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Abstract: HIV infection can cause direct and indirect damage to the brain and is consistently associ-
ated with neurocognitive disorders, including impairments in decision-making capacities. The tend-
ency to devalue rewards that are delayed (temporal discounting) is relevant to a range of health risk
behaviors. Making choices about delayed rewards engages the executive control network of the brain,
which has been found to be affected by HIV. In this case–control study of 18 HIV-positive and 17
HIV-negative adults, we examined the effects of HIV on brain activation during a temporal discount-
ing task. Functional MRI (fMRI) data were collected while participants made choices between smaller,
sooner rewards and larger, delayed rewards. Choices were individualized based on participants’
unique discount functions, so each participant experienced hard (similarly valued), easy (disparately
valued), and control choices. fMRI data were analyzed using a mixed-effects model to identify group-
related differences associated with choice difficulty. While there was no difference between groups in
behavioral performance, the HIV-positive group demonstrated significantly larger increases in activa-
tion within left parietal regions and bilateral prefrontal regions during easy trials and within the right
prefrontal cortex and anterior cingulate during hard trials. Increasing activation within the prefrontal
regions was associated with lower nadir CD4 cell count and risk-taking propensity. These results sup-
port the hypothesis that HIV infection can alter brain functioning in regions that support decision mak-
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ing, providing further evidence for HIV-associated compensatory activation within fronto-parietal cor-
tices. A history of immunosuppression may contribute to these brain changes. Hum Brain Mapp
37:2455–2467, 2016. VC 2016 Wiley Periodicals, Inc.

Key words: functional magnetic resonance imaging; decision making; temporal discounting; executive
function; HIV

r r

INTRODUCTION

Early in the course of infection, HIV can infiltrate the
central nervous system, causing direct and indirect dam-
age to the brain [Valcour et al., 2011]. The HIV virus can
trigger axonal degeneration and neuronal damage by
shedding neurotoxic viral proteins, such as GP120 and Tat
[Mocchetti et al., 2014], and can initiate neuroinflammatory
cascades involving infected monocytes and microglia that
lead to pathogenesis [Burdo et al., 2013]. The concentration
of HIV virions is particularly high in the frontal and tem-
poral lobes, basal ganglia, and brainstem [Nath, 2015].
HIV neuropathology is characterized by atrophy of sub-
cortical nuclei and decreased integrity of white matter
tracts within the corpus callosum, cingulum, and frontal
and parietal lobes [Archibald et al., 2004; Chen et al., 2009;
Cloak et al., 2004; Cohen et al., 2010; Gongvatana et al.,
2009; Jahanshad et al., 2012; Pfefferbaum et al., 2009; Zhu
et al., 2013]. These neuronal changes have been linked to
HIV-associated neurocognitive impairment [Chang et al.,
2008a; Chen et al., 2009; Gongvatana et al., 2009; Zhu
et al., 2013]. Even in the era of combination antiretroviral
therapy, HIV-associated neurocognitive disorders are com-
mon [Cysique et al., 2014; Heaton et al., 2010; Heaton
et al., 2011; Simioni et al., 2010], including impairments in
decision-making capacities [Hardy et al., 2006; Iudicello
et al., 2013; Martin et al., 2013; Thames et al., 2012; Vassi-
leva et al., 2013].

A core decision-making process relevant to everyday
behaviors is temporal discounting, which describes indi-
viduals’ tendency to devalue a reward as a function of the
delay until its receipt [Rachlin and Green, 1972]. An exag-
gerated preference for immediate rewards has been associ-
ated with a range of health risk behaviors, such as
substance abuse, problem gambling, and sexual risk taking
[Appelhans et al., 2011; Brevers et al., 2012; Johnson et al.,
2015; Jones and Sullivan, 2015]. Thus, excessive discount-
ing may be a trans-disease process [Bickel et al., 2012],

which is also specifically relevant for HIV and its co-
morbid disorders. Functional MRI (fMRI) research has
implicated lateral and medial prefrontal cortices, ventral
striatum, posterior cingulate, and insula in reward valua-
tion and choice during temporal discounting [Kable and
Glimcher, 2007; McClure et al., 2004; Tanaka et al., 2004].
Regions of the executive control network, including the
lateral prefrontal, posterior parietal, and anterior cingulate
cortices, are increasingly recruited during hard choices (in
which the subjective values of immediate and delayed
rewards are similar) compared to easy choices (in which
the values between immediate and delayed rewards are
highly discrepant) [Hoffman et al., 2008; Meade et al.,
2011; Monterosso et al., 2007].

