
Castellon, & Lam, 2006; Martin et al., 2004). HIV-
associated cognitive dysfunction may reflect abnormalities
in underlying brain function. Functional magnetic resonance
imaging (fMRI) studies of executive functioning in HIV-
positive individuals have found hyperactivations in frontal
brain regions both at rest and during tasks that may underlie
HIV-associated neurocognitive impairment (Hakkers et al.,
2017). Like cocaine-use disorder, HIV disease is associated
with increased dopaminergic function that is believed to cause
neuroinflammation, which increases susceptibility to viral in-
fection and leads to dysregulation of myeloid inflammatory
processes (Nolan & Gaskill, 2019). In healthy adults, deci-
sions that involve uncertain outcomes have been shown to
involve neural activation in the dorsolateral prefrontal cortex
(dlPFC) and posterior parietal cortex (PPC) (Platt & Huettel,
2008). Risky decision making in the context of uncertain out-
comes can be investigated using the Wheel of Fortune (WoF)
task, which captures neural activation in response to increas-
ingly riskier choices. Prior studies of healthy adults have
shown increased activation in the dlPFC and dorsal anterior
cingulate cortex (ACC) and decreased activation in the
precuneus, middle temporal area, and insula (Ernst et al.,
2004; Roy et al., 2011; B. W. Smith et al., 2009).
Neuroeconomics provides a framework for understanding de-
cision making based on preference formation, action selec-
tion, and evaluation of outcomes using both utility (i.e., sub-
jective value) and probability (Sharp, Monterosso, &
Montague, 2012). In making risky versus safe decisions,
choice often is guided by the probability of outcomes (Sirigu
&Duhamel, 2016). Individual differences in neural sensitivity
to reward probabilities may help to explain risky decision
making.

Relatively few studies have used neuroimaging to investi-
gate risky decision making in persons with HIV. In an fMRI
study using a task involving decisions about risky gains, HIV-
positive individuals showed higher neural activation than
HIV-negative individuals in ventral ACC, dlPFC, medial pre-
frontal cortex (mPFC), thalamus, and basal ganglia (Connolly
et al., 2014). Two studies have examined the independent
effects of HIV and cocaine on neural response to decision
making by including four groups stratified by HIV infection
and cocaine use. Using a loss aversion task, cocaine was

associated with higher neural activation in regions that tracked
the favorability of gambles (mPFC, dorsal ACC, precuneus,
and visual cortex), whereas HIV was associated with less ac-
tivation in regions that tracked the unfavorability of gambles
(dlPFC, PPC, orbitofrontal cortex, insula, and striatum)
(Meade et al., 2018). Using a delay discounting task, cocaine
moderated the effect of HIV in the lateral and medial PFC and
the cerebellum, such that the HIV-related compensatory re-
sponse was diminished in participants with co-occurring co-
caine dependence (Meade et al., 2017). These studies suggest
that co-occurring HIV infection and cocaine dependence can
have interactive effects on neural functioning associated with
multiple aspects of reward-based decision making, including
the valuation of potential losses and the discounting of de-
layed rewards.

Building on these studies, the present analysis investigates
the interactive effects of cocaine dependence and HIV infec-
tion on neural sensitivity to increasingly risky choices.
Specifically, participants were asked to make choices between
larger rewards with a lower probability of winning and smaller
rewards with a higher probability of winning. We hypothe-
sized that HIV and cocaine would be independently associated
with decreased activation in task-related regions.
Additionally, we expected that co-occurring HIV and cocaine
would be associated with compensatory hyperactivations in a
broader set of regions related to reward processing.

Methods

Participants

This data comes from a study on the effects of co-occurring
HIV infection and cocaine use on neural activation during
decision making (Meade et al., 2016). The sample included
adults aged 22-55 years who were active cocaine users with
HIV (COC+/HIV+, n = 19) and without HIV (COC+/HIV−, n
= 18), and non-cocaine users with HIV (COC−/HIV+, n = 24)
and without HIV (COC−/HIV−, n=18). The COC+ groups
met the following criteria: lifetime cocaine dependence, regu-
lar cocaine use for ≥1 year, and any use in the past month. The
COC− groups met the following criteria: no lifetime cocaine
abuse or dependence, no history of regular cocaine use, 0 days
of cocaine use in the past year, and cocaine-negative drug
screen. Alcohol and marijuana use were permitted in all
groups, but current alcohol or marijuana dependence were
only acceptable in the COC+ group if secondary to a principal
diagnosis of cocaine dependence. For other illicit drugs, indi-
viduals in all groups were excluded for lifetime regular use or
dependence, use in the past year, or a positive drug screen.
HIV-negative status was verified by an OraQuick© rapid test,
and HIV-positive status was confirmed by medical record
review. Additional exclusion criteria were: English
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nonfluency or illiteracy; <8th grade education; severe learning
disability; serious neurological disorders not due to HIV;
acute opportunistic brain infections or history of such infec-
tions without return to normal cognition; severe head trauma
with loss of consciousness >30 minutes and persistent func-
tional decline; severe mental illness; current use of antipsy-
chotic or mood stabilizing medications; MRI contraindica-
tions; and/or impaired mental status. Medical records were
reviewed to verify the absence of exclusionary medical
conditions.

