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Abstract
Background and Objectives
Neurologic outcomes in people with HIV (PWH) on long-duration antiretroviral therapy
(ART) are not fully understood, and the underlying pathophysiology is unclear. To address
this, we established a cohort of such individuals and compared themwithHIV-negative controls
using a novel matching technique. Both groups underwent extensive cognitive testing, evalu-
ation for psychiatric measures, and MRI and CSF analyses.

Methods
Participants underwent comprehensive neuropsychological testing and completed standard-
ized questionnaires measuring depressive symptoms, perceptions of own functioning, and
activities of daily living as part of an observational study. Brain MRI and lumbar puncture were
optional. Coarsened Exact Matching was used to reduce between-group differences in age and
sex, and weighted linear/logistic regression models were used to assess the effect of HIV on
outcomes.

Results
Data were analyzed from 155 PWHonART for at least 15 years and 100HIV-negative controls.
Compared with controls, PWH scored lower in the domains of attention/working memory
(PWH least square mean [LSM] = 50.4 vs controls LSM = 53.1, p = 0.008) and motor function
(44.6 vs 47.7, p = 0.009) and a test of information processing speed (symbol search 30.3 vs 32.2,
p = 0.003). They were more likely to self-report a higher number of cognitive difficulties in
everyday life (p = 0.011). PWH also reported more depressive symptoms, general anxiety, and
use of psychiatric medications (all with p < 0.05). PWH had reduced proportions of subcortical
gray matter on MRI (β = −0.001, p < 0.001), and CSF showed elevated levels of neurofilament
light chain (664 vs 529 pg/mL, p = 0.01) and tumor necrosis factor α (0.229 vs 0.156 ng/mL,
p = 0.0008).

Discussion
PWH, despite effective ART for over a decade, displayed neurocognitive deficits and mood
abnormalities. MRI and CSF analyses revealed reduced brain volume and signs of ongoing
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neuronal injury and neuroinflammation. As the already large proportion of virologically controlled PWH continues to grow,
longitudinal studies should be conducted to elucidate the implications of cognitive, psychiatric, MRI, and CSF abnormalities in
this group.

Neurologic outcomes for people with HIV (PWH) are of
major concern for clinicians and patients alike, even in the era
of effective antiretroviral therapy (ART).1-3 Although severe
cognitive disorders attributed to HIV in this group are rare,
even mild-to-moderate cognitive impairment can affect
quality of life, employment, and medication adherence.4,5

Cognitive impairment in PWH is often defined with a spec-
trum of HIV-associated neurocognitive disorders (HAND).
HAND is assessed using Frascati criteria, which relies on
normative data to adjust for age, sex, race, and education level.
A 2020 meta-analysis of Frascati criteria–based HAND found
that the prevalence of neurocognitive impairment was 44.9%
across 18 studies.6 Concerns have been raised that these cri-
teria overestimate the prevalence of impairment and are not
specific for HIV.7 The criteria have an inherent false-positive
rate for ANI of 16%–20%, and in studies with well-matched
controls, more than a third of the HIV-negative group met the
criteria for cognitive impairment.8 Another confounder that
may contribute to high rates of reported impairment is
treatment variability in many HIV patient cohorts. In the
landmark CNS HIV Antiretroviral Therapy Effects Research
study, 59% of participants had detectable HIV RNA in their
plasma, 29% were not on any ART, and no control group was
used for comparison.2 These factors make it difficult to ex-
trapolate results to individuals on effective treatment for many
years.

In practice, clinicians find lower rates of cognitive impairment
in PWH. At 1 large specialized center in the United Kingdom,
the prevalence of symptomatic cognitive impairment via
clinical evaluation was only 7.5%.9 In part, this discrepancy
may be due to biases inherent to reliance on participant self-
report in classifying HAND in research settings. As the pop-
ulation of PWH on effective ART grows and ages, the
long-term effects of HIV, particularly neurocognitive conse-
quences, are of increasing interest. Given the discrepancy in
prevalence assigned by research reports vs clinical practice,
there is a need to produce more clinically relevant results.

The standard of care for PWH is lifelong ART, so we aimed to
directly compare cognitive and psychiatric outcomes, MRI

brain volumes, and CSF biomarkers in PWH on very-long-
duration ART (>15 years) with an HIV-negative control
group recruited from the same sociodemographic communi-
ties. Using a technique that reduced reliance on external
normative data, we preprocessed our data with Coarsened
Exact Matching (CEM) to reduce imbalance between groups
on relevant variables.10 Then, we broadly analyzed cognition,
MRI brain volumes, CSF biomarkers, and psychiatric mea-
surements to determine how neurologic outcomes are af-
fected in PWH with long-duration, treated infection.