A 2014 meta-analysis of fMRI studies concluded that
HIV has particular effects upon the executive control net-
work across a variety of tasks [Plessis et al., 2014]. In these
studies, HIV-infected participants showed larger increases
in activation compared to HIV-negative participants [Mel-
rose et al., 2008; Schweinsburg et al., 2012], and some stud-
ies also demonstrate greater activation with increased
attentional load [Chang et al., 2001; Chang et al., 2004,
2008b). Moreover, these load-dependent differences in acti-
vation increased over 1 year in HIV-positive compared to
HIV-negative participants [Ernst et al., 2009]. The studies
in this meta-analysis focused on attention, memory, motor
functioning, and semantic and spatial processing. Since
then, one published study has examined the effects of HIV
on neural processing during a risky decision-making task
[Connolly et al., 2014]. HIV-positive participants showed
increased activation compared to HIV-negative partici-
pants in the basal ganglia, anterior cingulate, dorsolateral
prefrontal cortex, and insula during risky choices, but
reduced activation in the anterior cingulate and dorsolat-
eral prefrontal cortices during safe choices [Connolly et al.,
2014]. This pattern of hyperactivity within task-relevant
regions has been interpreted as a compensatory mecha-
nism for maintaining cognitive performance in the context
of decreased efficiency due to neural injury or healthy
aging [Barulli and Stern, 2013; Cabeza and Dennis, 2012;
Stern, 2002], and it has been applied to HIV-associated
increases in brain activation [Chang et al., 2004; Connolly
et al., 2014; Ernst et al., 2009; Melrose et al., 2008].

To further investigate the theory of compensation, the
present study examined the effects of HIV on brain activa-
tion during a temporal discounting task. To assess the
effects of increasing cognitive load, we chose a task that
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DOF Degrees of freedom
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GDS Global deficit score
ICT Intertemporal Choice Task
MCQ Monetary Choice Questionnaire
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included easy (disparately valued) and hard (similarly val-
ued) choices. Given prior evidence that HIV is associated
with altered functioning in frontal, parietal, and striatal
regions, we hypothesized the following differences in
HIV-positive compared to HIV-negative participants: (1)
during easy choices, greater activation within the prefron-
tal cortex and striatum (regions implicated in reward valu-
ation and choice); and (2) during hard choices, greater
activation within the prefrontal cortex and striatum, as
well as additional activation within the anterior cingulate
and posterior parietal cortices (regions of the executive
control system).

METHOD

Participants

This study enrolled HIV-positive and HIV-negative
adults aged 18-55 years who were fluent and literate in
English. For individuals with documented HIV infection,
HIV status was verified by medical record review. For
others, an OraQuickVC rapid HIV test was conducted to
verify HIV-negative status. Exclusion criteria were: <9th

grade education; severe learning disability; serious neuro-
logical disorders; acute opportunistic brain infections or a
history of such infections without return to normal cogni-
tion; severe head trauma with loss of consciousness >30
minutes and persistent functional decline; severe mental
illness (psychotic or mood disorders that caused serious
distress and persistent interference in social or occupa-
tional functioning, such as schizophrenia or bipolar I); cur-
rent use of antipsychotic or mood stabilizing medications;
any substance use in the past month or history of regular
substance use, with the exception of alcohol, marijuana, or
nicotine; current alcohol or marijuana use disorder; MRI
contraindications; and impaired mental status.

Procedures

Participants were recruited via advertisements in local
newspapers, websites, community-based organizations,
and infectious diseases clinics. After completing a tele-
phone screen, potentially eligible individuals were invited
for an in-person screening. Eligible participants returned
on another day for an assessment that included an MRI
scan. All procedures were approved by the institutional
review boards at Duke University Health System and Uni-
versity of North Carolina at Chapel Hill.

Measures

Screening

Participants completed clinical interviews and a compu-
terized survey and provided a urine sample for drug and
pregnancy testing. The Wechsler Test of Adult Reading
was used to estimate premorbid verbal IQ [Wechsler,

2001]. The Mini International Neuropsychiatric Interview
identified serious psychiatric disorders, including bipolar
and psychotic disorders [Sheehan et al., 1998]. Module E
of the Structured Clinical Interview for DSM-IV-TR identi-
fied current and past substance use disorders [First et al.,
1996]. The Addiction Severity Index-Lite assessed lifetime
substance use and associated impairments, as well as
socio-economic factors (e.g., past month income) [McLellan
et al., 1992]. The timeline follow-back assessed frequency
of substance use in the past 30 days [Robinson et al., 2014;
Sobell and Sobell, 1996]. The computerized survey
assessed demographics and smoking history. Current
smokers also completed the Fagerstrom Test for Nicotine
Dependence [Heatherton et al., 1991]. Participants pro-
vided a release for their medical records, which were used
to determine HIV and hepatitis C status and, if applicable,
HIV disease indicators (e.g., CD4 cell counts, opportunistic
infections) and treatment. For historical indicators of HIV
disease, self-reported interview data was used to supple-
ment incomplete medical record data for four participants
who had been diagnosed with HIV for many years and
had since switched clinics (one case for years since diagno-
sis, one case for nadir CD4 cell count, and two cases for
AIDS diagnosis).