Procedures

Participants were recruited via advertisements in local news-
papers, websites, community-based organizations, and infec-
tious diseases clinics. After a brief prescreener, individuals
completed a 3-hour in-person screening. Eligible participants
returned for the MRI scan and additional assessments.
Participants were asked to abstain from alcohol, cocaine, and
other illicit drugs for at least 4 hours before the visit. Research
staff were trained in the detection of obvious signs of with-
drawal that could interfere with the testing procedures (e.g.,
tremors, fatigue), but no scans were aborted for withdrawal
symptoms. Participants were compensated for participation in
the study. Procedures were approved by the institutional re-
view boards at Duke University Health System and University
of North Carolina at Chapel Hill.

Measures

At the screening visit, participants completed clinical inter-
views, computerized questionnaires, and biological tests to
confirm eligibility. Module E of the Structured Clinical
Interview for DSM-IV-TR identified substance use disorders
(First, Spitzer, Gibbon, &Williams, 1996), and the Addiction
Severity Index-Lite assessed substance use and associated im-
pairments (McLellan et al., 1992). A nine-panel urine toxicol-
ogy screen that tested for cocaine, amphetamine, barbiturates,
benzodiazepine, methamphetamine, opioids, methadone, mar-
ijuana, and oxycodone was used to corroborate self-reports of
recent drug use. A urine pregnancy test also was completed.
The Mini International Neuropsychiatric Interview (MINI)
was identified mood, anxiety, and psychotic disorders
(Sheehan et al., 1998). Premorbid verbal IQ was estimated
using the Wechsler Test of Adult Reading (WTAR), which
asks participants to read aloud 50 words that have atypical
grapheme to phoneme translations (Wechsler, 2001).
Finally, computerized questionnaires assessed demographics
and smoking history.

On the day of the MRI scan, timeline follow-back method-
ology was used to assess substance use in the past 30 days
(Robinson, Sobell, Sobell, & Leo, 2014). Another urine preg-
nancy test was completed and a five-panel urine toxicology

screen was administered that tested for cocaine, amphetamine,
opioids, marijuana, and benzodiazepine. A positive screen for
cocaine was not required for COC+ participants and was ex-
clusionary for COC− participants. A positive screen for mar-
ijuana was allowed in all groups. No participants screened
positive for any other illicit drug (2 participants tested positive
for benzodiazepine and opioids due to a verified prescription).
Nicotine use was allowed in all groups. Healthcare records
were reviewed to obtain medical history and, if applicable,
HIV disease indicators (e.g., CD4 cell counts).

Wheel of Fortune (WoF) task

The WoF is a computerized two-choice decision-making task
that involves probabilistic monetary outcomes (Ernst et al.,
2004). Participants are presented with two wheels: one with
a larger reward but smaller probability of winning, and the
other with a smaller reward but larger probability of winning
(Fig. 1). Participants were asked which wheel they would
prefer to “spin.” The 90 experimental trials varied in the prob-
ability of winning each reward, as well as the monetary
amount of the rewards. The original task was modified to
increase variability in the choices presented and to maximize
the likelihood of participants choosing both riskier and less
risky options. Of note, there was no inherent value to choosing
from only one wheel. Specifically, the expected value for only
choosing the riskier wheel ($227) or the less risky wheel
($290) was lower than that of a combination of risky and less
risky choices based on monetary value of the choices (up to
$367). Only the selection phase was presented; none of the
choices were resolved during the scanning session. This sim-
plification eliminated the possibility that outcomes on previ-
ous trials might influence choices on subsequent trials.

The probability of the larger reward ranged from 5% to
45% in 5% intervals, while the probability of the smaller re-
ward ranged from 95% to 55%, respectively. For example, the
riskiest choice with the greatest discrepancy had probabilities
of 5% for the larger reward and 95% for the smaller reward,
while the least risky choice had probabilities of 45% for the
larger reward and 55% for the smaller reward. The associated
monetary rewards varied from $5.50 to $10.00 for the larger
rewards and $0.50 to $5.00 for the smaller rewards, with the
monetary amounts orthogonalized across the different proba-
bility pairs. An additional 30 trials served as controls, in which
the size of the rewards differed but both options had a 50%
probability of winning. Because the larger monetary reward
was clearly advantageous, this was considered the correct
choice. The control trials were included to assess task com-
prehension and attention. Participants completed four runs of
30 trials each. The order of runs was randomized across par-
ticipants, but the sequence of trials within each run was the
same.
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Participants were trained on the WoF task on the day of the
scan session. After receiving instructions, they completed a short-
ened version of the WoF on a computer out of the MRI scanner.
Participants received clarifications about the task as needed. To
increase motivation, participants were informed that one trial
would be selected after the scan. Based on their choice during
the scan, they spun a wooden wheel with the corresponding prob-
ability. If the arrow landed on the green section, they earned the
associated reward; otherwise, they did not earn the reward.