Methods
Participant Selection
Data for this study were collected under longitudinal natural
history studies of PWH and uninfected same-community
controls conducted in parallel by the NIH and the Uniformed
Services University of the Health Sciences (USU) with a
common protocol design. Participants completed research
evaluations including neurologic and psychiatric evaluations,
laboratory studies, and MRI.

The eligibility criteria for the overall study included at least 18
years old at the time of enrollment, no prior neurologic in-
fection, no confounding neurologic or psychiatric disease
(e.g., untreated depression or sleep apnea and stroke), no
ongoing illicit substance use, ability to complete MRI, and no
use of confounding medications. Eligible participants had at
least 7 years of education; the ability to speak, read, and un-
derstand English; and performance validity scores in the valid
range on neuropsychological (NP) testing.11

For the present analysis, all participants withHIV started ART
at least 15 years before their NP testing visit per participant
interview or medical record review. Note that these criteria do
not confirm viral suppression for the entire duration of ART
use. Controls were recruited through local bus advertise-
ments, through flyers mailed to the same ZIP codes as PWH,
as family members or close friends of PWH, or as patients at
the same primary care clinics.

Glossary
ART = antiretroviral therapy;AZT = zidovudine;BDI = Beck Depression Inventory;CEM =Coarsened ExactMatching; ESS =
effective sample size; HAND = HIV-associated neurocognitive disorders; IL = interleukin; IQR = interquartile range; IRB =
Institutional Review Board; LSM = least square mean; NfL = neurofilament light; NP = neuropsychological; OR = odds ratio;
PAOFI = Patient’s Assessment of Own Functioning Inventory; PWH = people with HIV; TFLS = Texas Functional Living
Scale; TNF = tumor necrosis factor; USU = Uniformed Services University of the Health Sciences; WAIS = Wechsler Adult
Intelligence Scale.
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Clinical and Laboratory Parameters
Vital signs, medical history, and medication use history were
assessed for all participants at the time of NP testing. Psy-
chiatric disorders and substance use disorders were measured
using the Client Diagnostic Questionnaire, a tool that has
been validated in PWH.12 For PWH, current
CD4 lymphocyte T-cell count, plasma HIV viral load, past
and current ART regimens, number of years since HIV di-
agnosis, number of years since ART initiation, and nadir CD4
T cell count were recorded. If nadir CD4 was recorded as
<200 or >200 cells/μL rather than a definite value, 199 and
201 were used, respectively, in the analysis. This occurred for
7 PWH.

NP Testing
All participants underwent NP testing overseen by a board-
certified neuropsychologist (J.S.) including a 3- to 4-hour
battery of neurocognitive tests, as well as the Beck Depression
Inventory (BDI)-II, the Patient’s Assessment of Own Func-
tioning Inventory (PAOFI), and the Texas Functional Living
Scale (TFLS), as previously described.13 Cognition was
measured in 2 ways: The first used T scores generated for each
NP domain (verbal fluency, information processing speed,
executive functioning, attention/working memory, learning,
memory, and psychomotor speed). These T scores were
based on each participant’s performance on specific NP tests
and demographics (Heaton normative values, Calibrated
Neuropsychological Normative System norms, or Wechsler
Adult Intelligence Scale [WAIS]-III/WechslerMemory Scale-
III demographic norms).14-16 The second method used the
raw individual test scores that compose each domain.

MRI
MRI scans were performed on a 3T brain MRI (Philips
Medical Systems, the Netherlands) using an 8-channel head
coil. The MRI included T1-MPRAGE (176 slices, 1 mm
isotropic resolution). The T1-weighted images were seg-
mented with FreeSurfer (version 7.0), and the volumes of 6
prespecified brain regions were calculated as a proportion of
the total estimated intracranial volume. Participants who
completed an MRI scan within 15 months of their NP testing
and were included in the analysis of MRI outcomes.

Lumbar Puncture
An optional lumbar puncture was completed for CSF col-
lection within 12 months of their NP testing. The Quanterix
immunoassay was used for CSF measurements of neurofila-
ment light (NfL), total tau, interleukin (IL)-6, IL-10, and
tumor necrosis factor (TNF) α. The NfL and total tau assay
was performed on all included CSF samples. Cytokine levels
were unavailable for 9 (6 PWH and 3 control) CSF samples.

