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Abstract

Despite improved survival due to combination antiretroviral therapy (CART), youth with
perinatally-acquired HIV (PHIV) show cognitive deficits and developmental delay at increased
rates. HIV affects the brain during critical periods of development, and the brain may be a
persistent reservoir for HIV due to suboptimal blood brain barrier penetration of CART. We
conducted structural magnetic resonance imaging (SMRI) and cognitive testing in 40 PHIV youth
(mean age=16.7 years) recruited from the NIH Pediatric HIVV/AIDS Cohort Study (PHACS) who
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are part of the first generation of PHIV youth surviving into adulthood. Historical and current HIV
disease severity and substance use measures were also collected. Total and regional cortical grey
matter brain volumes were compared to a group of 334 typically-developing, HIV-unexposed and
uninfected youth (frequency-matched for age and sex) from the Pediatric Imaging,
Neurocognition, and Genetics (PING) study (mean age=16.1 years). PHIV youth had smaller (2.8
—5.1%) total and regional grey matter volumes than HIV-unexposed and uninfected youth, with
smallest volumes seen among PHIV youth with higher past peak viral load (VL) and recent
unsuppressed VL. In PHIV youth, worse cognitive performance correlated with smaller volumes.
This pattern of smaller grey matter volumes suggests that PHIV infection may influence brain
development and underlie cognitive dysfunction seen in this population. Among PHIV youth,
smaller volumes were also linked to substance use (alcohol use: 9.0 — 13.4%; marijuana use: 10.1
—16.0%). In this study, collection of substance use information was limited to the PHIV cohort;
future studies should also collect substance use information in controls to further address
interactions between HIV and substance use on brain volume.

1. Introduction

Worldwide, it is estimated that there are over three million youth living with HIV globally,
with the majority of youth acquiring HIV perinatally (Sohn and Hazra, 2013; UNAIDS,
2014). Youth with perinatally-acquired HIV (PHIV) may show cognitive deficits as well as
developmental delay even among those with reconstituted immunologic and virologic status,
(Cohen et al., 2014; Crowell et al., 2014; Ene et al., 2014; Koekkoek et al., 2008; Linn et al.,
2015; Malee et al., 2016; Martin et al., 2006; Nichols et al., 2016; Nozyce et al., 2006;
Redmond et al., 2016; Sherr et al., 2014; Sirois et al., 2016; Smith et al., 2012; Smith and
Wilkins, 2015) making PHIV a common infectious cause of perinatally-acquired
developmental disability globally (Armstrong et al., 1993; Institute of Medicine, 2001,
UNAIDS, 2015). Combination antiretroviral therapy (CART) for children with PHIV has
resulted in substantial improvements in health with survival beyond childhood and
reductions in morbidity and mortality (Brady et al., 2010; Gona et al., 2006; Hazra et al.,
2010).

Early HIV infection, immune activation, and viral persistence (due to suboptimal blood
brain barrier penetrance of CART regimen) during a critical period of development may be
especially detrimental to developing brains in youth with PHIV (Annunziata, 2003;
Churchill et al., 2015; Cohen et al., 2015; Ene et al., 2011; Gonzélez-Scarano and Martin-
Garcia, 2005; Kramer-Hammerle et al., 2005; Linn et al., 2015; Martin et al., 2006; Nesbit
and Schwartz, 2002; Sarma et al., 2014; Thompson et al., 2011). Brain development is an
extended process that begins prenatally and continues throughout the first two decades of
life, with increased sensitivity to experience during the first year of life in pathways
responsible for sensory, language and higher order cognitive development (Fox et al., 2010;
Tierney and Nelson, 2009). Adolescence is also a crucial developmental window marked by
a period of rapid brain maturation via synaptic pruning and myelination. White matter
volume increases while grey matter volume decreases (Ernst and Mueller, 2008), with
parietal grey matter reduction prominent before adolescence, followed by dorsal, mesial, and
orbital frontal grey matter reduction during and after adolescence (Sowell et al., 2004).
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Studies including neuroimaging combined with cognitive evaluation allow for an /in vivo
characterization of how HIV and cART may mediate brain development (Thompson and
Jahanshad, 2015). In adults, studies of post-mortem tissue and /7 vivo neuroimaging
combined with cognitive testing have revealed atrophy in cortical and subcortical structures
that is related to HIV severity and cognitive performance (Ances et al., 2012; Archibald et
al., 2004; Becker et al., 2012, 2011; Cohen et al., 2010a; Heindel et al., 1994; Jernigan et al.,
1993; Kallianpur et al., 2013; Stout, 1998; Thompson et al., 2005; Thompson and
Jahanshad, 2015). Still, the effects of early HIV infection on the underlying brain in
adolescents with PHIV have not been well-characterized (Cohen et al., 2015; Hoare et al.,
2014; Musielak and Fine, 2015).

