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Abstract

Obijectives: Tobacco smoking is linked to cognitive deficits and greater white matter (WM)
abnormalities in people with HIV disease (PWH). Whether tobacco smoking additionally
contributes to brain atrophy in PWH is unknown and was evaluated in this study.

Design: We used a 2 x 2 design that included 83 PWH (43 nonsmokers, 40 smokers) and
171 HIV-seronegative (SN, 106 nonsmokers, 65 smokers) participants and assessed their brain
structure and cognitive function.

Methods: Selected subcortical volumes, voxel-wise cortical volumes and thickness, and total
WM volume were analyzed using FreeSurfer. Independent and interactive effects of HIV and
smoking were evaluated with two-way analysis of covariance on cognitive domain Z-scores and
morphometric measures on T1-weighted MRI.

Results: Regardless of smoking status, relative to SN, PWH had smaller brain volumes

[basal ganglia, thalami, hippocampi, subcortical gray matter (GM) and cerebral WM volumes
(p=0.002-0.042)], steeper age-related declines in the right superior-parietal (interaction-p<0.001)
volumes, and poorer attention/working memory and learning (p=0.016-0.027). Regardless of HIV
serostatus, smokers tended to have smaller hippocampi than nonsmokers (-0.6%, p=0.055). PWH
smokers had the smallest total and regional subcortical GM and cortical WM volume and poorest
cognitive performance.

Conclusions: Tobacco smoking additionally contributed to brain atrophy and cognitive deficits
in PWH. The greater brain atrophy in PWH smokers may be due to greater neuronal damage

or myelin loss in various brain regions, leading to their poor cognitive performance. Therefore,
tobacco smoking may exacerbate or increase the risk for HIV-associated neurocognitive disorders.
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1. INTRODUCTION

Tobacco smoking is more prevalent (36% vs. 16-21%) and associated with greater adverse
consequences in people with HIV disease (PWH) [1-3] than in the general population.

For instance, tobacco smoking may attributed to 62% of deaths among PWH compared to
34% in the general population [4]. In addition, tobacco smoking is associated with worse
viral suppression [5, 6] and lower CD4 cell counts [7] in PWH. Conversely, HIV infection
accelerates nicotine metabolism [8, 9], which leads to greater tobacco usage [10], more
severe craving and withdrawal symptoms [11], and difficulty with smoking cessation in
HIV-seropositive (PWH) smokers compared to HIV-seronegative (SN) smokers [12].

Both HIV infection and tobacco smoking are associated with pathological changes in the
brain. Persistent HIV-mediated neuroinflammation and neurotoxicity may result in neuronal
and glial loss or white matter (WM) damage, even in treated individuals, contributing to
HIV-associated neurocognitive disorders (HAND) observed in 30-50% of PWH [13-15].
Tobacco smoke induces oxidative stress, particularly in the cerebrovascular endothelial
cells, and causes brain-blood barrier (BBB) leakage [16, 17]. Tobacco smoking was

also associated with reduced brain volumes and WM abnormalities [18-22], cognitive
impairment [23], and increased risk of dementia [24]. Despite the popularity of and
vulnerability to tobacco smoking in PWH, surprisingly little is known regarding whether
tobacco smoking exacerbates the neuropathology in PWH.

Preclinical studies have provided indirect evidence that the combination of HIV infection
and tobacco smoke may lead to greater neuroinflammation. For example, cigarette smoke
exposure induced greater neuroinflammatory gene expression and more impaired locomotor
activity in HIV transgenic rodents than wild-type [25]. In addition, nicotine, the major
addictive component of tobacco, suppressed neuroinflammation in wild-type [26], but
promoted neuroinflammation and induced neuronal apoptosis in HIV transgenic rodents
[27]. Clinical studies showed tobacco smoking and HIV infection appear to have additive
adverse effects on cognitive function [28-31], psychopathology [31], WM structural
integrity [22], as well as cortical gray matter (GM) volume [28]. However, most clinical
studies typically compared smokers and nonsmokers among PWH and did not delineate the
independent or possible interactive effects of tobacco smoking and HIV infection on the
brain.