Statistics
Covariates were chosen a priori based on known associations
with outcome variables. Age, sex, race, education, and visit
number (as a surrogate for NP test practice effect) were in-
cluded as covariates for cognitive outcomes. Age, sex, and race

were included as covariates for MRI and CSF outcomes. CEM
was used to retrospectively match the HIV-negative controls
to the PWH cases on age and sex.17,18 Matching on age and
sex effectively reduced imbalance in other covariates. Visit
number was balanced between the groups before matching.

Participants with MRI and CSF outcome data were selected
from the larger group to create subsets for analysis of these
outcomes. Using the same parameters used to match groups
for cognitive analysis, subset groups were rematched using
CEM.Weights were applied to the control group based on age
and sex, and participants with HIV were each weighted at 1.
After matching, balance was verified for age, sex, visit number,
and other relevant variables including race and education level
using a weighted t test (age), a weighted Wilcoxon rank-sum
test (visit), or a weighted χ2 (sex, race, and education level).
Preprocessing our data with CEM allowed us to control for
the influence of confounding variables by reducing imbalance
between groups, without eliminating a large proportion of our
participants from analysis.10

Weighted linear regression was used to assess the effect of
HIV on continuous outcomes, including cognition, MRI, and
CSF outcomes. Least square means (LSMs) and CIs are
reported. Logistic regression was used to assess the effect of
HIV on binary outcomes (psychiatric and functional vari-
ables), with weight included as a covariate. The odds ratio
(OR) and 95% CI are reported. Box-Cox transformation was
used for skewed continuous outcomes before regression.
Regression model residuals were tested for normality
(Shapiro-Wilk, skewness, and kurtosis) to confirm whether
transformation was appropriate. For transformed variables,
back-transformed means and 95% CI are reported in tables.
Variables where transformation was ineffective were di-
chotomized with a cutoff chosen based on clinical or statistical
relevance—2 SDs from the control group mean (for PAOFI
and TFLS)—or prior studies using the same variable (for
BDI-II).19,20 Mean and SD are reported for normally dis-
tributed continuous variables, median and interquartile range
(IQR) for non-normal continuous variables, and frequency
and percentage for categorical variables. Given the explor-
atory nature of this analysis, p values were not corrected for
multiple comparisons. A significance level of 0.05 was used in
all analyses. All statistical analyses were conducted using R
version 4.0.5.

Standard Protocol Approvals, Registrations,
and Patient Consents
The NIH Institutional Review Board (IRB) reviewed and
approved the NIH study (NCT01875588), and USU IRB
reviewed and approved the Department of Defense study
(IDCRP-078). All participants provided written informed
consent.

Data Availability
Anonymized data not published within this article will be
made available by request from any qualified investigator.

e2468 Neurology | Volume 100, Number 24 | June 13, 2023 Neurology.org/N

http://neurology.org/n


Results
The analysis population included 155 PWH and 100 HIV-
negative controls with demographic characteristics reported
in Table 1. The HIV-negative control demographics are
shown before and after weighting was applied through CEM.
After matching on age and sex, the PWH and control groups
were similar in age, sex, race, and education level (Figure 1).
PWHwere an average of 53.2 (SD 5.8) years old, 21% female,
52%White, and 40%Black, with 73% of participants having an
education level of a high school degree or greater and a me-
dian visit number of 1 (median prior exposures to cognitive
testing of 0). There were no significant differences in de-
mographic variables or visit number between PWH and
controls in any subset analysis (MRI, CSF).

All PWH were receiving ART for at least 15 years and had
plasma HIV RNA levels <50 copies/mL for at least 1 year
before enrollment. PWH had a median CD4+ T lymphocyte
count of 619 cells/μL (IQR 450–833 cells/μL) at the time of
their visit and a median nadir CD4 of 196 cells/μL (IQR
76.0–281.0 cells/μL). The overall mean duration since HIV
diagnosis was 22.8 (SD 5.4) years, and the mean duration of
ART was 20.3 (SD 4.0) years.