MRI data acquisition

MRI data were acquired during a 90-minute session with a 3.0T
GEDiscoveryMR750whole-body scanner at the Brain Imaging
and Analysis Center at Duke University Hospital. T2-weighted

axial echo-planar imaging (EPI) was used to collect whole-brain
BOLD signal with the following parameters: TR = 2,000ms, TE
= 27ms, flip angle = 77°, FOV= 25.6 cm, in-plane matrix size =
64*64, slice thickness = 4 mm, number of slices = 39. High-
resolution T1-weighted structural images were acquired with the
following parameters: TR = 8.10ms, TE = 3.18ms, FOV = 25.6
cm, flip angle = 12°, in-planematrix = 256*256; slice thickness =
1 mm, number of slices = 172. The images were acquired in the
anterior to posterior direction (axially) for the EPI, and left to
right (sagitally) for the T1-weighted images.

Quality control

Of the 90 study completers, 79 passed all quality control
checks and were included in the final sample. Of the 11

Fig. 1 Illustration of the adapted Wheel of Fortune task. For each pair of
wheels, the green slice corresponds to the probability of winning the
monetary amount listed above. The participant was asked which wheel
they prefer to spin. The left/right location of the riskier option was ran-
domized across trials within individuals to minimize lateralized motion
preparation to the choice period. Each trial was 6 seconds in length and
included the choice presentation (2 s) and the response period (4 s),

followed by an exponentially distributed variable intertrial interval of 2-
8 s. After the 2 s choice presentation, the words “choose now” appeared,
indicating that the participant could make their selection by pressing a
button on the response pad that corresponded to the left or right choice.
Once the participant made a choice, that wheel was underlined for the
remainder of the response period
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participants who were excluded, 2 had relative mean displace-
ment >0.3 mm, 3 skipped >15% of trials, and 6 demonstrated
irrational choice on the WoF task. Task performance was
evaluated for each individual using a multivariate logistic re-
gression model predicting riskier choice, with probability and
monetary amount entered as regressors. The unstandardized
regression coefficients (β values) are expected to be positive
for both probability (more likely to choose the riskier wheel as
probability of winning increases) and reward (more likely to
choose the riskier wheel as reward amount increases).
Irrational choice was defined as negative β-values for proba-
bility and/or amount, coupled with visual inspection of heat
maps. Furthermore, specific runs were excluded due to exces-
sive motion, skipped trials, or image acquisition problems (six
had one run excluded, one had two runs excluded, and two
had three runs excluded).

fMRI data analysis

Functional and anatomical data were pre-processed and ana-
lyzed using FSL’s FEAT (Smith et al., 2004). Preprocessing
steps included: motion correction with MCFLIRT; slice-
timing correction using Fourier-space time-series phase-
shifting; spatial smoothing with a Gaussian kernel of 5-mm
full-width at half-maximum; high-pass temporal filtering
(Gaussian-weighted least squares straight line fitting with σ
= 60 s); grand-mean intensity normalization of the entire 4D
dataset by a single multiplicative factor; and skull stripping of
structural images with BET. Registration of functional data to
the T1-weighted anatomical slices and registration of structur-
al images to the 2-mmMontreal Neurological Institute (MNI)
standard-space template were done using FLIRT utilizing a
12-parameter affine transformation. Individual time-series sta-
tistical analyses were performed using FILM with local auto-
correlation correction for two separate contrasts examining
sensitivity to risk.

The primary contrast modeled neural activation in response
to increasing risk (i.e., decreasing probability of winning a
larger reward). For this first-level general linear model
(GLM), two regressors were defined. The first included all
WoF trials. The second modeled the paired probabilities asso-
ciated with the smaller and larger rewards, respectively, on a
1-10 scale (i.e., 1 = 50% or 50%, 10 = 95% or 5%). The
probability regressor was separately orthogonalized from the
regressor containing all trials. A binary variable of whether
they chose the risky or safe option was included as a covariate
to control for choice. This regressor structure modeled in-
creasing risk on a continuous scale while controlling for
choice. Standard motion parameters also were added to each
GLM, and temporal filtering was applied to each regressor
before convolution with a double-gamma hemodynamic re-
sponse function. A second-level fixed-effects analysis was
then used to average activation across the separate runs of

each participant. For both the first and second level individual
analyses, results were corrected for multiple comparisons
using a cluster thresholding approach of Z > 2.3 and p < 0.05.