Adolescent brains are also subject to environmental influences, including substance use.
Neuroimaging and neuropsychological studies in youth who use substances have found
structural brain abnormalities, including grey matter volume reductions, as well as cognitive
dysfunction (Battistella et al., 2014; Churchwell et al., 2010; Jacobus and Tapert, 2014; Peng
et al., 2015; Squeglia et al., 2009; Substance Abuse and Mental Health Services
Administration, 2011; Williams et al., 2010; Yakolev and Lecours, 1967). Youth with worse
HIV disease severity are more likely to engage in substance use (Williams et al., 2010).
Thus, to carefully study effects of PHIV on youth treated with cART, it is important to
account for substance use.

We present one of the first studies to investigate the impact of HIV severity and coincident
substance use on regional and total brain volumes and their association with cognition in
PHIV youth. Other studies on grey matter volumes in PHIV do not focus on regional grey
matter or substance use or are in PHIV populations with varying clinical characteristics from
our cohort (Cohen et al., 2015; Sarma et al., 2014). Since PHIV youth often exhibit global
cognitive functioning, working memory, and processing speed deficits (Crowell et al., 2014;
Hazra et al., 2010; Koekkoek et al., 2008; Linn et al., 2015; Raskino et al., 1999), we
hypothesized that frontal and parietal regions, regions important for higher-order cognitive
functioning, would show volume reduction as compared to typically-developing, HIV-
unexposed and uninfected youth and smaller volumes would be associated with worse
cognitive performance. We also hypothesized that HIV disease severity and substance use
would be associated with reduced cortical grey matter volumes among adolescents with
PHIV.

2. Materials and methods

2.1 Study Population

40 PHIV youth from a single site (Ann & Robert H. Lurie Children’s Hospital of Chicago)
participating in the Adolescent Master Protocol (AMP) study of the NIH Pediatric HIV/
AIDS Cohort Study (PHACS) network were recruited. Institutional review board approvals
were obtained. Parents, legal guardians, or youth aged 18 years or older provided written
informed consent; minors provided written assent. A control group of 334 typically
developing, HIV-unexposed and uninfected youth was generated using frequency-matching
for sex and age from the Pediatric Imaging, Neurocognition, and Genetics (PING) study
(http://pingstudy.ucsd.edu/welcome.html) Magnetic Resonance Imaging (MRI) database
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from five sites (Massachusetts General Hospital; Sackler Institute; University of Hawaii;
Yale; University of California-Los Angeles). Of note, information regarding alcohol and
drug use was not collected in the PING cohort.

2.2 HIV Disease Markers, Substance Use, and Cognitive Functioning in PHIV youth

Visits occurred semi-annually (2007 through 2010), then annually, as described previously
(Lewis-de los Angeles et al., 2016; Smith et al., 2012). Lifetime laboratory results including
CDA4 T-lymphocyte percentages (CD4%), plasma HIV RNA concentration (viral load (VL)),
and CDC HIV classification (World Health Organization, 2007) were obtained from medical
charts. Past HIV disease severity measures were determined by collecting the lowest known
lifetime CD4% (“nadir CD4%”) and highest known lifetime HIV VL (“peak VL") prior to
entry. A measure of ongoing viremia was calculated as percentage of measures exceeding
1,000 copies/mL in the five years prior to neuroimaging. Recent VL was defined as VL
closest to neuroimaging.