Cognitive, Psychiatric, and
Functional Outcomes
For comparisons of cognitive, psychiatric, and functional
outcomes, the matching algorithm resulted in a control group
(n = 100) with an effective sample size (ESS) of n = 62,
meaning that analyses carried the same precision as an

Table 1 Cohort Demographics and HIV Characteristics

Type Variable
Controls (n = 100)
Unweighted

Controls (n = 100)
Weighteda HIV (n = 155) p Value

Demographics (matched) Age, mean (SD) 52.3 (7.41) 53.2 (6.14) 53.2 (5.80) 0.97

Sex, female, n (%) 32 (32.0) 21 (20.7) 32 (20.7) 1.0

Demographics (other) Race, White, n (%) 46 (46.0) 54 (53.8) 80 (51.6) 0.73

Race, Black, n (%) 48 (48.0) 40 (40.2) 62 (40.0) 0.98

Education, >12 y, n (%) 73 (73.0) 74 (73.6) 113 (72.9) 0.90

Years of education, mean (SD) 14.8 (2.68) 15.1 (2.74) 14.7 (2.43) 0.18

Employed, n (%) 74 (74.0) 79 (79.3) 88 (56.8) <0.0001

Meet criteria for HAND,b n (%) 24 (24.0) 22 (22.0) 41 (26.5) 0.24

Other No. of prior cognitive test exposures, median (range) 0 (0–3) 0 (0–4) 0 (0–4) 0.28

HIV disease Years since HIV diagnosis, mean (SD) (n = 153) — — 22.8 (5.4)

Years since ART initiation, mean (SD) — — 20.3 (4.0)

Current CD4, median (IQR) (n = 149) — — 619 (450–833)

Nadir CD4, median (IQR) (n = 152) — — 196 (76.0–281)

n = 153

Regimen, n (%) Ever on zidovudine (AZT) — — 108 (71)

Ever on efavirenz — — 105 (69)

Ever on a D drugc — — 82 (54)

Currently on AZT — — 9 (6)

Currently on efavirenz — — 17 (11)

Currently on a D drugc — — 1 (0.7)

Currently on a protease inhibitor — — 41 (27)

Currently on an integrase inhibitor — — 100 (65)

Currently on an entry inhibitor — — 2 (1.3)

p Values generated from the 2-sample weighted t test (Welch test) for continuous variables and the weighted χ2 test for binary variables between weighted
controls and HIV.
a Weights generated through coarsened exact matching.
b HAND: HIV-associated neurocognitive disorder, impairment by Frascati criteria.
c D drugs: dideoxynucleoside analogs (stavudine [d4T], didanosine [ddI], and zalcitabine [ddC]).
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unweighted sample of this size. Using Frascati criteria, 22.0%
of controls and 26.6% of PWH were categorized as impaired.

First, using a more traditional method of measuring cognition
in PWH, we compared cognitive domain T scores between
the 2 groups. HIV infection had a significant effect on the
domains of attention/working memory (PWH LSM = 50.4 vs
controls LSM = 53.1, p = 0.008) and motor function (44.6 vs
47.7, p = 0.009) (Table 2).

Because groups were well matched on demographic factors,
we were also able to directly compare participants’ individual
test raw scores. PWH performed worse, compared with
controls, on both tests composing the attention/working
memory domain—WAIS–letter-number sequencing (LSM
10.9 vs 11.8, p = 0.004) and the Paced Auditory Serial Ad-
dition Test (35.5 vs 37.9, p = 0.028); 1 speed of information

processing test—WAIS–symbol search (30.3 vs 32.2, p =
0.003); and 1 motor function test—Grooved Pegboard–
dominant hand (74.0 vs 69.1, p = 0.003) (Table 3). In the
motor function test, a higher score indicates longer time taken
to complete the task (i.e., worse performance).

PWH were almost 4 times as likely to perceive a high number
of cognitive impairments (>7, 2 SD above the control group
mean) on the PAOFI (OR 3.90; 95% CI 1.48–12.7; p =
0.011) (Table 4). On the BDI, PWH were more than 7 times
as likely to score ≥14, indicating at least mild depression (OR
7.63; 95% CI 2.34–40.0; p = 0.004), and almost 32 times as
likely to score ≥17 (OR 31.6; 95% CI 4.40–3,300; p = 0.01), a
threshold previously identified as more relevant for PWH.19

HIV infection also slightly increased the odds of ever having a
problem with alcohol (OR 3.58; 95% CI 1.40–11.2; p = 0.014)
(Table 4).