For the third-level group analyses, we utilized a more strin-
gent cluster threshold of Z > 2.6 and p < 0.05 to protect against
spurious group-level effects using FMRIB’s Local Analysis of
Mixed Effects (FLAME 1+2). To examine if there were neural
differences related to increasing risk between groups, a whole-
brain voxel-wise one-way ANCOVA was performed on the
contrast of interest. Root mean square of the intensity differ-
ence of volume N to volume N+1 (DVARS) (Power, Barnes,
Snyder, Schlaggar, & Petersen, 2012) was calculated to assess
motion. Motion (DVARS) and age (in years) were included as
covariates of no interest. Both sets of analyses were restricted
to a gray matter mask.

For each significant cluster identified in the ANCOVA,
percent signal change was extracted using Featquery.
Further analyses were conducted in SPSS 24.0. Group aver-
ages were examined to determine the direction of effects.
Finally, a 2 (HIV+ vs. HIV−) x 2 (COC+ vs. COC−)
ANOVA was conducted to examine the main effects of co-
caine and HIV and their interaction.

Results

Participant characteristics

Participant characteristics by group are described in Table 1.
The sample included 50 men and 29 women, primarily
African-American (83.54%), with a mean age of 42.13 years
(standard deviation [SD] = 8.95). Years of education ranged
from 8 to 22 (mean [M] = 13.53, SD = 2.57), and participants
had an average premorbid IQ of 91.57 (SD = 16.67). There
were no group differences on these demographic
characteristics.

Lifetime years of cocaine use ranged from 2-33 years (M =
16.75, SD = 8.19) with a mean of 10.00 (SD = 7.49) days of
use in the past 30 days. Participants had last used cocaine an
average of 2.71 (SD = 4.59) days before the MRI scan, and
83.78% had a positive urine screen for cocaine on the day of
the MRI scan. Cocaine use characteristics did not differ by
HIV status.

All HIV+ participants were in HIV care and prescribed
antiretroviral medications. They had been diagnosed with
HIV for 1-26 years (M = 9.37, SD = 7.04), 69.77% had a
suppressed viral load at <50 copies/mL, and 41.86% had an
AIDS diagnosis. Most recent CD4 count ranged from 79 to
2,377 (median = 598.00, interquartile range [IQR] = 553.00),
and nadir CD4 count ranged from 0 to 718 (median = 202.00,
IQR = 327.00). HIV characteristics did not differ by COC
status.
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Task performance

Behavioral performance indicated that participants understood
and were engaged with the task (Table 1). Participants
responded to an average of 117.78 of the 120 trials (SD =
4.10). Reaction time was significantly faster for control trials
(M = 0.56 s, SD = 0.25) than experimental trials (M = 0.86 s,
SD = 0.32; t(78) = 9.68; p < 0.001). On control trials, partic-
ipants chose the larger wheel 97.72% of the time (SD =
3.97%). On experimental trials, they chose the larger reward
wheel 41.70% of the time (SD = 25.82%). As shown in Fig. 2,
participants were less likely to choose the riskier wheel as the
probability of winning on that wheel decreased. A repeated
measures ANOVA showed a strong main effect for probabil-
ity [F(8, 600) = 118.10, p < 0.001], but there was no group-by-
probability interaction effect [F(24, 600) = 0.72, p = 0.832].
There were no differences between groups on additional met-
rics of task performance (Table 1).

Whole-sample task activation

Increasing risk was positively associated with BOLD signal in
bilateral regions of the lateral occipital, inferior temporal, and
dorsomedial prefrontal cortices and the left dorsal ACC, infe-
rior frontal gyrus, and lateral orbitofrontal cortex (Table 2;
Fig. 3). In addition, increasing risk was negatively associated
with BOLD signal in bilateral regions of the medial occipital,
precuneus/posterior cingulate cortex (PCC), PPC, insular,
opercular, motor, mid-cingulate, ventral ACC, orbitofrontal
cortices and the striatum, hippocampus, amygdala, and
cerebellum.