Assessment

Participants repeated the timeline follow-back for sub-
stance use in the 30 days prior to the MRI and the Barratt
Impulsivity Scale for trait impulsivity [Patton et al., 1995].
A neuropsychological testing battery assessed functioning
in seven cognitive domains, as described previously
[Meade et al., 2015]. After T-scoring using up-to-date pub-
lished norms, a global deficit score (GDS) was computed,
with scores ranging from 0 (no impairment) to 5 (severe
impairment) [Carey et al., 2004]. Finally, participants com-
pleted the Balloon Analogue Risk Task, a risk-taking mea-
sure that involves inflating 30 virtual balloons that pop
after an unpredictable number of pumps [Lejuez et al.,
2002]. Risk-taking propensity is defined as the average
pumps on unpopped balloons.

fMRI Task

The Intertemporal Choice Task (ICT) is a temporal dis-
counting task that was designed to probe executive control
during fMRI [Clewett et al., 2014; Meade et al., 2011; Mon-
terosso et al., 2007]. It consists of three types of monetary
choices characterized by degree of difficulty: “hard,”
“easy,” and “control”. Choices are individualized based on
participants’ unique discount rate (k-value), which were
determined prior to the scan using a modified Monetary
Choice Questionnaire (MCQ) [Kirby et al., 1999]. During
the MCQ, participants made 38 choices between immedi-
ate rewards ($3-$53) and delayed rewards ($10-$55)
delayed 1–30 days. K-values associated with each trial
were computed using the hyperbolic discounting equation:
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Vimmediate5 Vdelayed/(1 1 kD), where V is reward value in
dollars and D is delay in days. Possible k-values associated
with each of these trials ranged from 0.001 to 3.108, with
higher values indicating greater discounting [Kirby et al.,
1999]. Then, k-values for each participant were determined
based on their “indifference point,” which is inferred by
identifying the pair of trials where choices shifted from
the delayed to the immediate options when trials were
ordered in ascending k-values [Kirby, 2000]. The geometric
midpoint between the k-values associated with those two
trials was computed to estimate the participant’s k-value.

Figure 1 illustrates the ICT. The delayed options (rang-
ing $10–55 with 1–30 day delays) remained constant across

participants. The sooner reward (available in 0–6 days)
was calculated for each participant using the discounting
equation. For hard choices, participants’ k-value was used,
resulting in sooner values that were subjectively similar to
the delayed value. For easy choices, the k-value was multi-
plied by 10 or 0.1, resulting in sooner values that were
subjectively much less or much more valuable than the
delayed choice, respectively. For control choices, the
sooner reward was $0 (in which case the delayed option
was preferable) or equivalent to the delayed reward (in
which case the sooner option was preferable). The ICT
was programmed using MATLAB R2012a (MathWorks,
Natick, MA) with PsychoPhysics Toolbox extensions [Brai-
nard, 1997; Pelli, 1997]. Participants completed two runs of
60 trials each for a total of 120 trials (48 hard, 48 easy, and
24 control). The order in which the runs were adminis-
tered was randomized across participants. The order of tri-
als was randomized once and fixed across participants.
Participants’ choice on a randomly selected trial was hon-
ored (scaled to a maximum of $10) by adding the mone-
tary reward to a gift card on the specified day.

MRI Data Acquisition

Functional and structural MRI data were acquired using
a 3.0T GE scanner with an 8-channel head coil. Whole-
brain BOLD images were collected using high-throughput
T2*-weighted echo-planar imaging with the following
parameters: TR5 2,000 ms; TE 5 27 ms; FOV5 24.0 cm;
flip angle5 778; in-plane matrix size5 64 3 64; and slice
thickness5 3.80 mm. This resulted in functional data from
39 axial slices with voxels of 3.75 mm 3 3.75 mm 3

3.80 mm. High-resolution T1-weighted structural images
were acquired with the following parameters: TR5

8.096ms; TE5 3.18ms; FOV5 25.6cm; flip angle5 128; in-
plane matrix size5 256 3 256; slice thickness5 1mm; and
number of slices5 166.

Quality control

All 41 study completers responded to >90% of trials,
but two HIV-positive and three HIV-negative participants
were excluded due to >25% incorrect choices on control
trials. Following visual inspection of MCFLIRT motion cor-
rection plots, one additional participant was excluded for
head motion >3mm across a full run. Among the final
sample of 35 participants, relative mean displacement was
<0.03mm, with no group differences across runs
[t(33) 5 0.32, P 5 0. 75].

fMRI Data Analysis

All imaging data were processed using FSL 5.0.1
(FMRIB Software Library, Oxford, UK) [Smith et al., 2004].
Functional images were corrected for motion (MCFLIRT)
and slice timing, spatially smoothed using a 5-mm FWHM

Figure 1.