Substance use (alcohol, tobacco, marijuana, and other illicit drugs) was collected starting at
10 years of age by Audio Computer-Assisted Self-Interview (ACASI), which was used to
decrease under-reporting as a result of social stigma (Alperen et al., 2014; Mellins et al.,
2011). A binary variable for lifetime prevalence of alcohol, marijuana and tobacco use was
created for any self-reported use on ACASI performed within one year preceding
neuroimaging.

Standardized neuropsychological examinations (Wechsler Intelligence Scale for Children,
Fourth Edition (WISC-1V) (6-16 years), and Wechsler Adult Intelligence Scale, Fourth
Edition (WAIS-IV) (17 years and older)) were performed. Working memory and processing
speed indices, standardized to have mean=100 and standard deviation (SD)=15 in the
general population, were used to calculate cognitive proficiency index (CPI), an estimate of
the information processing efficiency for learning, problem solving, and higher-order
reasoning (Weiss et al., 2006).

2.3 Image Acquisition and Processing

MRI scans were performed using standardized PING acquisition protocols (Jernigan et al.,
2015; Lewis-de los Angeles et al., 2016; Uban et al., 2015) on a single 3.0 Tesla Siemens
Magnetom Tim Trio scanner (Siemens Medical Solutions, Erlangen, Germany) with a 12-
channel head coil. Structural MRI used a T1-weighted, MP-RAGE sequence (sagittal,
TR/TE/T1=2,170/4.37/1,100ms, FOV=256x256 mm, flip angle=7°, voxel
resolution=1x1x1.2 mm3, scan time=8:08). The same imaging protocol was used for PING
3T Siemens imaging sites with exception of an 8-channel head coil. Structural MRIs were
analyzed with FreeSurfer (http://surfer.nmr.mgh.harvard.edu), producing 85 cortical and
subcortical grey matter regions of interests (ROIs) along with ROI and total grey matter
volumes (Desikan et al., 2006). Total grey matter volume was calculated by summing all
cortical, subcortical and cerebellum grey matter volumes. A priori cortical ROIs (left and
right hemisphere postcentral gyrus, precentral gyrus, rostral middle frontal gyrus, superior
frontal cortex, and superior parietal cortex) were selected due to their roles in higher-order
cognitive functioning, which may be impaired in PHIV youth (Crowell et al., 2014; Hazra et
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al., 2010; Koekkoek et al., 2008; Linn et al., 2015; Raskino et al., 1999). Quality control and
processing of PHIV and uninfected youth were executed with the PING processing portal
(Jernigan et al., 2015).

2.4 Statistical Analyses

2.4.1 Between-group analyses—Total grey matter and 10 a priori cortical ROIs
volumes were identified as primary outcomes. The remaining 74 ROIs were analyzed as
secondary outcomes. Descriptive statistics and graphical methods were used to confirm the
normality assumption for volume measures. Volumes were compared between PHIV youth
and HIV-unexposed and uninfected youth using linear regression models. Results were
reported for models with and without adjusting for age at scan, sex, race, caregiver education
attainment, annual household income (Noble et al., 2015), and intracranial volume.
Caregiver education was classified as high school education and below vs. greater than high
school. Annual household income was classified as $30,000 and below vs. greater than
$30,000. Percent change in volume as compared to HIV-unexposed and uninfected youth
was calculated based on adjusted means.