Group differences in task activation

There were significant differences in neural activation across
the groups in six clusters (Table 3). These clusters included
bilateral precuneus/PCC, superior parietal lobule of the PPC,

Table 1. Sample characteristics

COC+ COC− Statistic p value

HIV+
(N = 19)

HIV−
(N = 18)

HIV+
(N = 24)

HIV−
(N = 18)

Demographic characteristics
Male, N (%) 13 (68.42%) 11 (61.11%) 16 (66.67%) 10 (55.56%) χ2(3) = 0.83 0.841
Age in years, M (SD) 43.47 (8.44) 43.67 (6.64) 40.50 (9.71) 41.33 (10.57) F(3,75) = 0.62 0.602
Race, N (%) χ2(6) = 6.01 0.422
African American 18 (94.74%) 16 (88.89%) 19 (79.17%) 13 (72.22%)
Caucasian 1 (5.26%) 2 (11.11%) 4 (16.67%) 3 (16.67%)
Other/mixed 0 (0%) 0 (0%) 1 (4.17%) 2 (11.11%)
Education in years, M (SD) 12.84 (3.22) 12.83 (2.73) 14.04 (1.88) 14.28 (2.24) F(3,75) = 1.78 0.159
Estimated premorbid IQ, M (SD) 87.26 (14.85) 93.28 (16.33) 88.75 (15.73) 98.17 (18.93) F(3,75) = 1.70 0.174
Current major depression, N (%) 2 (10.53%) 2 (11.11%) 3 (12.50%) 0 (0.00%) χ2(3) = 2.32 0.508
Cocaine use characteristics
Lifetime use in years, M (SD) 17.94 (8.90) 15.56 (7.47) -- -- t(34) = 0.87 0.389
Days of use in past 30 days, M (SD) 10.26 (8.29) 9.72 (6.78) -- -- t(35) = 0.22 0.830
Positive urine test on scan day, N (%) 17 (89.47%) 14 (77.78%) -- -- χ2(1) = 0.93 0.335

Days since last used, M (SD) 1.50 (1.58) 4.00 (6.21) -- -- t(33) = 1.65 0.108
Other substance use characteristics
Days of alcohol use in past 30, M (SD) 9.26 (10.16) 9.67 (8.89) 1.21 (1.96) 3.33 (5.30) F(3,75) = 7.35 <0.001
Days of cannabis use in past 30, M (SD) 4.11 (8.10) 4.78 (8.37) 4.29 (10.13) .56 (1.92) F(3,75) = 1.08 0.362
THC positive urine on scan day, N (%) 6 (31.58%) 6 (33.33%) 4 (17.39%) 1 (5.56%) χ2(3) = 5.52 0.137
Daily cigarette smoker, N (%) 15 (78.95%) 14 (77.78%) 9 (37.50%) 5 (27.78%) χ2(3) = 16.45 0.001
HIV characteristics
HIV viral load <50 copies, N (%) 14 (73.68%) -- 16 (66.67%) -- χ2(1) = .25 0.619
Current CD4 cell count, Median (Q1, Q3) 616 (243, 810) -- 569 (258, 824) -- U = 216.00 0.769
Nadir CD4 cell count,Median (Q1, Q3) 200 (55, 325) -- 206 (106, 445) -- U = 198.00 0.463
Years since diagnosis, M (SD) 11.05 (6.60) -- 8.04 (7.24) -- t(41) = 1.41 0.167
AIDS diagnosis, N (%) 9 (47.37%) -- 9 (37.50%) -- χ2(1) = .424 0.515
Behavioral task performance
Trials missed, M (SD) 2.11 (3.43) 2.06 (4.32) 1.92 (2.80) 2.89 (5.90) F(3,75) = .211 0.888
Reaction time in seconds
Experimental trials, M (SD) .965 (.407) .805 (.262) .858 (.317) .826 (.262) F(3,75) = .926 0.433
Control trials, M (SD) .648 (.283) .525 (.212) .535 (.231) .555 (.265) F(3,75) = .986 0.404
Behavioral choice in percentages
Correct on control trials, M (SD) 97.09 (3.87) 97.92 (2.91) 98.57 (2.47) 97.04 (6.14) F(3,75) = .707 0.551
Risky on experimental trials, M (SD) 34.63 (26.89) 47.77 (24.98) 41.30 (25.41) 43.62 (26.37) F(3,75) = .836 0.478
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and postcentral gyrus. In the left hemisphere, there were dif-
ferences in the hippocampus, parahippocampus, inferior and
middle temporal gyri, and fusiform cortex. In the right hemi-
sphere, there were differences in the inferior parietal lobule of
the PPC, postcentral gyrus, motor areas (precentral gyrus, jux-
tapositional lobule, and superior frontal gyrus), parietal and
central opercula, and cerebellum. In each of these clusters,
there was a significant HIV*COC interaction effect
(Table 4). As shown in Fig. 4, while the other three groups
generally deactivated in each of the clusters, the HIV+/COC+
group had higher neural activations.

Discussion

The results of this study support synergistic effects of HIV
infection and cocaine dependence on the neural substrates
underlying risky decision making. Specifically, in response
to monetary choices that were increasingly risky, the COC+/
HIV+ group exhibited higher neural activation across multiple
regions, including the left precuneus/PCC and hippocampus,
and right postcentral gyrus, lateral occipital cortex, cerebel-
lum, and PPC. Overall, our findings suggest that persons with
co-occurring HIV infection and cocaine dependence may
have less efficiency when processing risk probabilities across
two options.