Therefore, we aim to expand upon our prior findings on the additive effects of tobacco
smoking and HIV infection on cognitive deficits, to evaluate for the possible additive or
interactive effects on brain atrophy. We hypothesized that 1) PWH tobacco smokers would
have the smallest cortical and subcortical volumes, and the poorest cognitive performance
compared to SN smokers and nonsmokers with or without HIV disease; and 2) those

with smaller brain volumes would have poorer cognitive performance regardless of HIV
serostatus or smoking status.
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2. MATERIAL AND METHODS

2.1. Participants

Participants were recruited from the local community through website advertisements,
flyers, word of mouth, and referrals from health care providers. In total, 720 participants
each completed a telephone screening, and 447 (62%) completed an in-person screening
evaluation and provided written informed consent for several prior studies [32—35]. The
clinical and MRI data from these prior studies were pooled for this current study and
anonymized before data analyses. Ultimately, 304 (68%) subjects fulfilled the current study
inclusion criteria, and 254/304 (84%) had usable imaging and cognitive datasets. This
included 106 SN nonsmokers, 65 SN smokers, 43 PWH nonsmokers, and 40 PWH smokers.
Inclusion criteria for PWH participants were: 1) 18-80 years old men or women; 2) HIV
seropositivity confirmed by medical records; and 3) stable on a cCART regiment =6 months
and plasma viral load was undetectable. All SN participants fulfilled study criterion 1 and
their HIV-negative serostatus was verified using Clearview® COMPLETE HIV 1/2 test

kits (Alere, Waltham, MA). All tobacco smokers were current smokers (within the past

6 months) and smoked more than 10 cigarettes a day for more than two years, which is

the typical pattern among PWH [36-39]. Nonsmokers had a lifetime use of tobacco less
than 2 pack-years and had not smoked in the past 2 years. Participants were excluded if
they: 1) had any confounding medical conditions (including active hepatitis C, verified by
medical records, or with QraQuick® HCV test on-site); 2) had a confounding neurological
or psychiatric disorder; 3) had a severe substance use disorder (according to the DSM-5
criteria, except for tobacco use disorders) within the past two years; 4) had an education
level lower than 8t grade or intelligence quotient (1Q) less than 70 based on the Wechsler
Test of Adult Reading (WTAR); or 5) any contraindications for MR studies. The participants
in this study were allowed to have recreational marijuana and social alcohol use (up to

1 drink per day for women and up to 2 drinks per day for men), but a negative urine
toxicology screening test was required on the day of the brain scan and neuropsychological
testing. The original study protocols were approved by the Committee on Human Studies at
the University of Hawaii at Manoa and the Queen’s Medical Center in Honolulu, HI, and a
Certificate of Confidentiality was obtained from the National Institute on Drug Abuse.

2.2. Clinical and Cognitive Assessments

All participants were evaluated by a study physician, including the review of medical history
and HIV disease-related information, such as the nadir and most recent CD4 cell counts and
plasma HIV viral loads. The study physician also performed a neuropsychiatric examination,
including screening for depressive symptoms with the Centers for Epidemiologic Studies-
Depression Scale (CES-D) [40], daily functioning using the Karnofsky Performance Status
Scale [41] and the Functional Activities Questionnaire [42] or Instrumental Activities of
Daily Living [43], as well as clinical cognitive assessment from the neurological history

and the HIVV Dementia Scale [44]. Estimated verbal 1Q was assessed using the WTAR

[45]. The Hollingshead Four Factor Index of Socioeconomic Status was used to assess the
participants’ socioeconomic status, which provided the Index of Social Position (ISP) [46].
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We used a neuropsychological test battery that contained the 7 required cognitive domains to
assess HAND [47], in addition to the clinical assessments described above, to determine the
HAND status in PWH and HAND-equivalent status in SN participants. The seven domains
included Fluency, Executive function, Learning, Attention/Working Memory, Memory,
Information Processing Speed and Motor skill. The subtests included in each domain are
listed in the Figure 1 legend. For each subtest, an age and education adjusted Z-score

was calculated based on our existing normative database (which included 538 healthy SN
controls tested using the same protocol). A domain Z-score was generated using the average
value of subtest Z-scores.

2.3. Image Acquisition

2.4. Image

All participants were scanned on a 3 Tesla TIM Trio scanner (Siemens Medical

Solutions, Erlangen, Germany) with a 12-channel head coil. Structural imaging was
performed for morphometry and to assess for possible neuroanatomical abnormalities. The
protocol included a T1-weighted magnetization-prepared rapid gradient-echo (MPRAGE)
sequence (TR/TE/T1=2200/4.47/1000 ms, flip angle=12°, FOV=256mm, 256*256 matrix,
thickness=1 mm) and an axial fluid-attenuated inversion recovery scan (FLAIR, TR/TE/
T1=9100/84/2500 ms, flip angle=150°, FOV 230mm, 256x256 matrix, 3 mm slices).

All images were reviewed by a Neurologist (LC). Scans from two participants were
excluded due to encephalomalacia or multiple lesions in the brain from unreported prior
brain disorders. Regional brain volume data from the putamen were also excluded for 3
participants due to silent lacunar infarcts.