Figure 1 Age Distributions by Group, Before and After Coarsened Exact Matching

Table 2 Cognitive Domain T Scores and Weighted Linear Regression Results

Cognitive domain HIV estimate
HIV2
LSM (95% CI)

HIV+
LSM (95% CI) p Value

Verbal −0.86 51.3 (49.6–53.1) 50.5 (49.0–52.0) 0.39

Speed of info. processing −1.00 52.8 (50.9–54.8) 51.8 (50.2–53.5) 0.37

Executive function 0.28 48.5 (46.7–50.3) 48.8 (47.3–50.3) 0.78

Attention/working memory −2.74 53.1 (51.3–54.9) 50.4 (48.8–51.9) 0.008

Learning −1.45 51.0 (48.9–53.0) 49.4 (47.8–51.3) 0.21

Memory −1.70 50.9 (48.9–52.9) 49.2 (47.5–50.9) 0.13

Motor −3.16 47.7 (45.7–49.8) 44.6 (42.8–46.4) 0.009

Abbreviation: LSM = least squares mean.
Age, sex, race, education, and visit number were included as independent variables in each model along with HIV status.
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MRI
Eighty-five PWH and 53 HIV-negative controls (ESS n = 32)
had MRI scans within 15 months of their NP testing. PWH
had lower subcortical gray matter volume, measured as a

proportion of the total intracranial volume (β = −0.001, p <
0.001) (Table 5). When we examined which regions within the
subcortical gray matter were driving this difference, limbic
structures (hippocampus, amygdala, and ventral diencephalon)

Table 3 Raw Cognitive Test Scores and Weighted Linear Regression Results

Cognitive domain Test
HIV2 (n = 100)
LSM (95% CI)

HIV+ (n = 155)
LSM (95% CI) p Value

Verbal COWA: FASa 38.6 (36.4–40.9) 37.7 (35.8–39.6) 0.45

COWA: animalsa,b 20.6 (19.5–21.6) 19.9 (19.0–20.8) 0.27

Speed of info. processing WAIS III: digit-symbol codingb 66.6 (63.4–69.8) 65.0 (62.2–67.7) 0.38

WAIS III: symbol searchb 33.2 (31.5–34.9) 30.3 (28.8–31.8) 0.003

Trail Making Aa,c 31.7 (29.2–34.5) 29.0 (27.1–31.2) 0.07

Executive function Trail Making Ba,c 72.1 (66.0–79.0) 73.5 (68.1–79.6) 0.70

WCST: perseverative responsesa,b 8.47 (7.43–9.69) 8.30 (7.42–9.31) 0.79

Attention/working memory WAIS III: letter-number sequencingb 11.8 (11.3–12.4) 10.9 (10.5–11.4) 0.004

PASATa,b 37.9 (36.1–39.7) 35.5 (33.9–37.2) 0.028

Learning HVLT-R: recallb 25.7 (24.7–26.7) 25.2 (24.3–26.0) 0.37

BVMT-R: recallb 21.7 (20.3–23.2) 20.6 (19.4–22.9) 0.20

Memory HVLT-R: delayed recalla,b 9.30 (8.86–9.75) 9.00 (8.61–9.40) 0.24

BVMT-R: delayed recalla,b 9.04 (8.54–9.52) 8.61 (8.17–9.04) 0.13

Motor Grooved Pegboard: dominant handa,c 69.1 (66.6–71.5) 74.0 (71.5–76.7) 0.003

Grooved Pegboard: nondominant handa,c 80.9 (77.1–80.6) 84.1 (80.6–87.8) 0.18

Abbreviations: BVMT-R = Brief Visuospatial Memory Test–Revised; COWA = Controlled Oral Word Association; HVLT-R = Hopkins Verbal Learning Test–
Revised; LSM = least squares mean; PASAT = Paced Auditory Serial Addition Test; WAIS = Wechsler Adult Intelligence Scale; WCST = Wisconsin Card Sorting
Test.
Age, sex, race, education, and visit number were included as independent variables in each model along with HIV status.
a Box-cox transformed data used in regression, and means are back-transformed.
b Higher scores indicate better performance.
c Lower scores indicate better performance.

Table 4 Functional Scales and Psychiatric Variables and Logistic Regression Results

Variable type Test
HIV2
n/total (%)

HIV+
n/total (%)

HIV
OR (95% CI) p Value

Functioning Patient’s Assessment of Own Functioning Inventory (>7 impairments) 6/99 (6.1) 24/152 (16) 3.90 (1.48–12.7) 0.011

Texas Functional Living Scale (<40) 4/99 (4.0) 9/153 (5.9) 0.52 (0.15–1.52) 0.26

Psychiatric Beck Depression Inventory (>13) 4/100 (4.0) 24/152 (16) 7.63 (2.34–40.0) 0.004

Beck Depression Inventory (>16) 1/100 (1.0) 15/152 (9.9) 31.6 (4.4–3,300) 0.014

General anxiety 2/97 (2.1) 6/148 (4.1) 1.02 (0.98–1.07) 0.31

Posttraumatic stress disorder 6/97 (6.2) 17/153 (11) 1.07 (1.00–1.15) 0.06

Taking psychiatric medication 11/94 (12) 33/154 (21) 1.06 (0.96–1.17) 0.24

Ever treatment for SUD 10/97 (10) 23/154 (15) 1.05 (0.97–1.15) 0.23

Ever problem with alcohol 5/99 (5.1) 24/155 (15) 3.58 (1.40–11.2) 0.014

Abbreviations: LSM = least square mean; OR = odds ratio; SUD = substance use disorder.
Age, sex, race, and weight were included as independent variables in each model along with HIV status.
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(i.e., hypothalamus, along with the putamen) all had HIV esti-
mates with an uncorrected p value <0.05. No significant differ-
ences were found between groups in any other regions of the
brain.