The WoF task elicited neural activations across all groups
in regions consistent with previous studies (Ernst et al., 2004;
Roy et al., 2011; Smith et al., 2009). Specifically, we observed
activations in response to increasing risk in a set of regions
involved in decision-making and probability assessment, in-
cluding the PPC, dorsal ACC, inferior frontal gyrus, and
dorsomedial prefrontal cortices. The WoF task also produced
neural hypoactivation in bilateral regions of the medial

occipital, precuneus, PPC, insular, opercular, motor, mid-cin-
gulate, ventral ACC, orbitofrontal cortices and the left stria-
tum, and right hippocampus, amygdala, and cerebellum in
response to increasing risk. Although we hypothesized that
HIV infection and cocaine use disorder would be indepen-
dently associated with decreased neural activation in reward-
related regions, our results did not support this. This may be
due to risk sensitivity not relying on primary reward process-
ing areas, but instead relying on decision making and proba-
bility assessment regions.

Neural compensation theories posit that, in response to
damage in regions involved with specific cognitive functions,
additional regions that are not typically activated for a specific
task must be engaged to maintain performance (Barulli &
Stern, 2013; Fornito, Zalesky, & Breakspear, 2015). We
found that the COC+/HIV+ group exhibited greater neural
activation in regions whose primary function is not reward
processing, but rather, to facilitate communication across the
brain to enable complex cognition (van den Heuvel & Sporns,
2013). Neural hyperactivation may serve as a mechanism to
compensate for decreased efficiency and neural capacity in
persons with co-occurring HIV infection and cocaine use dis-
order. We speculate that this group may require more cogni-
tive resources to assess the relative risk of two uncertain
choices. Our team also has observed increased neural activa-
tion in COC+/HIV+ individuals in the PPC, precuneus, and
cerebellum when performing decision-making tasks that in-
volve gambles with potential losses and with delays to reward
receipt (Meade et al., 2018; Meade et al., 2017). A possible
mechanistic explanation for the unique neural sensitivity to
risk in the COC+/HIV+ group is that chronic cocaine use
and HIV infection are both independently associated with in-
creased neuroinflammation that is then associated with altered
cognitive functioning (Ersche &Döffinger, 2017; Rubin et al.,

Fig. 2 Behavioral choice as a function of risk on the Wheel of Fortune task
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2018). Neuroinflammation in both cocaine use disorder and
HIV disease are hypothesized to result from altered dopami-
nergic function. Specifically, both cocaine and the HIV-tat
protein bind to the dopamine transporter and block the reup-
take of dopamine, resulting in increased extracellular levels of
dopamine (Dahal, Chitti, Nair, & Saxena, 2015). Increased
dopamine levels are postulated to then increase neuroinflam-
mation and the permeability of the blood-brain-barrier
resulting in cellular pathology (Dahal et al., 2015). This cel-
lular pathology could explain the altered neural function ob-
served in the COC+/HIV+ group.

The PCC has been implicated in risky decision making and
the subjective valuation of choice in multiple nonhuman pri-
mate and human studies (Platt & Huettel, 2008). This region is
activated in response to greater uncertainty of rewards
(Huettel, Song, & McCarthy, 2005; K. Smith, Dickhaut,
McCabe, & Pardo, 2002) and higher probability of winning
during a betting task (Studer, Apergis-Schoute, Robbins, &
Clark, 2012). While increased neural activation of this region
may not be aberrant, hyperactivation may signal neural inef-
ficiency reflective of difficulty in assessing risk probability. In
a functional network connectivity analysis of persons with
HIV, decreased PCC efficiency was identified in persons with
cognitive dysfunction compared to those without cognitive
dysfunction (Ventura et al., 2018). The authors theorized that
this “hypermodulation” of the PCC was due to a need to com-
pensate for HIV-associated neural injury to avoid or postpone

Table 2. Neural activation to the Wheel of Fortune task across all groups

Anatomical region at center of
gravity

Other anatomical regions in cluster MNI coordinates (x, y,
z)

Volume
(μL)

Max Z-
score

Greater activation in response to increasing risk
R. lateral occipital cortex R. occipital pole, occipital fusiform gyrus,

temporal occipital fusiform gyrus, temporal
fusiform cortex, inferior temporal gyrus

39, −66, −1 27,264 6.82

L. occipital fusiform gyrus L. lateral occipital cortex, temporal occipital
fusiform gyrus, temporal fusiform cortex,
inferior temporal gyrus