Processing

T1-weighted images were first processed with a FMRIB Software Library (FSL)-based
tool [48] for skull stripping and brain extraction, and then processed with FreeSurfer

6.0 (http://surfer.nmr.mgh.harvard.edu/) for automated segmentation and cortical surface
reconstruction overlaid on the Desikan-Killiany atlas [49-51]. All processed images were
visually inspected to ensure accurate segmentations. Selected subcortical brain volumes
included the following 7 regions of interest (ROIs): amygdala, hippocampi, thalami,
caudates, globus pallidus, putamen, and nucleus accumbens. These subcortical ROIs were
selected because prior studies of either PWH [52, 53] or tobacco smokers [54-58] showed
volume abnormalities in those regions. Since neither HIV infection nor tobacco smoking
showed significant volume laterality in these subcortical regions, the left and right volumes
were averaged. The volumes of total cortical GM, total cerebral WM, total subcortical GM,
and estimated intracranial volume (elCV) were also evaluated. Lastly, vertex-wise cortical
volume and thickness were determined, using a 10-mm smoothing at the full-width at
half-maximum.

2.5. Statistical Analyses

Data were analyzed using R (version 3.6.3). Demographical data and clinical variables
between groups were compared using analyses of variance (ANOVA), t-tests, Chi-square,
Fisher’s exact, Mann-U or Kruskal-Wallis tests, depending on the type and distribution
of variables. For cognitive domain z-scores, the main effects and interactions of HIV

and tobacco smoking status were analyzed using 2-way ANCOVA, co-varying for sex,
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estimated verbal 1Q and depressive symptom scores. These covariates were evaluated
individually in the model, and summarized in Supplemental Table 1. Atlas-based ROI
volumes were analyzed by 2-way ANCOVA, and vertex-wise cortical measures were
analyzed using the vertex-based general linear model (GLM) analysis in FreeSurfer (https://
surfer.nmr.mgh.harvard.edu/fswiki/FsTutorial/GroupAnalysisV6.0); both analyses covaried
for age, sex, and other potential confounds, including ISP [59], estimated verbal 1Q [60],
and depressive symptom scores [61, 62]. Volume measures were additionally covaried for
elCV. Vertex-wise measures were corrected for multiple comparisons using a Monte Carlo
simulation with a corrected cluster-value of p < 0.05 [63]. Average values of the significant
clusters from the vertex-based analysis were extracted for association analyses. Associations
between brain morphometric measures (age, sex and elCV adjusted) and cognitive domain
Z-scores, HIV disease severity and tobacco smoking were explored using GLM. These
GLM analyses were limited to the morphometric measures and cognitive domain scores
that showed significant group differences. Since these correlations were performed for
exploratory purposes, the significance level was set at p<0.05. Group comparisons on
cognitive performance and volume measures were repeated with marijuana use duration

as an additional covariate in order to explicate the possible confounding effect of marijuana.
Methamphetamine use was not covaried due to the small number of users.

3. RESULTS

3.1.

Participants’ Characteristics (Table 1)

Regardless of HIV serostatus, smokers had a lower verbal 1Q (p<0.001) than nonsmokers.
Furthermore, PWH had more depressive symptoms than SN individuals (p<0.001),
especially in smokers (HIV x smoking interaction-p=0.052). The four groups had similar
age, sex distribution, socioeconomic status, racial distributions and years of educations. The
two PWH groups had similar HIV disease severity, including duration of HIV infection and
current and nadir CD4 cell counts. As expected, compared to SN, more PWH participants
had HAND (or HAND-equivalent cognitive deficits for SN) (p<0.001), but the percentage
with HAND was similar between the two PWH groups. However, PWH nonsmokers had
lower daily function than PWH smokers (p=0.040). In terms of vascular disease risk factors,
regardless of smoking status, PWH participants had a higher prevalence of hyperlipidemia
(p=0.024) but lower body mass index (p=0.024) than SN controls. The participant groups
had similar but low prevalence of vascular risk factors such as hypertension or diabetes.
Furthermore, the percentages of participants who had white matter lesions on the FLAIR
images were similar across participant groups, which further suggests that they had

similar cerebrovascular disease burden. The two tobacco smoking groups were similar

in their tobacco usage patterns. PWH had a higher percentage of marijuana (p<0.001)

or methamphatamine (p<0.001) use, and used marijuana for a longer duration than SN
participants (p=0.027). Lastly, the four groups had similar recreational alcohol use.

3.2. Cognitive Measurements (Figure 1)

Independent of smoking status, PWH had lower Z-scores compared to SN participants
for Attention (p=0.027) and Learning (p=0.016) domains, and a trend for lower Z-scores
on Executive function (p=0.095) and Global cognition (p=0.069). However, regardless of
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HIV serostatus, smokers performed similarly on the cognitive tasks as nonsmokers. PWH
smokers consistently showed the lowest Z-scores across the four groups, indicating an
additive adverse impact of HIV infection and tobacco smoking on these cognitive domains.
Marijuana use duration was not associated with any of the cognitive domain scores.