2.4.2 Within-group analyses in PHIV youth—Among PHIV youth, associations of
ROI volumes with HIV severity and substance use were first evaluated using Spearman
correlations for continuous HIV disease measures (i.e., log-transformed peak RNA VL,
nadir CD4%) or two-sample t-tests for dichotomized measures (i.e., HIV CDC
classification, HIV VL>400 copies/mL, current CD4% < 15%, and history of substance
use). General linear modeling was performed to adjust for age at scan and sex. Age at nadir
CD4% and age at peak VL were also included in adjusted models with nadir CD4% and
peak VL as HIV markers, respectively. Statistical significance for the 10 primary ROIs as
well as total grey matter was set at 0.05 while the Benjamini-Liu approach to control the
false discovery rate (FDR) with a threshold of 0.10 was used to control for multiple
comparisons among the 74 secondary ROIls (Benjamini et al., 2001).

For evaluating associations of volume with cognitive functioning, we considered the 10
primary ROIs as well as total grey matter. Linear regression was used to evaluate
associations between ROI volume as well as total grey matter and working memory,
processing speed, and cognitive proficiency indices, adjusting for sex and age at scan.

Three sets of sensitivity analyses were conducted: 1) including substance use in models of
associations of brain volumes with HIV measures for grey matter volumes; 2) adjusting for
total grey matter volume in models evaluating associations between brain volumes and
substance use for secondary ROIs; 3) including substance use, sex, and age at scan in
analyses evaluating associations of brain volumes with cognition.

3. Results

3.1 Study Population

The 40 PHIV youth had a mean age at scan of 16.7 years; 53% were female, 73% were
black (one did not report race), and 13% Hispanic (Table 1). The 334 PING typically-
developing controls had a mean age of 16.1 years; 48% were female, 19% black, and 24%
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Hispanic (Table 1). PING youth more often than PHIV youth had caregivers who completed
more than high school (72% vs 53%) and had annual household income > $30,000 (73% vs
55%) (Table 1). Forty-three percent of youth with PHIV had a CPI < 85 (more than 1 SD
below norm) and average working memory scores were significantly lower than general
population means of 100 (mean=87.6, p<0.001), as reported previously (Lewis-de los
Angeles et al., 2016; Uban et al., 2015). At MRI scan, 85% of PHIV youth had suppressed
VL (<400 copies/mL) and 92% were receiving CART (Table 1).

As described previously for other neuroimaging studies in this cohort (Herting et al., 2015;
Lewis-de los Angeles et al., 2016; Uban et al., 2015), for PHIV youth, the mean interval
between scanning and assessment of recent disease markers was 1.8 months (SD=3.5
months) with 83% of recent VL measures within three months prior to scanning. Mean
interval between scanning and cognitive testing was 3.8 months (SD=5.8 months). All but 2
participants completed cognitive assessments within 1 year of neuroimaging, with 31 (77%)
within 3 months. One fourth of PHIV youth reported tobacco use, 35% alcohol, and 35%
marijuana use. 13 youth (33%) reported both alcohol and marijuana use, and 8 youth (20%)
reported use of tobacco, alcohol, and marijuana. Due to small numbers reporting illicit drug
use beyond marijuana (3/40, 8%), this measure was not considered further in statistical
analyses (Table 1). There was no difference in substance use by race.

3.2 Comparison of Brain Volume Measures in PHIV youth compared to HIV-unexposed and
uninfected youth

In unadjusted models, compared to typically-developing, HIV-unexposed and uninfected
youth, PHIV youth had significantly smaller volumes for all 10 primary ROIs as well as total
grey matter, with 7.5% to 15.0% reductions (p < 0.001) (Fig. 1). In adjusted models, volume
differences were attenuated but remained significant for left hemisphere (LH) and right
hemisphere (RH) postcentral gyrus, right hemisphere (RH) precentral gyrus, LH rostral
middle frontal gyrus, RH superior parietal, and for total grey matter volumes, with 2.0 to
5.0% volume reductions (p < .05) (Fig. 1; Fig. 2; Supplemental Table 1). RH postcentral
volume and LH superior parietal cortex trended toward significantly smaller volumes (p =
0.06 and p = 0.07, respectively).