−40, −64, −11 14,048 7.14

L. superior frontal gyrus L. medial frontal pole, dorsal anterior cingulate cortex −12, 35, 44 7952 4.59
L. inferior frontal gyrus L. lateral frontal orbital cortex, lateral frontal pole,

frontal opercular cortex
−48, 25, 13 6344 4.32

R. medial frontal pole R. superior frontal gyrus 16, 47, 39 4680 4.50
Lower activation in response to decreasing risk
B. lingual gyrus B. intracalcarine and supracalcarine cortices,

cuneus, precuneous, cerebellum
2, −70, −13 80,120 6.77

L. postcentral gyrus L. precentral gyrus, central and parietal opercula,
superior parietal lobule, supramarginal gyrus, precuneous

−37, −29, 48 32,680 5.08

R. angular gyrus R. supramarginal gyrus, middle temporal gyrus, parietal
operculum, planum temporale

57, −44, 24 17,096 6.15

R. insular cortex R. planum polare, temporal pole, superior temporal gyrus,
central operculum, precentral gyrus, medial frontal orbital
cortex,
putamen, caudate, accumbens, pallidum, amygdala,
hippocampus,
subcallosal cortex, thalamus

34, 6, −4 15,584 5.36

L. putamen L. caudate, accumbens, hippocampus, insula, frontal and central
operculum cortices, frontal orbital cortex, subcallosal cortex,
planum polare; B. thalamus

−25, 3, −1 19,544 4.54

B. juxtapositional lobule B. middle cingulate cortex; R. premotor, precentral gyrus 8, 5, 51 7704 4.24
R. precentral Gyrus R. middle frontal gyrus 49, 2, 43 3832 4.96

R = right, L = left, B = bilateral

Fig. 3 Mean activation and deactivation maps for theWheel of Fortunate
task. Overall task activation across all participants for (A) increasing risk
and (B) decreasing risk. Cluster information is described in Table 3.
Activation maps were thresholded using clusters determined by Z > 2.6
and a corrected cluster significance threshold of p = 0.05. Images are in
radiological orientation (L = left)
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cognitive deterioration. The present study suggests that per-
sons with HIV who actively use cocaine may be at greater risk
for dysfunctional activation in the PPC in response to risky
decisions.

Research has shown that the hippocampus is negatively
affected by both cocaine use disorder (Yamaguchi et al.,
2005) and HIV infection (Torres-Munoz et al., 2001). The
hippocampus has been identified as critical neural circuitry
associated with multiple facets of cocaine use disorder, includ-
ing viewing cocaine-related stimuli, cocaine craving, and co-
caine relapse (Castilla-Ortega et al., 2016). Cocaine adminis-
tration has been shown to potentiate hippocampus fMRI sig-
nal in humans (Breiter et al., 1997), and greater intrinsic con-
nectivity in the hippocampus has been negatively associated
with cocaine abstinence during a Stroop task (Mitchell et al.,
2013). Lower hippocampal volume is associated with HIV
infection (Fleischman et al., 2018; Kallianpur et al., 2013;
Thames et al., 2017), which may be attributable to neuroin-
flammation (Rubin et al., 2018) and immune activation
(Fleischman et al., 2018). Increased hippocampus activation
during risky decision making may reflect previous damage to
this region as a result of the combined effects of HIV infection
and cocaine use.

In the sample overall, participants on average chose the
riskier wheel 42% of the time, with no difference between
groups, suggesting that the task was optimally designed to
elicit within-subject variability in choice. The lack of behav-
ioral differences was unexpected, given that prior studies have
found that persons with HIV make more disadvantageous de-
cisions on gambling tasks (Fujiwara et al., 2015; Hardy et al.,
2006; Iudicello et al., 2013; Thames et al., 2012). We specu-
late that neural hyperactivation may have compensated for
potential loss in function in core reward processing regions,
allowing participants to perform the task effectively. The

Table 4. Results of 2-by-2 between groups ANOVAs on neural activation in group-differentiating clusters

COC+ COC- Main cocaine
effect
F(1,73)

Main HIV
effect
F(1,73)

COC * HIV
interaction
F(1,73)HIV+

(N = 19)
HIV−
(N = 18)

HIV+
(N = 24)

HIV-
(N = 18)

L. Precuneus/PCC, M (SD) 0.08
(0.11)

−0.05
(.10)

−0.04
(.07)

−0.02
(0.07)

3.58 7.53* 14.09*

R. Postcentral gyrus, M (SD) 0.07
(0.10)

−0.03
(.10)

−0.04
(.08)

−0.01
(0.07)

3.74 2.31 11.03*

L. Hippocampus, M (SD) 0.06
(0.05)

0.01 (.05) −0.03
(.05)

0.01 (0.06) 9.14* 0.81 20.24*

R. Lateral occipital cortex,M (SD) 0.05
(0.12)

−0.06
(.08)

−0.02
(.08)

−0.01
(0.09)

0.07 5.97* 12.78*

R. Cerebellum, M (SD) 0.06
(0.01)

−0.06
(.07)

−0.04
(.09)

−0.03
(0.08)

0.59 9.68* 14.49*

R. PPC, M (SD) 0.05
(0.10)

−0.04
(.08)