Models with or without the covariates sex, 1Q, or CES-D are listed in Supplemental Table
1. Without covariates, the PWH groups performed worse in 5 cognitive domains compared
to the SN participants, while smokers performed poorer in 2 domains than the nonsmokers.
When sex was included as a covariate, smoking main effects remained but HIV main effect
on Motor function became non-significant. With CES-D score as a covariate, the HIV main
effect became non-significant for Motor function and the smoking main effects became

a trend. With 1Q as a covariate, only HIV (except for Motor function), but none of the
smoking main effects, remained significant. For the final model that covaried for all three
variables (sex, CES-D, and 1Q ), only the HIV main effects on Attention/Working Memory
and Learning remained significant.

3.3. Subcortical Brain Volume Measures (Figure 2)

Regardless of smoking status, PWH had smaller thalami (-3.9%, p=0.001), putamen
(—3.7%, p=0.017), pallidum (-3.3%, p=0.045), a trend of smaller caudates (—3.1%,
p=0.057), and smaller hippocampi (-2.6%, p=0.036) than SN participants (Figure 2B—F).
Regardless of HIV serostatus, tobacco smokers tended to have smaller hippocampi (-0.6%,
p=0.055, Figure 2F) than nonsmokers. The PWH groups also had smaller total subcortical
GM (-3.0%, p=0.001) and cortical WM (-2.7%, p=0.002) volumes than SN individuals,
irrespective of tobacco smoking status (Figure 2G—H). Notably, PWH smokers had the
smallest volumes in the thalami, putamen, pallidum, hippocampi, total subcortical GM, and
cerebral WM across the four groups, indicating the additive effects of HIV infection and
tobacco smoking on brain atrophy in these regions. The four groups were similar in the total
cortical GM volume or age-related volume declines in all ROIs. Likewise, marijuana use
duration was not associated with any of these ROl volumes.

3.4. Vertex-wise Cortical Volume and Thickness Measures (Figure 3)

PWH smokers had larger volumes than PWH nonsmokers while the two SN groups

had similar volumes in the right lateral occipital gyrus (interaction-p<0.001, Figure 3A).
An HIV-by-smoking interaction on age-volume association was observed in the left
parstriangularis and right parsorbitalis gyrus (both 3-way interaction p-values<0.001), with
steeper age-related declines in SN nonsmokers and PWH smokers than in the other two
groups (Figure 3B). Furthermore, regardless of smoking status, PWH showed steeper
age-dependent volume declines than SN participants in the right superior parietal cortex
(HIV-by-age interaction-p<0.001; r=—0.544, p<0.001 for PWH ) (Figure 3C). Vertex-based
measures were similar between smokers and nonsmokers, regardless of HIV serostatus.
Marijuana use duration was not associated with any of these vertex-wise measures.
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3.5. Association between Abnormal Brain Volumes and Cognitive Function or Clinical
Features (Figure 4 and Supplemental Figures 1-2)

Smaller putamen, pallidum, and subcortical GM predicted poorer attention/working memory
performance in all participants, independent of smoking or HIV serostatus (r=184, p=0.004,
Figure 4A,; pallidum: r=0.239, p<0.001, Figure 4B; subcortical GM: r=0.198, p=0.002,
Figure 4C). Across all PWH, but not the SN participants, smaller putamen (r=0.251,
p=0.026, interactionp=0.009, Figure 4D), and subcortical total GM (r=0.246, p=0.030,
interaction-p=0.006, Figure 4E) predicted poorer learning function. In the right superior
parietal gyri, larger volume predicted poorer learning function in SN but not in PWH
(r=-0.184, p=0.017, interaction-p=0.007, Figure 4F).

In PWH smokers, longer duration of smoking predicted smaller left superior praieral
(r=-0.387, p=0.018, HIV x smoking duration-p=0.009) and left parstriangularis gyrus
(r=-0.379, p=0.021, HIV x smoking duration-p=0.036). Greater pack-years also predicted
smaller caudate (r=—0.364, p=0.027, HIV x smoking duration-p=0.024) and subcortical GM
in PWH smokers (r=-0.350, p=0.033, HIV x smoking duration-p=0.032) (Supplemental
Figures 1A-D). Regardless of HIV serostatus, greater tobacco smoking pack-years predicted
smaller thalamus (r=—0.341, p<0.001) and pallidum (r=—0.248, p=0.012) among all smokers
(Supplemental Figure 1E-F).