3.3 Association of Brain Volume Measures with HIV Disease Severity

Among PHIV youth, log peak VL negatively correlated with volumes of bilateral rostral
middle frontal gyrus (Spearman r=—0.39 and -0.43, p=0.01) and superior frontal cortex (r=
-0.35 and -0.35, p=0.03), and with total grey matter (r=—0.35, p=0.03) (Fig. 2). Youth with
recent unsuppressed VL (>400 copies/mL) had 11% to 14% smaller volumes for these same
brain regions (Table 2). Associations attenuated after adjustment for sex and age at
neuroimaging (p=0.06, 0.31, 0.11, 0.07, 0.12 respectively). Mean total grey matter volume
was 10% smaller for those with recent unsuppressed VL (1575.6 vs. 1751.1 x103 mm3,
p=0.06); after adjustment this decrease attenuated to 7.7% (p=0.12). For the other six
primary ROIs, all correlations with peak VL were negative (range —0.08 to —0.22), and all
mean volumes for those with recent unsuppressed VL were consistently smaller than for
those with VL<400 copies/mL, but did not attain statistical significance. In contrast, there
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were no associations of any primary ROI volume with nadir or recent CD4%, CDC HIV
classification, or ongoing viremia (data not shown).

In evaluating associations of HIV severity with the 74 secondary ROI volumes, no
significant findings were identified after applying the Benjamini-Liu approach to control the
FDR at a level of 0.10 (Supplemental Table 2) (Benjamini et al., 2001). Even at an
uncorrected significance level of p<0.05, only isolated findings were observed for nadir and
current CD4% (3—-4 ROIs each), while slightly more associations were observed for peak
and current VL (7 ROIs each).

3.4 Association of Brain Volume Measures with Substance Use

PHIV youth who reported alcohol or marijuana use were older than those who did not (mean
=18.4 vs. 16.1 and 18.7 vs. 15.9 years, respectively). After adjusting for age at scan and sex,
PHIV youth reporting alcohol or marijuana use had significantly smaller LH postcentral
gyrus, bilateral superior frontal gyri, and total grey matter volumes, ranging from 9-16%
smaller (Table 3; Fig. 2). For other primary ROI volumes, adjusted means were consistently
smaller for those who reported alcohol or marijuana use as compared to those who did not
(except for LH precentral gyrus volume), but none attained statistical significance (Table 3).

There was no association of tobacco use with total grey matter or 10 primary ROI volumes
in either unadjusted or adjusted models (data not shown). There were no significant findings
of associations between substance use and secondary ROI volumes, after controlling for
multiple comparisons with FDR of 0.1. A large percentage of these volumes demonstrated
negative associations based on an uncorrected p<0.05 (19/74 for alcohol, 17/74 for
marijuana) (see Supplemental Table 2).

3.5 Associations of Brain Volumes with Cognitive Functioning

Among the 10 primary ROls, bilateral precentral gyrus, LH rostral middle frontal gyrus, and
total grey matter volumes positively correlated with cognitive proficiency (CPI) (p=0.01 to
0.05), working memory (WMI) (p=0.004 to 0.05), and processing speed (PSI) (p=0.02 to
0.03) indices after adjusting for sex and age at scan (see Table 4 and Fig. 2). Specifically, the
strongest associations with CPI, WMI, and PSI were with bilateral precentral gyri volumes
(b =2.68 to 4.18, p=0.01 to 0.03). Associations with secondary ROl volumes were
consistently positive, although none attained statistical significance.