CSF
Forty-nine PWH and 23HIV-negative controls (ESS of n = 20)
were included in the analysis of CSF NfL and total tau. Forty-
three PWH and 20 HIV-negative controls (ESS of n = 18) were
included in the analysis of cytokines (IL-6, IL-10, and TNF-α).
Multivariate linear regression found significant effects of HIV
infection on NfL chain (PWH LSM 664 vs controls LSM 529
pg/mL, p = 0.01) and TNF-α (0.229 vs 0.156 ng/mL, p =
0.0008) in CSF (Figure 2). No difference between groups was
seen in CSF total tau, IL-6, or IL-10 levels.

Discussion
We evaluated comprehensive cognitive, psychiatric, MRI, and
CSF findings in a group of PWH on ART for at least 15 years.
This study characterizes these outcomes with a focus on
prospectively defined, long-duration HIV and long-duration
ART use with a well-matched group of controls. As PWH are
surviving longer, this population continues to grow, and

understanding the ongoing effects on the brain is critically
important. The largest differences between PWH and HIV-
negative controls were found in the cognitive domains of
attention/working memory and motor function, depression,
subcortical gray matter volume, and CSF biomarkers of
neuronal injury and inflammation.

Results from treated HIV cohorts, such as Comorbidity in
Relation to AIDS (COBRA) and AGEhIV, have revealed
specific effects of HIV on cognition,21,22 but lacked diversity
in race and sex, with greater than 90% White participants and
very few women. These factors limit the generalizability of
results to the population living with HIV in the United States,
where 1 in 5 PWH are women, and 44% of new infections
occur in Black Americans.23 Our cohort benefits from bal-
anced representation, with demographics similar to national
averages. Using a robust matching technique, CEM, we were
able to make a series of meaningful comparisons across a
broad spectrum of neurologic outcomes with a diverse rep-
resentation of participants. An important limitation of prior
HIV cohort studies is that they have wide heterogeneity in the
duration of treatment with ART, with inclusion criteria of
more than 12 months on ART. In contrast, we included
participants with at least 15 years of treatment with ART to
explore the long-term consequences of HIV infection.

Table 5 MRI Outcomes and Weighted Linear Regression Results

MRI variable (proportions of total intracranial volume)
HIV2 (n = 53)
LSM (95% CI)

HIV+ (n = 85)
LSM (95% CI) p Value

Total brain volume (excluding ventricles) 0.748 (0.736–0.760) 0.746 (0.736–0.756) 0.83

Supratentorial volume 0.653 (0.642–0.664) 0.655 (0.646–0.664) 0.81

Cerebral white matter 0.314 (0.308–0.320) 0.310 (0.305–0.315) 0.19

Cortex volume 0.282 (0.273–0.290) 0.289 (0.282–0.296) 0.14

Subcortical gray matter 0.0391 (0.0384–0.0397) 0.0376 (0.0370–0.0381) <0.001

Total gray matter 0.394 (0.385–0.403) 0.398 (0.390–0.405) 0.51

Abbreviation: LSM = least squares mean.
Age, sex, and race were included as independent variables in each model along with HIV status.

Figure 2 Cytokine/Biomarker Levels in CSF by Group

CSF outcomeswere box-cox transformed for linear regression analysis. Back-transformedmeans and95%CIs are plotted. Age, sex, and racewere included as
independent variables in each model along with HIV status. NfL = neurofilament light chain; ns = p value not significant; TNF = tumor necrosis factor.
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Several tests showed that PWH had impairment of attention/
working memory and motor function, relative to HIV-
negative controls. This pattern was seen when looking at
comparisons of the traditional cognitive domain scores and on
individual tests. On these individual test comparisons, we also
saw a difference in symbol search, a test that measures in-
formation processing speed in addition to sustained atten-
tion.16 Most other domain scores (5/7) and individual test
results (11/15) were not affected by HIV status.