Among all PWH, lower nadir CD4 counts also predicted smaller thalami (r=0.233, p=0.022)
and subcortical GM (r=0.251, p=0.027) (Supplemental Figure 2A-B). In addition, lower
nadir CD4 cell counts predicted smaller caudate volumes in PWH smokers only (r=0.385,
p=0.020, smoking by-nadir CD4 interaction-p=0.033, Supplemental Figure 2C). In addition,
PWH with lower current CD4 cell counts had smaller volumes in thalamus (r=0.236,
p=0.032, Supplemental Figure 2D) and putamen (r=0.246, p=0.026, Supplemental Figure
2E). Lower current CD4 cell counts also predicted smaller hippocampi (r=0.330, p=0.042,
smoking-by-current CD4 interaction-p=0.010, Supplemental Figure 2F) in PWH smokers
only. The estimated duration of HIV infection was not associated with any of the volume
measures.

4. DISCUSSION

4.1.

The main findings of this study are: 1) tobacco smoking and chronic HIV infection have
additive negative effects on cognition and regional brain atrophy; 2) smaller regional brain
volumes typically predicted poorer cognition; 3) greater pack-years smoked or the duration
of smoking predicted smaller brain volumes, particularly in PWH smokers; and 4) greater
immune suppression, with lower nadir and current CD4 counts, predicted smaller brain
volumes in specific brain regions in PWH.

HIV Infection and Tobacco Smoking on Cognitive Performance

Consistent with prior studies in the post CART era [64], we found PWH had poorer cognitive
performance than SN participants even after covarying for depressive symptoms and verbal
1Q. The poorest cognitive performance in PWH smokers validated our earlier findings [31]
and again indicates an additive effect of tobacco smoking on cognitive deficits in PWH.
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Independent of HIV serostatus and different from prior studies [28-30, 65], we found that
tobacco smokers performed similarly on cognitive assessments to nonsmokers. Potential
confounds in priors studies might be the typically lower socioeconomic status and the
greater depressive symptoms of smokers. Earlier studies typically did not covary for
depressive symptoms [30, 31, 65, 66]. Since acute mood disorders were exclusionary in

the current study, the relatively high CES-D scores in PWH participants or smokers indicate
sub-clinical depression in these individuals. Sub-clinical or mild depressive symptoms in
PWH might be associated with elevated levels of a wide range of plasma inflammatory
markers (e.g., interferon y-induced protein 10, interleukin-6, and tumor necrosis factor-a.)
[67]. However, whether such elevated peripheral inflammatory markers also reflected greater
neuroinflammation and contributed to the cognitive deficits in PWH is unclear.

HIV Infection and Tobacco Smoking on Brain Morphometry

Our findings suggest that the basal ganglia and cortical WM regions are particularly
vulnerable to HIV. Previous studies consistently found that PWH had abnormally smaller
thalami [52, 68—71], basal ganglia [52, 68, 70-75], total subcortical GM [69] and cortical
WM [68-70, 74]. The basal ganglia and WM are proximal to the ventricles; therefore, these
structures are more easily infiltrated by HIV-infected monocytes, exposed to inflammatory
factors, and have the highest levels of HIV burden (HIV RNA or antigen levels) in the brain
[76-78]. The vulnerability of the basal ganglia to HIV is further supported by the finding
that only caudate and putamen volumes correlated with plasma HIV-infected monocyte
density in acutely infected individuals [71]. In addition, the basal ganglia also has the
highest density of dopaminergic neurons that are sensitive to HIV protein-induced toxicity
[78, 79]; as such, dopamine transmission in these regions is reduced proportionately by

the severity of cognitive deficits in PWH [80, 81]. In our study, PWH and SN participants
had minimally different cortical volume or thickness, which is consistent with some [70,
74, 82, 83] but not all previous studies [52, 84, 85]. These discrepancies may be due to
varied clinical characteristics, including genotypes or host immune responses. For example,
individuals with the APOEe4 allele, especially those with HIV, also demonstrate greater
brain atrophy and cognitive deficits [34, 68]. In addition, a postmortem study of HAND
showed those with HIV encephalitis had strong upregulation of inflammatory genes in both
the striatum and cortical regions compared to those without HIV encephalitis[86].

Consistent with prior studies[19, 87], chronic smokers in the current study tended to

have smaller hippocampi than nonsmokers, a region vulnerable to tobacco smoke-induced
oxidative stress [88]. In this study, the additive effect of HIV and tobacco smoking on

brain atrophy was also predominantly located in the cortical WM and subcortical GM,
indicating greater injury to these brain regions. This additive atrophy in the GM and WM of
PWH smokers may be mediated by the greater neuroinflammation, which is consistent with
findings on diffusion tensor imaging that showed greatest diffusivity in various white matter
tracts in PWH smokers than nonsmokers with or without HIV disease [22].
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4.3. Association between Age, Cognitive Function, HIV Disease Severity, Smoking
Severity, and Brain Volume

Consistent with prior reports, we found an apparent accelerated age-related decline in
cortical volumes in PWH [69, 70]. In addition, consistent with previous findings [69, 85, 89,
90], we found that smaller brain volumes predicted poorer cognitive function, particularly

in PWH participants. These volume-cognition associations suggest that HIV-associated brain
atrophy may contribute to cognitive deficits in PWH.