3.6 Sensitivity analyses

Adjustment for substance use in models evaluating associations between primary ROI
volumes and HIV disease severity as well as cognitive function did not alter findings.
Similarly, adjustment for total grey matter volume in models evaluating associations of HIV
severity and substance use measures with secondary ROI volumes did not alter findings,
with no associations identified based on a FDR level of 0.10. Positive associations observed
between primary brain volumes and cognitive function persisted after adjustment for
substance use. Bilateral superior frontal volumes positively correlated with CPI, WMI, and
PSI after adjustment for substance use.

Brain Behav Immun. Author manuscript; available in PMC 2018 May 01.
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4. Discussion

The current study is one of the first to examine relationships among PHIV infection, disease
severity, and substance use on the brain grey matter and cognitive outcomes in PHIV youth.
We found that PHIV youth had reduced total grey matter volume as well as reduced volumes
in the rostral middle frontal, postcentral, precentral, and superior parietal gyri, compared to
similarly-aged HIV-unexposed and uninfected youth. These patterns persisted after adjusting
for sex, age at scan, race, caregiver education attainment, annual household income, and
intracranial volume. We found that increased peak VL correlated with reduced total grey
matter, bilateral rostral middle and superior frontal volumes. Youth with recent unsuppressed
VL had smaller volumes for these regions, although associations attenuated after adjustment
for sex, age at neuroimaging, and age at peak VL. Moreover, PHIV youth who reported
alcohol and marijuana use showed further reduction in grey matter volumes compared with
PHIV youth who reported no use. Finally, smaller volumes of primary ROIs and total grey
matter correlated with lower performance on standardized measures of working memory,
processing speed, and cognitive proficiency. Patterns of smaller volumes appeared to be
symmetric bilaterally for these tested associations: 1) PHIV youth vs. typically-developing,
HIV-unexposed and uninfected youth 2) higher peak VL and 3) recent unsuppressed VL for
regions that were significantly different or trended towards significance. In addition to these
selective losses associated with PHIV, higher VL, substance use, and poorer cognitive
performance were also associated with smaller total grey matter volumes. Total decreased
grey matter volume may be due to abnormal development in primary ROIs as well as subtler
abnormalities in the rest of the brain that did not reach statistical significance after multiple
comparisons with our sample size.

Prior neuroimaging studies in adults with HIV have reported that HIV severity was related to
reduced global and regional brain volumes in both untreated patients and those treated with
CART (Ances et al., 2012; Archibald et al., 2004; Becker et al., 2012, 2011; Cohen et al.,
2010b; Heindel et al., 1994; Jernigan et al., 1993; Kallianpur et al., 2013; Stout, 1998;
Thompson et al., 2005; Thompson and Jahanshad, 2015). Findings on cortical changes
varied but overlapped between studies. Generalized cerebral grey matter atrophy has been
shown to correlate with worse disease (Cohen et al., 2010b; Kallianpur et al., 2013). Some
studies have identified frontal and parietal lobe grey matter volume loss (Cohen et al.,
2010b; Thompson et al., 2005); others have shown volume loss in temporal and limbic
regions (Jernigan et al., 1993). Cortical thinning has been reported in postcentral and
precentral gyri with degree of atrophy correlating with cognitive impairment in HIV+ adults
(Thompson et al., 2005). Our study of PHIV youth identifies reduced volume in the
prefrontal cortex, a brain region not specifically reported in studies of adults with
horizontally-transmitted HIV. Importantly, prefrontal regions undergo tremendous
development during adolescence (Giedd, 2004; Giedd et al., 1999; Paus, 2005; Sowell et al.,
2004, 1999). Differences in findings between our study and prior studies could be due in part
to differing patient populations (adolescents with PHIV vs. adults with horizontally-
transmitted HIV) and different environmental exposures (Thompson et al., 2005).