A limitation of composite T scores is that they use external
norms, which are not always generalizable to study pop-
ulations. Another HIV cohort study found that both PWH
and controls, when tested at baseline, scored >0.5 SDs above
normative data standards in the memory domain,22 high-
lighting the difficulty of applying these standards to make
inferences about research groups. Thus, a strength of our
study was the use of a well-matched control group, which
allowed for direct comparisons between the 2 groups without
the use of external norms or demographic normalization.

Although there is debate over whether demographic norms,
specifically race, are inherently harmful,24 existing norms
show clear failures. Comparison samples used to develop the
Heaton norms (most recently updated in 2004), which are
widely used to assess NP test results, were acquired from
centers across the country; however, almost all the data from
Black participants were acquired in San Diego.14 While ana-
lyzing cognitive domains vs individual tests yielded largely
similar results, we support a move away from normative data
based on race. Demographic covariates did not significantly
affect results, indicating that the matching process we used
effectively reduced reliance on both normative data and sta-
tistical adjustment. This technique is unable to assess in-
dividual cognitive test performance but has the potential to be
applied in other fields that use NP testing at a group level.

Objective findings of cognitive dysfunction were also cor-
roborated by PWH who subjectively reported more cognitive
difficulties compared with controls. In line with prior re-
ports,25 we found a significant increase in the odds of PWH
having mild depression. Depression has been associated with
cognitive impairment and represents a potentially modifiable
factor that clinicians should be aware of in this population.
PWH in our cohort were also more likely to self-report ever
having a problem with alcohol. To evaluate whether prior
problematic alcohol use could explain the group differences in
cognitive testing, we performed the domain score analysis
with affected individuals removed (5 controls, 24 PWH) and
found that attention/working memory and motor function
remained significantly different. Because several factors may
contribute to cognitive impairment in PWH, we conducted
imaging and CSF studies.

Our results show loss of subcortical gray matter in PWH.
Deep gray matter structures take up a very small proportion of
the intracranial space, averaging 3.7% of the intracranial

volume. Thus, even a small reduction in the volume of these
regions may result in functional changes.26 On cognitive
testing, PWH were slower to complete a motor task mea-
suring manual dexterity with their dominant hand. It is pos-
sible that this impairment may be related to reductions in
basal ganglia volume, a region important in motor pathways.

Subcortical gray matter, specifically the basal ganglia, has been
shown to be affected by HIV infection on imaging, both in
severely immunosuppressed individuals with HIV-associated
dementia27 and in cohorts with well-treated disease.28-30 Why
subcortical gray matter is particularly susceptible to HIV in-
fection is not entirely clear, but in untreated patients, the HIV
viral load is also higher in this region.31 Reduced volumes in
this region have been associated with deficits in executive
function,32 HIV DNA levels in peripheral blood,32 and du-
ration of HIV infection.28 PET studies have also found ab-
normalities in subcortical gray regions, with significantly
reduced relative F-fluorodeoxyglucose uptake in the thalamus
in well-treated PWH.33 One study found that well-treated
PWH had smaller subcortical brain volumes at baseline.
However, when researchers looked at longitudinal scans over
a 2-year period, they did not find differences in volume change
between PWH and controls.29,34 A meta-analysis showed that
there is substantial variation in HIV-associated brain volume
changes in the literature.35 An international study on sub-
cortical gray matter volumes in treated demographically di-
verse cohort of PWH found that HIV factors are consistently
associated with reduced volume in limbic areas in the post-
ART era.36 Of interest, our well-treated cohort showed similar
reductions, including in the hippocampus, amygdala, and
hypothalamic region, which may in part explain some the
memory deficits and mood changes. Longitudinal follow-up
studies are underway to determine whether there are pro-
gressive changes in brain volume and if they may correlate
with other cognitive and CSF biomarkers.

Autopsy studies show that HIV viral load is maximal in the
basal ganglia and the temporal lobe. Our neurocognitive and
MRI studies also support the involvement of these areas of the
brain. It is therefore likely that the CSF findings of neuro-
degeneration and neuroinflammation also originate, at least in
part, from these same anatomic regions. The reasons for viral
tropism in these regions remain unexplained.