Consistent with previous studies [18, 19], we found that greater tobacco usage predicted
brain atrophy, especially among PWH smokers, which, again, suggests greater brain injury
might result from tobacco smoking in PWH smokers. Lastly, Among PWH participants,
we found that both lower nadir and current CD4 cell counts predicted subcortical atrophy,
indicative of both the legacy effect of HIV infection [85] and ongoing immunosuppression
[71, 75].

4.4. Limitations

Due to the cross-sectional design, we cannot attribute causation between the major variables
(HIV and tobacco smoking) and the outcome measures of brain volumes and cognitive
performance. Other limitations include the small sample size for the subgroups and the
variable clinical features across subject groups (e.g., depressive symptoms and estimated
verbal 1Q), which might have diminished the statistical power to detect small effect

sizes on brain morphometric and cognitive measures. In addition, the duration of viral
suppression in PWH was not documented in this study which might have contributed to the
cognitive performance or white matter abnormalities in PWH. Lastly, since we evaluated
only individuals with viral suppression and excluded those with significant vascular risk
factors (e.g., those with uncontrolled hypertension or diabetes), these findings may not be
generalizable to other PWH.

4.5. Conclusions

This study demonstrated that chronic tobacco smoking is associated with greater brain
atrophy and cognitive deficits in PWH. Therefore, tobacco smoking is likely a risk factor
for HAND. Longitudinal studies are needed to confirm these findings by evaluating the
combined effects of HIV infection and tobacco smoking on brain atrophy and cognitive
deficits or impairment over time. In addition, depressive symptoms might moderate the
effects of chronic tobacco smoking and HIV infection on brain atrophy and cognitive
deficits.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cognitive Domain Z-Scoresin the Four Participant Groups.
Regardless of smoking status, PWH participants had lower Z-scores in the Attention

(p=0.027) and Learning (p=0.016) than SN participants. PWH participants also tended

to have lower Z-scores on Executive function (p=0.095) and Global function (p=0.069)
than SN participants. PWH=people with HIV disease and are non-smokers, SN= HIV
seronegative non-smokers, SN_S=HIV seronegative tobacco smokers, PWH_S=PWH
tobacco smokers. Subtests in each domain were listed below. Fluency: DKEFS Design
Fluency and Verbal Fluency (with letters FAS); Executive Functions: DKEFS- Color-Word
Interference Test Inhibition & Inhibition/Switching, DKEFS-Trail making Number-Letter
Switching; Speed of Information Processing: Symbol Digit, DKEFS Trail-making Number
Sequencing, DKEFS Color naming, and California Computerized Assessment Package
(CalCAP) Simple Reaction Time; Attention/Working Memory: Arithmetic from Wechsler
Adult Intelligence Scale-VI, Digit Span Backward, Letter-Number Sequencing, Arithmetic
and Paced Auditory Serial Addition Test 1; Learning: Rey Auditory Verbal Learning Test
Trial 5 and Rey-Osterreith Complex Figure Test-Immediate Recall; Memory: Rey Auditory
Verbal Learning Test Delayed Recall (Trial 7) and Rey Complex Figure-Delayed Recall;
Motor Skills, Grooved Peghoard Dominant and Non-dominant hands.
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Figure 2. Volume of Whole Brain and Subcortical Regionsin the Four Participant Groups.
A ROls on a standard brain template. Color bar indicates the % of volume difference

between PWH and SN participants. B-D Regardless of smoking status, PWH participants
had smaller thalamus (-3.9%, p=0.001), putamen (=3.7% p=0.017) and pallidum (-3.3%,
p=0.045) than SN participants. E Caudate tended to be smaller in PWH compared to

SN participants (-=3.1%, p=0.057). F Regardless of smoking status, PWH participants had
smaller hippocampus (-2.5%, p=0.036) than SN participants. Regardless of HIV serostatus,
tobacco smokers tended to have smaller hippocampi than nonsmokers (-2.87%, p=0.055).
G-H Regardless of tobacco smoking status, PWH participants had smaller total subcortical
gray matter (—3.0%, p=0.001) and cortical white matter (—2.7%, p=0.002) than SN
individuals. PWH=people with HIV disease and are non-smokers, SN= HIV seronegative
non-smokers, SN_S=HIV seronegative tobacco smokers, PWH_S=PWH tobacco smokers,
GM=gray matter.
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Figure 3. Vertex-wised Comparisons of Cortical Volumes acrossthe Four Participant Groups.
A HIV-by-smoking interaction was observed in the right lateral-occipital gyrus. PWH