Although brain volumes in adults with horizontally-transmitted HIV have been studied, the
long-term effects of HIV infection treated with cART on developing brains of adolescents
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have not been extensively examined (Cohen et al., 2015; Jernigan et al., 2011; Sarma et al.,
2014; Thompson et al., 2005). Importantly, PHIV youth are exposed to HIV and cART
during critical developmental periods of the brain. Other studies of our PHIV cohort have
found overall and regional white matter microstructure and functional connectivity as well
as subcortical deformation differences in those with worse HIV disease severity and/or
compared to controls (Herting et al., 2015; Lewis-de los Angeles et al., 2016; Uban et al.,
2015). In a recent study on another cohort of PHIV youth, Sarma et a/. (Sarma et al., 2014)
found that compared to age-matched controls, adolescents with PHIV had reduced white
matter volume, but increased grey matter volumes in superior frontal and temporal gyri.
Differences in findings between our studies may be due to the smaller sample size, more
severe HIV disease (recent HIV viral load) and later onset of CART in the PHIV youth in the
Sarma et al study (Sarma et al., 2014). The authors suggest that larger grey matter volume
may be due to inflammation. Another recent study on a slightly younger cohort of PHIV
youth by Cohen et al. (Cohen et al., 2015) found that youth had lower overall grey matter
volumes, but did not study regional differences compared to controls. We also found lower
total grey matter volume in our cohort of PHIV, a geographically-different and older clinical
population than in the Cohen et a/. study. Importantly, our study also considered additional
effects of substance use on brain structure as well as an examination of relationships
between regional brain differences and cognition.

Substance use in adolescence may lead to aberrant development during a vulnerable period
of significant brain maturation and/or or pre-existing structural brain differences may lead to
increased substance use (Jacobus et al., 2015; Squeglia and Gray, 2016). Previous studies
have demonstrated that adolescents who are more likely to drink alcohol have thinner frontal
cortices (Brumback et al., 2016; Silveri et al., 2016) and distributed regions in the frontal,
parietal, temporal, and occipital lobes (in prediction models that including neuroimaging
data (Silveri et al., 2016; Squeglia et al., 2016). A larger study of PHIV youth in the PHACS
AMP study found that substance use among PHIV youth may lead to greater risky behavior
(Alperen et al., 2014). In our neuroimaging cohort, we found that substance use among
PHIV youth may exacerbate total and regional grey matter reductions. Notably, PHIV youth
who reported substance use had reductions in bilateral frontal gyri, regions involved in
executive functioning, logical thinking, goal setting, planning, and self-control, which may
be associated with decision-making and risky behaviors (Fowler et al., 2007; Steinberg,
2007). While these findings are consistent with some studies on brain volume reductions
among HIV-uninfected adolescents who use alcohol or marijuana, they also differ from
others identifying increased volumes with marijuana use (Jacobus et al., 2015; Lopez-Larson
et al., 2011). Differing patterns found in our study may be due to dose-related effects; we
examined ever-use, not frequency or duration of use. Moreover, concurrent marijuana and
alcohol could have complex and perhaps interacting effects on brain structure (Price et al.,
2015; Squeglia et al., 2014, 2009; Subramaniam et al., 2016).

An additional consideration for interpreting our findings is that socioeconomic status may
affect brain development. Previous studies have demonstrated that altered grey matter
measures such as volume, cortical thickness, and surface area in distributed cortical and
subcortical regions are associated with socioeconomic status (Hair et al., 2015; Jednordg et
al., 2012; Noble et al., 2015; Piccolo et al., 2016). Despite differences in socioeconomic
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status between our HIV-unexposed and uninfected youth and PHIV youth cohorts, regional
and total grey matter volume differences persisted after controlling for socioeconomic status.
Unlike some previous studies, socioeconomic status alone was not associated with regional
brain volume differences.