−0.05
(.08)

0.01 (0.08) 0.84 0.34 17.89*

*p < 0.05

Table 3. Group differences in neural activation in response to
increasing risk on the Wheel of Fortune task

Anatomical region
at center of gravity

Other anatomical
regions in cluster

MNI
coordinates
(x, y, z)

Volume
(μL)

Max
Z-
score

B.
precuneus/-
posterior
cingulate cortex

R. thalamus; L.
postcentral
gyrus, superior
parietal lobule

−10, −48,
41

12,904 4.47

R. postcentral gyrus R. superior
parietal lobule,
precentral
gyrus,
juxtapositional
lobule, superior
frontal gyrus

24, −27, 64 4376 3.92

L. hippocampus L.
parahippocam-
pal gyrus,
inferior
temporal gyrus,
middle
temporal gyrus;
temporal
fusiform cortex

−40, −39,
−13

4200 4.09

R. lateral occipital
cortex

R. angular gyrus,
middle
temporal gyrus

50, −59, 10 4048 4.64

R. cerebellum R. temporal
fusiform cortex

21, −48,
−28

3784 4.39

R. posterior parietal
cortex

R. supramarginal
gyrus, parietal
and central
opercula,
precentral
gyrus,
postcentral
gyrus

51, −21, 32 2816 4.33

R = right, L = left, B = bilateral
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observed neural hyperactivations may also relate to greater
probability discounting, which is the devaluation of uncertain
outcomes (Bickel, Johnson, Koffarnus, MacKillop, &
Murphy, 2014). A prior study found that cocaine administra-
tion is dose-dependently associated with risky sexual health
probability discounting (Johnson, Herrmann, Sweeney,
LeComte, & Johnson, 2017). Future work could explore
how this construct relates to risk-taking in HIV+ individuals.
Our finding of altered neural activation despite no group dif-
ferences has been reported in previous studies on HIV infec-
tion (Connolly et al., 2014) and cocaine use (Gowin, May,
Wittmann, Tapert, & Paulus, 2017; Worhunsky, Potenza, &
Rogers, 2017; Zhang et al., 2018). Differences in task diffi-
culty could produce variations in performance between
groups. While the absence of group differences was unexpect-
ed, it eliminates the possibility that group differences on neu-
ral activation patterns were confounded by behavioral perfor-
mance. A primary motivation for utilizing fMRI is that it can
be more sensitive to group differences relative to behavioral
task performance.

This study is the first to examine the effects of co-occurring
HIV infection and cocaine use disorder on neural sensitivity to
risk. Strengths of the study include the factorial design, use of
an established paradigm to investigate risk in the context of
monetary choices, and a matched sample with well-
characterized substance use histories. Nevertheless, as with
all studies, there are limitations that must be acknowledged.
First, the relatively small sample size for each group may have
limited power to detect small effects, although we still ob-
served robust interactions. To minimize spurious results, we
used a conservative cluster threshold for the group compari-
sons. Second, the prevalence of alcohol and nicotine was
higher in COC+ compared with COC−. This was expected,
as co-occurrence of these substances is very common in per-
sons who use cocaine (Pennings, Leccese, & Wolff, 2002),
and we allowed this to ensure ecological validity and gener-
alizability of results.We did not control for other substances in
our analyses due to collinearity problems. Studies with larger
samples are needed to tease apart the potential effects of
polysubstance use on neural activation. There are other poten-
tial confounding factors that we were unable to control for due
to low frequency (e.g., mood disorder). While monetary re-
wards are a “real-world” secondary reinforcer that is fairly
generalizable across many populations, it is possible that the
salience of monetary rewards differed across groups and that

domain-specific rewards would more effectively assess deci-
sion making among cocaine users. However, with the inclu-
sion of non-cocaine users, we selected a reinforcer that would
be relevant to all groups. Finally, because this study was cross-
sectional, we are unable to make causal inferences.
Longitudinal studies are needed to determine the direction of
effects and if neural sensitivity to risk is predictive of real-
world behaviors.

In conclusion, COC+/HIV+ participants demonstrated
neural hyperactivation in response to increasing risk in multi-
ple regions associated with compensatory activation, suggest-
ing a synergistic effect of HIV and cocaine on brain function
that may be mediated by altered dopaminergic function.
Utilizing behavioral economic theory, we speculate that this
neural activation profile is related to a dysfunctional weighting
of risk probability from both cocaine and HIV-related pathol-
ogy. The neural representation of this deficit may be less effi-
cient neural processing of risk leading to neural overcompen-
sation. When confronted with real-life decisions, these neural
mechanisms may not be able to adequately inhibit behavior.
Identifying neural correlates of risk sensitivity has the poten-
tial to identify treatment targets for clinical intervention to
help reduce risk-taking behaviors.
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