Illustration of the Intertemporal Choice Task (ICT). For each

trial, there was a 2s presentation period, followed by a 4s

response period. To signal the beginning of the response period,

left and right arrows appeared on the screen to indicate which

button on the response pad corresponded to each of the two

options. The left/right location of the sooner and delayed

options were randomized across trials within individuals to mini-

mize lateralized motion preparation to the choice period. Once

a choice was made, that choice was underlined. During the

inter-trial interval (ITI), which ranged 2-8 s (M 5 3.31), a cross

hair appeared. The choices presented in the example hard trial

are for an individual with a k-value of 0.055.
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Gaussian kernel, and highpass temporal filtered. Func-
tional images were first aligned to the high-resolution T1-
weighted main structural image [full search linear registra-
tion, 12 degrees of freedom (DOF)] and then to MNI152
standard space (normal search nonlinear registration, 12
DOF, 10mm warp resolution) [Jenkinson et al., 2002; Jen-
kinson and Smith, 2001]. Data from individual runs for
each participant were subjected to a general linear model
using FILM prewhitening, a temporal derivative, and tem-
poral filtering. Binary regressors (EVs) were derived from
choice type and convolved with a double-gamma HRF
function. From the resulting parameter estimates, three
contrasts were examined: easy (easy> control), hard
(hard> control) and hard versus easy (hard> easy).

For each participant, data from individual runs were
combined using a fixed-effects analysis [Beckmann et al.,
2003]. These results were combined across participants
using mixed-effects (FLAME 1 1 2) models for each con-
trast to examine overall task activation by choice type.
Next, group comparisons were examined using two-
sample unpaired t-tests. All group-level results were clus-
ter thresholded at Z> 2.3 and P< 0.05, corrected over the
entire brain using Gaussian random field theory [Worsley
et al., 1992]. The Harvard-Oxford cortical and subcortical
structural atlases were used to identify neuroanatomical
locations of activation peaks [Desikan et al., 2006; Frazier
et al., 2005; Goldstein et al., 2007; Makris et al., 2006].
Finally, a functional region-of-interest (ROI) approach was
used to identify the magnitude of group differences. Binar-
ized masks were created for clusters with significant group
differences for the easy and hard contrasts, and Featquery
was used to extract mean percent signal change for each
participant’s data in standard space. These values were
then compared across groups using t-tests, and Cohen’s d
was computed as a measure of effect size. Within the HIV-
positive group, we examined the relationship between per-
cent signal change within the ROIs and nadir and current
CD4 cell count using Pearson correlation and current HIV
viral suppression using t-tests. A natural log transforma-
tion was used to improve the normality of the nadir CD4
cell count data. Within the full sample, we examined the
relationship of percent signal change to trait impulsivity
and risk-taking propensity using Pearson correlation.

RESULTS

Participant Characteristics

The sample included 18 HIV-positive and 17 HIV-
negative adults. Table I summarizes the sample character-
istics and group comparisons. Overall, participants were
57% male and ranged in age from 23 to 54 years
(M 5 41.00). The majority were non-Hispanic (94%) and
Black (77%). Most had at least a high school diploma
(89%), with a mean of 14.26 years of education. HIV-
positive participants had significantly lower monthly

income than HIV-negative participants (Median5 $1,000
vs. $2,000, respectively). The groups had similar premor-
bid IQ, current neurocognitive functioning, and trait
impulsivity. However, the HIV-positive group had signifi-
cantly greater risk-taking propensity. A third (37%) of par-
ticipants smoked cigarettes, but frequency of substance
use in the past month was low for both alcohol (M 5 1.27)
and marijuana (M 5 1.00).

The HIV-positive group had been diagnosed with HIV
for an average of 8.00 years (SD5 7.79, range: 5 months to
25 years), and 50% had an AIDS diagnosis. All participants
were currently in HIV care and receiving antiretroviral
therapy. Nadir CD4 cell counts ranged from 21 to 718
(M 5 272.94, SD 5 239.57). Current CD4 cell counts ranged
from 36 to 894 (M 5 507.50, SD 5 311.04), and 33% had a
detectable viral load at �50 copies/mL (range: 120–933,000
copies/mL).