There are some potential limitations to consider when interpreting our results. One limitation
is the difficulty of teasing apart individual effects of PHIV, CART, and substance use on
brain volumes. Although we attempted to address this limitation by including a measure of
persistence of unsuppressed VL, we observed no associations with this measure; other
cumulative measures of HIV severity may add additional insight on HIV effects on the brain.
Another limitation is the availability of only a single neuroimaging study during
adolescence, making it more difficult to isolate effects of HIV, treatment, and preexisting
pathology. A further limitation is that we only report cognitive and substance use findings in
the PHIV youth and did not have comparable measures for the typically-developing control
cohort. However, it should be noted that the relationship between brain volume changes in
the general population is relatively well-researched and our volume findings in many regions
in PHIV youth overlap with previous findings on cognition and substance use-brain volume
findings in typically-developing youth (Crowell et al., 2014; Hazra et al., 2010; Koekkoek et
al., 2008; Linn et al., 2015; Raskino et al., 1999).

Finally, while our study only evaluated brain volumes with respect to HIV infection status
and past HIV disease severity measures such as peak HIVV RNA load and nadir CD4%,
examining measures of inflammation (e.g. C-reactive protein (CRP) and interleukins) with
respect to brain volumes may deepen our understanding of structural brain changes in youth
with PHIV. Other studies have found that cognitive performance is related to a variety of
cytokines (Correia et al., 2013) and that certain cytokine markers, especially IL-6 and 1L-16,
significantly relate to brain volumes (Gongvatana et al., 2014) in adult HIV patients. Proton
magnetic resonance spectroscopy studies (MRS) have found that in adult HIV patients,
elevated neurofilament light chain in the cerebrospinal fluid correlated with MRS
abnormalities in the anterior cingulate, frontal white matter, and parietal grey matter (Peluso
et al., 2013). In youth with PHIV, the relationship of brain volumes to inflammatory markers
has not yet been studied, though studies in youth with PHIV have found that neopterin and
sCD14 levels are elevated (Blokhuis et al., 2016; Sainz et al., 2014; Syed et al., 2013) and
that aggregate measures of fibrinogen, CRP, and IL-6 are associated with decreased
processing speed in youth with PHIV and in uninfected youth with perinatal HIV exposure
(Kapetanovic et al., 2014). Future studies should aim to assess effects of PHIV, cART, and
substance use with longitudinal neuroimaging and include diverse measures of HIV disease
severity and inflammation, which may provide more information on when the brain is most
vulnerable to HIV and substance use, as well as when treatment is most effective.

With increased longevity due to cART, preservation of neurological function becomes
important for quality of life and adequate functional outcomes. Our study provides
preliminary insight into the effects of HIV and substance use on the brain in PHIV youth as
well as potential clinical biomarkers for evaluating HIV-related brain atrophy and cART
efficacy in the brain. PHIV youth may demonstrate distinct and particular vulnerability to
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HIV compared to adults due to exposure to HIV and antiretroviral treatment during critical
developmental periods.
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Highlights

. Youth with PHIV have smaller grey matter volumes compared to HIV-
unexposed youth.

. In PHIV youth, worse HIV disease severity correlated with smaller brain
volumes.

. In PHIV youth, alcohol and marijuana use were associated with smaller brain
volumes.

. In PHIV youth, reduction in brain volumes was associated with poorer

cognitive performance.
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Figure 1.
Adjusted Mean Regional Brain Volumes (95% CI) by HIV Infection Status

Adjusted models include sex, race, age at scan, caregiver education, annual household
income, and intracranial volume.
* The unit of brain volume for total grey matter is (x 10° mms3).
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LEFT HEMISPHERE RIGHT HEMISPHERE

% = ROI where volume in youth with PHIV is smaller than uninfected and unexposed comparison youth {for adjustment, see text)
< = ROI where volume for recent unsuppressed viral load (VL) (=400 copies/mL) is smaller than récent suppressed VL (= 400 copies/mL)

© = ROI where volume in marijuana users or alcohol users naller than non-users in youth with PHIV
< = ROI where smaller volume is associated with itive performance in youth with PHIV
* if symbol has diagonal lines, comparison remained significant after adjustment (p <0.05)

Figure 2.
Schematic of 10 primary regions of interest (ROI) and volume associations visualized using

a Freesurfer template brain
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