CSF studies were performed to determine whether there was
any evidence of ongoing neuronal injury or neuro-
inflammation. NfL levels were measured as an indicator of
neuronal or axonal damage. In agreement with prior studies,
we found that levels in PWH are higher than matched con-
trols, despite effective ART.37 This suggests that although
ART initially reduces NfL levels in treatment-naive PWH,38

ART does not fully suppress NfL and ongoing neuronal injury
occurs. Furthermore, CSF NfL is known to increase with age
in the general population.39 However, because our HIV and
control groups were well matched for age, elevated NfL levels
in PWH may be driven by HIV proteins such as Tat. Tat is
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produced despite adequate use of ART and suppressed vire-
mia40 and is known to cause neurotoxicity.41

TNF-α levels were measured as an indicator of neuro-
inflammation. TNF-α is a proinflammatory cytokine released
in the CNS by activated microglia and macrophages. Over-
production in the brain leads to aberrant immune activation
that has been implicated in the pathogenesis of many CNS
neuroinflammatory diseases.39 We observed elevated TNF-α
in our long-term treated group of PWH. This finding is
consistent with persistent glial cell activation and may be
driven by the release of HIV proteins.42

Although elevations of NfL and TNF-α are not specific to HIV
infection and are also associated with other neurodegenera-
tive and neuroinflammatory disorders, they indicate persistent
cerebral injury. An important question that remains unan-
swered in the field is whether the cognitive dysfunction in
treated PWH represents a legacy effect from the initial in-
fection or if there might be concern for ongoing injury despite
the use of ART. Legacy effects can result from neuronal
damage caused at the time of seroconversion and before ini-
tiation of ART.WhenHIV is untreated, low nadir CD4 counts
are associated with poor neurologic outcomes,2,29,43,44 and
the use of ART can halt further brain atrophy.45 Although
legacy effects may be a reasonable concern, our studies show
that current ART use alone is insufficient to control the
production of HIV proteins once the viral reservoir is estab-
lished, and there is ongoing neuroglial injury. Longitudinal
studies are needed to further validate these observations.

Based on HAND’s high false positivity rate and the variability
of other methods used to assess HAND, some researchers
have called for new criteria with a lesser focus on ANI.46

Although the classification of ANI has unclear clinical signif-
icance, it has been shown to increase the probability of de-
veloping further symptomatic cognitive decline.47 We suggest
that future studies focus on identifying HAND phenotypes
that include biological abnormalities or biotypes. HAND is a
heterogeneous group of diseases and may be better identified
with markers, including MRI, that reveal pathophysiology. In
this way, we may be able to link differences in cognitive
function to specific brain regions or biomarker abnormalities.

Our study design has several limitations. First, this is a cross-
sectional study; longitudinal data are needed to confirm the
progressive effects of HIV on cognition, regional effects on the
brain, and neuroimmune dysfunction. Second, our study did
not identify distinct biotypes of HAND. This may be related
to the stringent inclusion criteria, which may have selected for
a relatively homogeneous population, or a much larger sample
size may be needed for such analyses. Third, by focusing on
participants on ART for ≥15 years, we may have introduced a
survivor bias, such that we selected for PWH who are more
resilient to the effects of untreated/poorly treated HIV or
more highly retained in care. Seventy-one percent of our
participants were prescribed zidovudine (AZT), indicating

that they were infected before or close to the time that the first
effective combination ART became available in the mid-
1990s. Patients who were given AZT monotherapy, or other
less effective regimens, may be different from those who
started on a fully suppressive treatment.48 Fourth, there are
potential immunologic differences between patients who
started ART during their acute infection and those who
started ART later. Future studies may be improved by strat-
ifications based on the duration of untreated HIV infection.
Fifth, the group of PWH interested in participating in clinical
research may not represent the general population of PWH.
For example, in our cohort, both groups had a high level of
educational attainment. A research setting allowed us to do a
broader array of testing but may limit the generalizability of
our results to all PWH in the United States. Last, although we
avoided the use of normative data in the primary analysis, we
chose to covary for race and other demographic factors within
our cohort. Race is an imperfect proxy for factors such as
socioeconomic status, access to care, health effects of racism
and discrimination, educational attainment, and more. Al-
though it has proven complex and difficult to account for
these factors in other ways, we note that the development of
better, more standardized measures is paramount to pro-
moting equity in research and health care.

This study provides several lines of evidence that despite
adequate control of HIV replication and over a decade of ART
treatment, PWH have markers of cerebral injury and in-
flammation and cognitive dysfunction. These observations
have important implications for understanding the neuro-
pathogenesis of HIV infection and for future approaches to
treatment. Going forward, it is critical to develop modes of
therapy that can either completely eradicate HIV or halt
production of viral transcripts/proteins. Alternatively, ad-
junctive neuroprotective and anti-neuroinflammatory thera-
pies may be developed through clinical trials to support
neurologic health in PWH.
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