Performance on the ICT

The k-value estimates were similar across the HIV-
positive and HIV-negative groups for both smaller delayed
rewards ($10-30; geometric M 5 0.052 vs. 0.061) and larger
delayed rewards ($35-55; geometric M 5 0.028 vs. 0.030).
After normalizing the k-values using a natural log transfor-
mation, there were no group differences for small
[t(33) 5 0.367, P 5 0.72] or large [t(33) 5 0.172, P 5 0.86] trials.
There was no difference between participants with low ver-
sus high income (based on median split) on k-values for
small [t(33) 5 0.580, P 5 0.57] or large [t(33) 5 1.059, P 5 0.30]
trials. Participants with a current diagnosis of major depres-
sive disorder or posttraumatic stress disorder had k-values
for small and large trials within 1 SD of the sample mean.

Latency to respond following the 2s presentation period
was longest for hard trials (M 5 1.48s, SD 5 0.37), interme-
diate for easy trials (M 5 1.24s, SD 5 0.31), and shortest for
control trials (M 5 1.07s, SD 5 0.30). In a repeated-
measures ANOVA, trial type was a strong predictor of
latency [F(2,33) 5 25.85, P< 0.001]. There was no trial type
by group interaction effect [F(2,33) 5 0.12, P 5 .89]. On
average, participants responded as predicted on 93%
(SD 5 7%) of control trials and 84% (SD5 17%) of easy tri-
als, with no group differences [t(33) 5 0.78, P 5 0.440 and
t(33) 5 0.40, P 5 0.69, respectively]. For the hard trials, the
sooner and delayed choices were designed to be of equiva-
lent value for each participant; as expected, participants
chose the options similarly often (sooner option, 53%; SD5

25%), with no group difference [t(33) 5 0.72, P 5 0.48].

Task-Related Brain Activation

Figure 2 shows clusters with significant task-related acti-
vation in the full sample. During easy trials, increased acti-
vation was observed in two clusters encompassing the
paracingulate gyrus and the anterior cingulate, bilaterally in
the inferior and precentral gyri, and in the right frontal
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Figure 2.

Radiological presentation of clusters with significantly greater activation in the full sample during

easy choices (top row), hard choices (middle row), and hard versus easy choices (bottom row).

These clusters are characterized further in Table II.

TABLE I. Sample characteristics

Full Sample HIV-positive HIV-negative
StatisticN 5 35 N 5 18 N 5 17

Demographics
Male gender, n (%) 20 (57%) 11 (61%) 9 (53%) v2(1) 5 0.24
Age in years, M (SD) 41.00 (9.51) 40.78 (9.27) 41.24 (10.03) t(33) 5 0.14
Race, n (%) v2(2) 5 0.68

Black 27 (77%) 13 (72%) 14 (82%)
White 6 (17%) 4 (22%) 2 (12%)
Mixed/Other 2 (6%) 1 (6%) 1 (6%)

Hispanic ethnicity, n (%) 2 (6%) 1 (6%) 1 (6%) FET 5 1.00
Education in years, M (SD) 14.26 (2.08) 14.17 (2.23) 14.35 (1.97) t(33) 5 0.26
Monthly income, Median (IQR) $1,586 (1800) $1,000 (1377) $2,000 (2000) U(1) 5 87.50a

Hepatitis C diagnosis, n (%) 1 (3%) 1 (6%) 0 (0%) FET 5 1.00
Neurocognitive factors

Premorbid verbal IQ, M (SD) 91.63 (17.87) 88.11 (18.05) 95.35 (17.43) t(33) 5 1.21
Neurocognitive impairment (GDS), M (SD) 0.34 (0.30) 0.39 (0.33) 0.28 (0.26) t(33) 5 1.10
Trait impulsivity, M (SD) 56.06 (10.84) 58.39 (12.17) 53.59 (8.92) t(33) 5 1.32
Risk-taking propensity, M (SD) 39.72 (14.79) 45.14 (12.64) 33.98 (15.07) t(33) 5 2.38a

Current psychiatric disorders
Major depression, n (%) 2 (6%) 2 (11%) 0 (0%) FET 5 0.49
Posttraumatic stress, n (%) 1 (3%) 1 (6%) 0 (0%) FET 5 1.00
Other anxiety, n (%) 0 (0%) 0 (%) 0 (%) NA

Substance use
Past substance dependence

Alcohol 2 (6%) 1 (6%) 1 (6%) FET 5 1.00
Marijuana 3 (9%) 2 (11%) 1 (6%) FET 5 1.00

Days of use in 30 days prior to MRI, M (SD)
Alcohol 1.57 (3.14) 0.50 (1.04) 2.71 (4.14) t(33) 5 2.19a

Marijuana 1.00 (5.06) 1.83 (7.04) 0.12 (0.49) t(33) 5 1.00
Current smoker, n (%) 13 (37%) 7 (39%) 6 (35%) v2(1) 5 0.05