smokers had larger volume than PWH nonsmokers whereas there was no such difference
between the two SN groups (interaction p<0.001). B HIV-by-smoking interaction on

the age-volume association was observed in the left parstriangularis gyrus (HIV-by-age
interaction p<0.001; r=—0.507, p<0.001 in PWH smokers), and the right parsorbitalis

gyrus (HIV-by-Smoke-by-age interaction<0.001; r=—0.460, p=0.003 among PWH smokers).
C HIV main effect on the age-volume association was observed in the right superior

parietal gyrus. Steeper age-related volume decline was observed in the PWH participants
but not in the SN groups (HIV-by-age interaction p<0.001; r=—0.544, p<0.001 in PWH).
PWH=people with HIV disease, SN=HIV seronegative, SN_S=HIV seronegative tobacco
smokers, PWH_S=people with HIV disease and tobacco smoking, L=left, R=right. Color
bar indicates p value significant levels for all clusters from A-C.
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Figure 4. Smaller Brain Volume Predicted Poorer Cognitive Function

A-C Regardless of smoking status, smaller putamen, pallidum, and subcortical total

GM predicted poorer attention/working memory function in all participants (putamen:
r=0.148, p=0.004, Figure 4A; pallidum: r=0.239, p<0.001, Figure 4B; subcortical total

GM :r=0.198, p=0.002, Figure 4C). D-E Among PWH participants, smaller putamen and
subcortical total GM predicted poorer Learning function (putamen: r=0.251, p=0.026 in
PWH participants, interaction p=0.009, Figure 4D; subcortical total GM : r=0.246, p=0.030
in PWH participants, interaction p=0.006, Figure 4E). F Larger right superior parietal

gyrus predicted poorer learning function in SN participants, but not in PWH participants
(r=-0.184, p=0.017 in SN participants, interaction p=0.007). GM=gray matter, PWH=people
with HIV disease, SN=HIV seronegative.
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Table 1:

Participant Demographics and Clinical Characteristics (Mean = S.D., median or range)

Page 19

SN Nonsmoker SN-Smoker PWH Nonsmoker PWH Smoker p-value
(N=106) (N=65) (N=43) (N=40)
Age (years) 47.2+13.6 43.7+12.4 51.0+9.5 48+10.1 0.280%
Age range (18- (20 - (24-73) (22-64) '
77) 73)
0,
#Men (%) 89 (84.0%) 51 (78.5%) 41 (93.2%) 37 (94.9%) 0.051b
Education (years) 15+2.6 14+21 15+2.2 14+27 0.080%
WTAR Predicted Verbal IQ# 110+ 7.4 104 +9.8 106 + 8.7 104 + 10 <0.001 2
Race (W/As/B/NH/NA/Mixed) 54/27/3/7/0/15 27/14/0/10/0/14 24/5/2/3/2/8 22/7/13/3/0/7 0 066[7
Index of Social Position (8-66) 37.3+16.0 435+ 13.6 35.2+15.1 459+ 154 0.074 %
CES-D scale score (0-60) 6.44+51 10.8+9.3 12.7+10.2 12.8+9.2 <0.001 2
HIV disease-related
Duration (years) - - 16.6 (1.8-36.6) 14.1 (0.9-30.9) 0.318°
3 - R
CD4 count (#/mm”) 546.7 (105-1331) | 550 (107-1275) 0.963°
i 3 - R
Nadir CD4 count (#/mm~) 204 (0-1021) 206 (3-1018) 0.562°
HIV dementia Scale (0-16) - - 13.9+26 127+34 0 088d
Karnofsky score (0-100) - - 90.4+9.4 94.2+6.8 0.040 d
# (%) with HAND or “HAND-equivalent ™ <0.001 b
Normal (no HAND) | 82 (83.7%) 47 (72.3%) 31 (70.5%) 23 (60.0%)
ANI | 12 (12.2%) 11 (16.9%) 4(9.1%) 4 (10.3%)
MND | 4 (4.1%) 3 (4.6%) 3(6.8%) 9 (23.1%)
HAD | 0 0 3(6.8%) 3(7.7%)
Vascular disease risk factors
With vascular risks, n (%) 17 (39.5%) 13 (32.5%) 30 (28.3%) 14 (21.5%) 0.228 b
History of hypertension | 10 (23.3%) 9 (22.5%) 13 (12.3%) 9 (13.8%) 0.237 b
History of Hyperlipidemia | 12 (27.9%) 7 (17.5%) 17 (16%) 4 (6.2%) 0.024 b
Systolic blood pressure 120.4+11.6 122.3+11.9 121.3+12.1 121.6+13.7 0.926
Diastolic blood pressure 78.9+12.0 80.548.9 79.2+11.0 81.3+10.8 05844
Body Mass Index 25.3+3.3 24.9+3.8 27.1+4.7 27.146.1 0.0242
White matter hyperintensities on FLAIR | 20 (46.5%) 22 (55%) 56 (54.9%) 28 (43.8%) 0.466 b
images, n (%) ’
Nicotine usage, Median (range)
Age at first use (years) 18.5+15.2 18.9+6.7 21.3+95 19.2+78 0.824%
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SN Nonsmoker SN-Smoker PWH Nonsmoker PWH Smoker p-value
(N=106) (N=65) (N=43) (N=40)