Nicotine dependence (Fagerstrom score) 2.92 (2.29) 2.14 (1.95) 3.83 (2.48) t(11) 5 1.38

aP< 0.05; FET 5 Fisher’s Exact Test; MDD5 major depressive disorder; PTSD 5 posttraumatic stress disorder.
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pole and middle frontal gyrus. As expected, there were
broader increases in activation during hard trials. The hard
versus easy contrast shows that this increased activation
was observed in the paracingulate and anterior cingulate
gyri; bilaterally in the superior frontal, middle frontal, infe-
rior frontal, and precentral gyri; bilaterally in the superior
parietal lobule, lateral occipital cortex, and angular gyrus;
the right occipital pole, lateral inferior occipital cortex, and
occipital fusiform gyrus; the left posterior supramarginal
gyrus; bilaterally in the cerebellum; and in the brainstem. A
detailed description of these clusters is available in Table II.

Group Differences in Brain Activation

The HIV-positive group demonstrated broader increases
in activation when making both easy and hard choices,

with effects more pronounced during easy trials (see
Fig. 3). Figure 4 shows the clusters with significant group
differences. The easy contrast yielded two clusters. The
first (“Easy Parietal”) included left parietal regions (intra-
parietal sulcus, angular gyrus, and supramarginal gyrus).
The second (“Easy PFC”) was a larger cluster that
included multiple bilateral regions of the prefrontal cortex
(middle and superior frontal gyri and frontal pole). For
the hard contrast, there was a single cluster (“Hard PFC/
ACC”) confined to the prefrontal cortex (right frontal pole
and paracingulate gyrus) and the anterior cingulate. A
detailed description of these clusters is available in Table
III. Figure 4 also illustrates the percent signal change (rela-
tive to the control condition) for the two easy clusters and
the one hard cluster. In all three cases, the HIV-positive
group had larger signal change compared to the HIV-

TABLE II. Task-related activation during the ICT by choice difficulty (full sample, N 5 35)

Number of
voxels

Max
Z-score

MNI coordinates
(x, y, z) at peak Anatomical region at peak Anatomical regions at local maxiuma

Easy-control
9016 4.95 26, 28, 32 Paracingulate gyrus Cingulate gyrus (anterior), L inferior frontal gyrus, L pre-

central gyrus
2659 4.84 46, 36, 18 R frontal pole R middle frontal gyrus, R precentral gyrus, R inferior fron-

tal gyrus
Hard-control
18,010 6.26 4, 32, 30 Paracingulate gyrus Cingulate gyrus (anterior), L/R precentral gyrus, L/R infe-

rior frontal gyrus, L/R frontal pole, L/R middle frontal
gyrus, L/R superior frontal gyrus, L frontal orbital cor-
tex, L insular cortex, L temporal pole

4523 4.97 242, 268, 248 L cerebellum –
2460 5.37 30, 268, 48 R lateral occipital

cortex (superior)
R angular gyrus, R supramarginal gyrus (posterior), supe-

rior parietal lobule
2368 4.75 40, 262, 238 R cerebellum –
2183 4.76 246, 242, 48 L supramarginal

gyrus (posterior)
L supramarginal gyrus (anterior), L superior parietal

lobule, L postcentral gyrus, L lateral occipital cortex
(superior)

1995 3.88 0, 228, 222 Brain stem
1312 4.32 30, 296, 28 R occipital pole R lateral occipital cortex (inferior), R occipital fusiform

gyrus
913 4.66 34, 24, 26 R frontal orbital cortex R insular cortex, R temporal pole,
Hard-easy
5,346 4.06 10, 20, 46 Paracingulate gyrus R/L superior frontal gyrus, R middle frontal gyrus, R infe-

rior frontal gyrus, R precentral gyrus, cingulate gyrus
(anterior)

4,281 4.89 242, 268, 250 L cerebellum –
2,455 4.02 256, 20, 32 L middle frontal gyrus L inferior frontal gyrus, L precentral gyrus, L middle fron-

tal gyrus
2,276 4.26 42, 254, 44 R angular gyrus R superior parietal lobule, R lateral occipital cortex

(superior)
2,002 3.90 32, 268, 254 R cerebellum –
1,660 4.34 230, 268, 45 L lateral occipital

cortex (superior)
L supramarginal gyrus (posterior), L superior parietal

lobule, L angular gyrus
1,140 3.40 22, 218, 222 Brain stem –
856 3.67 26, 292, 212 R occipital pole R lateral occipital cortex (inferior), R occipital fusiform

gyrus

Note: R 5 right hemisphere, L5 left hemisphere.
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negative group, with large effect sizes [Easy Parietal clus-
ter: t(33) 5 3.12, P 5 0.004, d 5 1.05; Easy PFC cluster:
t(33) 5 3.50, P 5 0.001, d 5 1.18; Hard PFC/ACC cluster:
t(33) 5 4.53, P< 0.001, d 5 2.63].

Correlation of Brain Activation to HIV Disease

Markers and Behavioral Variables

There were negative correlations between nadir CD4 cell
count and percent signal change within the Easy PFC clus-
ter (r 5 20.54, P 5 0.021) and the Hard PFC/ACC cluster
(r 5 20.48, P 5 0.043) (Fig. 5). Current CD4 cell count and
HIV viral load suppression were not significantly associ-
ated with percent signal change. In the full sample, there
were positive correlations between risk-taking propensity
and percent signal change within the Easy PFC cluster
(r 5 0.38, P 5 0.023) and the Hard PFC/ACC cluster
(r 5 0.38, P 5 0.024) (Fig. 5). Trait impulsivity was unre-
lated to percent signal change.

DISCUSSION

The results of this study support the hypothesis that
HIV infection can alter brain functioning within regions
involved in decision making. Using BOLD fMRI, we found
that HIV-infected adults had larger increases in activation
within the executive control network when making tempo-
ral discounting choices. Previous studies have found a
similar pattern of increased activation in fronto-parietal
cortices during visual attention and memory tasks among
individuals with HIV [Chang et al., 2001; Ernst et al., 2009;
Melrose et al., 2008; Schweinsburg et al., 2012]. This study
extends that pattern to decision making, a key cognitive
process that is relevant to everyday functioning. Specifi-
cally, we found that increased activity in the prefrontal
cortex during temporal discounting was associated with
risk-taking propensity. Among HIV-infected participants,
prefrontal activity was correlated with nadir CD4 cell
count, suggesting that a history of immunosuppression
contributes to alterations in brain functioning.

Figure 3.

Radiological presentation of clusters with significantly greater activation for each of the 3 con-

trasts presented separately for HIV-negative and HIV-positive groups.

Figure 4.

Differential activation between groups during the ICT. A. Radio-

logical presentation of clusters with significantly greater activa-

tion for the HIV-positive group compared to the HIV-negative

group for easy (top row) and hard (bottom row) choices. B.

Comparison of percent signal change (mean 6 standard error)

for the HIV-positive and HIV-negative groups in the clusters in

which group differences were identified (two clusters in the

easy contrast and one cluster in the hard contrast).
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TABLE III. Description of clusters with increased activation in the HIV-positive compared to the HIV-negative group

for the easy and hard trials

Number of
voxels

Max
Z-score

MNI coordinates
(x, y, z) at peak

Anatomical region
at peak Anatomical regions at local maxima

Easy-control
11,763 5.07 246, 10, 48 L Middle frontal gyrus L superior frontal gyrus, L frontal pole,

R frontal pole (all bilateral)
957 3.96 242, 268, 46, L lateral occipital cortex L angular gyrus, L supramarginal gyrus
Hard-control
1194 4.25 20, 60, 22 R frontal pole R paracingulate gyrus, bilateral anterior cingulate

Note: R 5 right hemisphere, L5 left hemisphere.

Figure 5.

Correlations of brain activation to nadir CD4 cell count and risk-taking propensity for each of

the clusters in which group differences were identified. Risk-taking propensity was measured

using the Balloon Analogue Risk Task (BART). ‡ Nadir CD4 cell count was natural log trans-

formed to improve normality. *P< 0.05.
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Findings of HIV-associated increases in neural activation
have been previously conceptualized using compensatory
models, which suggest that brain injury can decrease effi-
ciency and neural capacity, such that greater recruitment
of neural resources is necessary to preserve cognitive func-
tion [Barulli and Stern, 2013; Stern, 2009]. As chronic
inflammatory damage in HIV-infected brain regions accu-
mulates, the additive burden of supplying blood to task-
relevant regions may lead to increases in BOLD signal
[Ances et al., 2010]. In this study, during easy trials in
which the subjectively greater valued reward was obvious,
the HIV-positive group had larger increases in brain acti-
vation within prefrontal and parietal regions, potentially
due to decreased neural efficiency. In contrast, the HIV-
negative group had small increases in activation, resulting
in a pronounced difference between the groups. This
increased activity within the HIV-positive group may have
allowed participants to effectively evaluate the two
options, as there was no difference between the groups on
response time or choice on the temporal discounting task.
During the hard trials that required greater executive con-
trol [Massar et al., 2015; McClure et al., 2004], the HIV-
negative group demonstrated the expected pattern of
increased activation within the executive control network.
In contrast, the HIV-positive group had minimal addi-
tional increases in activation within fronto-parietal regions,
with peak activation observed on easy trials, a pattern
often seen in the context of reduced neural capacity [Bar-
ulli and Stern, 2013]. These results mirror findings
observed in healthy aging and neurological disorders,
such as Huntington’s disease, systemic lupus erythemato-
sus, and Alzheimer’s disease [Barraclough et al., 2015;
Hagen et al., 2014; Li et al., 2015; Martins et al., 2012; Mul-
ler et al., 2014; Papoutsi et al., 2014].