Total lifetime used (pack-years) ) 16.0 (0.2-1209) } 20.6 (0.9-68.2) 0.319¢
Duration of use (montfs) - 320 (27.3-723.6) - 340 (47.2-669.3) | 0.186°
Duration of abstinence (months) 204 (9-1341) } 253 (49-713) } 0.830°
Marijuana usage, Median (range)
#Lift time user (%) 46 (43.4) 40 (61.5) 25 (58.1) 33 (82.5) <0.001?
Daily average use (gram) 7 0.02 (0.00-7.09) | 0.06 (0.00~7.90) 0.01 (0.00-6.75) 0.09 (0.00-3.00) 0.076°
Total lifetime use (gram) 7 57.9 (0-51774) | 355.5(2.1-37180) | 15.7 (0-55054) 772.3 (0.1-56250) | 0.074°
Duration of MJ use (years) 7 8.48 (0.00-38.4) | 16.4 (1.00-43.9) 16.1 (0.01-43.9) 21.0 (1.00-51.2) 0.027°¢
Month since last use” 63.5 (0.00-478) | 24 (0.00-425) 5.00 (0.00-339) 0.00 (0.00-488) 0.246°
Methamphetamine usage, Median (range)
#Lift time user (%) 9 (8.5) 18 (27.7) 12 (27.3) 21 (53.8) <0.001?
Daily average use (gram) 7 0.02 (0.00-1.00) | 0.00 (0.00-0.71) 0.00 (0.00-0.07) 0.01 (0.00-0.62) 0.279¢
Total lifetime use (gram) 7 11.4 (0.11-5350) | 2.8 (0.01-783) 10.4 (0.02-218.3) | 6.8 (011-1370) 0.441°
Duration of use (years) " 50(0.00-17.6) | 2.5(0-15.0) 8.4 (0.00-33.4) 5.0 (1.60-29.1) 0.182°¢
Duration of abstinence (months) 7 106 (0.00-344) 131 (0.00-431) 123 (0.00-308) 62 (0.00-445) 0.878°
Alcohol usage, Median (range)
#Lift time user (%) 92 (86.8) 53 (81.5) 38 (86.4%) 38 (97.4%) 0.1397
Daily average use (mL) 7 6.1(0.04-85.2) | 9.11(0.05-317.8) | 11.4(0.10-659.6) | 6.6 (0.04-295.7) 0.104¢
Total lifetime use (Liter) 7 36.9 (0.—714.5) | 47.6 (0.6 —4362.6) | 97 (1.3-8805.2) 51.7 (0.1 -3870.11) 0.140¢
Duration of use (years) 21.5(0.00-61.1) | 23.1(0.52-54.3) 22.5 (0.00-46.5) 28.2 (8.9-46.5) 0.443¢
Duration of abstinence (months) 7 0.00 (0.00-432) 0.00 (0.00-341) 0.00 (0.00-303) 0.00 (0.00-358) 0.489°

Description of variables were presented as mean + S.D, median (range) or count (%). Significant p values were bolded. WTAR = Wechsler Test of
Adult Reading; CES-D = Center for Epidemiological Studies — Depression Scale; Index of Social Position: assessed using the Hollingshead Four
Factor Index of Social Position. Race = White/ Asian/ Black/Native Hawaiian/Native American/More than one race. PWH=people living with HIV
disease, SN=HIV seronegative.

% ANOVA
b
: XZ;
c .
: Mann-Whitney U
d: T test
e .
: Kruskal-Wallis Test.
*
Plasma HIV RNA was calculated from 7 PWH participants and 5 PWH+Smokers with detectable viruses.

Hk
HAND = HIV-associated Neurocognitive Disorder or HAND-equivalent, 15 subjects missing this information
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HokA

6 participants did not have blood pressure data, 4 did not have Fluid attenuated inversion recovery imaging (FLAIR) data (2 due to excessive
motion, 2 did not complete FLAIR scans). Hyperlipidemia was defined as having an abnormally high total cholesterol or triglyceride level or taking
lipid-lowering medications.

1 ]
These variables were calculated only among the users.

#The significance was driven by the smoking main effect (p<0.01)
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