While compensatory models are a useful framework for
interpreting HIV-associated alterations in neural activation,
there is increasing recognition that fMRI does not directly
test hypotheses related to efficiency and neural capacity
[Poldrack, 2015; Stern, 2009]. Our design attempted to
match task demand across study groups by using person-
alized k-values to create a fixed number of hard and easy
choices for each participant. Increasing task demand was
verified by longer response times on hard versus easy
choices across both study groups. Assuming task demand
was indeed similar across study groups, decreased effi-
ciency is a possible explanation for differential activation.
However, as outlined by Poldrack [2015], there are alterna-
tive explanations, such as differences in neural computa-
tion or neuronal information coding. The small additional
increases in activation during hard relative to easy choices
suggest that the HIV-positive group reached neural
capacity on easy choices. However, since our task did not
include a wide range of cognitive loads, it is possible that
participants in the HIV-negative group may not have
reached neural capacity. That is, HIV-negative participants
may have had even larger increases in activation if task

demand had continued to increase. We were also unable
to determine the effect of the smaller increases in neural
activation during hard choices on the quality of decision
making, as by design there was no “wrong” choice on
hard trials. Future studies in this area should include
decision-making tasks with a wider range of cognitive
demands and measures to assess the quality of decision
making.

In the current sample, nadir CD4 cell count was nega-
tively correlated with activation within the prefrontal cor-
tex, which suggests that severity of HIV-related
immunosuppression may contribute to altered neural
activity. This is consistent with two previous fMRI studies
that found nadir CD4 count to be associated with
increased brain activation in fronto-parietal regions during
risky choices and semantic event sequencing, respectively
[Connolly et al., 2014; Melrose et al., 2008]. Our sample
was diverse with respect to HIV disease progression,
which may help to explain the greater variability in BOLD
signal change observed within regions of interest among
the HIV-positive group (see Fig. 4). Although there is evi-
dence that antiretroviral therapy assists in normalizing
brain metabolites in frontal regions of the brain [Chang
et al., 1999], low nadir CD4 cell count is a risk factor for
HIV-associated neurocognitive impairment, despite
rebound of plasma CD4 t-cells and viral suppression [Ellis
et al., 2011; Munoz-Moreno et al., 2008; Robertson et al.,
2007; Valcour et al., 2006]. This suggests that nadir CD4
count may be a marker of irreversible neural injury. This
effect is prominent in the central nervous system, where
HIV initiates a cascade of monocyte and macrophage-
mediated destruction of the glia that is not well controlled
by antiretroviral therapy [Burdo et al., 2013].

The following limitations of our study should be noted,
with implications for future research. First, due to the
cross-sectional design, it is not possible to determine the
cause of the differences observed between the HIV-
positive and HIV-negative groups. Ernst and colleagues
have provided evidence for progressive HIV-associated
increases in brain activation over 1 year during a visual
attention task [Ernst et al., 2009]. However, additional
research with longitudinal cohorts is needed to confirm
that increases in brain activation within fronto-parietal
regions is a direct result of HIV infection and disease pro-
gression. Second, while our study was adequately pow-
ered to identify group differences in task-related brain
activation, the within-group correlational analyses may
have been underpowered. Future studies with larger sam-
ples might also conduct sub-group analyses to determine
the roles of gender/sex and aging. In addition, since all
HIV-positive participants were currently receiving HIV
care, it was not possible to determine the relative effects of
HIV infection versus the potential neurotoxic or neuropro-
tective effects of antiretroviral therapy on BOLD signal
change [Ances et al., 2008; Chang et al., 2008b]. Finally,
our sample overall had low socio-economic status, and the
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HIV-positive group had significantly lower monthly
income. Although income was unrelated to temporal dis-
counting, other studies with much larger variability in
socio-economic status have suggested that lower income is
associated with greater temporal discounting of delayed
rewards [Green et al., 1996; Reimers et al., 2009].

In conclusion, this fMRI study provides evidence for
HIV-associated alterations in brain activation during tem-
poral discounting that may have relevance for everyday
decision making, such as adherence to complex antiretro-
viral regimens and return to work. While neuropsycholog-
ical testing can establish cognitive impairments, functional
neuroimaging may identify alterations in brain functioning
before they manifest as outright cognitive impairments.
The identification of subclinical markers of HIV-associated
neurocognitive change are critical for early detection and
treatment to prevent further impairments. Our results also
reinforce the importance of developing interventions, such
as cognitive training, that aim to strengthen neuropsycho-
logical functioning in HIV-infected persons.
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