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Accelerated Brain Aging and Cerebral Blood Flow 
Reduction in Persons With Human Immunodeficiency 
Virus
Kalen J. Petersen,1 Nicholas Metcalf,1 Sarah Cooley,1 Dimitre Tomov,1 Florin Vaida,2 Robert Paul,3 and Beau M. Ances1

1Department of Neurology, Washington University School of Medicine, St Louis, Missouri, USA; 2Department of Family and Preventive Medicine, University of California, San Diego, California, 
USA; and 3Department of Psychology, University of Missouri, St Louis, Missouri, USA

Background. Persons with human immunodeficiency virus (PWH) are characterized by altered brain structure and function. 
As they attain normal lifespans, it has become crucial to understand potential interactions between human immunodeficiency virus 
(HIV) and aging. However, it remains unclear how brain aging varies with viral load (VL).

Methods. In this study, we compare magnetic resonance imaging (MRI) biomarkers among PWH with undetectable VL (UVL; 
≤50 genomic copies/mL; n = 230), PWH with detectable VL (DVL; >50 copies/mL; n = 93), and HIV-uninfected (HIV–) controls 
(n = 206). To quantify gray matter cerebral blood flow (CBF), we utilized arterial spin labeling. To measure structural aging, we used 
a publicly available deep learning algorithm to estimate brain age from T1-weighted MRI. Cognitive performance was measured 
using a neuropsychological battery covering 5 domains.

Results. Associations between age and CBF varied with VL. Older PWH with DVL had reduced CBF vs PWH with UVL 
(P = .02). Structurally predicted brain aging was accelerated in PWH vs HIV

–
 controls regardless of VL (P < .001). Overall, PWH 

had impaired learning, executive function, psychomotor speed, and language compared to HIV
–
 controls. Structural brain aging was 

associated with reduced psychomotor speed (P < .001).
Conclusions. Brain aging in HIV is multifaceted. CBF depends on age and current VL and is improved by medication adher-

ence. By contrast, structural aging is an indicator of cognitive function and reflects serostatus rather than current VL.
Keywords.  HIV, aging; cerebral blood flow; brain-predicted age; arterial spin labeling.

The oldest people with human immunodeficiency virus (PWH) 
in North America have entered their ninth decade, and large, 
well-characterized clinical cohorts are needed to better under-
stand aging in this population. Human immunodeficiency virus 
(HIV) may accelerate or accentuate aging by increasing cellular 
abnormalities or conferring additional risk for comorbidities 
[1, 2]. The brain is of particular interest, as the central nervous 
system serves as a potential reservoir even in well-managed 
PWH. Continued inflammation can lead to neurodegeneration 
[3] as measured by cortical and subcortical atrophy [4] and 
white matter degradation [5, 6].

Brain aging may underlie HIV-associated neurocognitive dis-
orders (HAND), which range in severity from asymptomatic im-
pairment to mild neurocognitive deficits to dementia. HAND 
affects approximately 30% of PWH [7] and contributes to dimin-
ished quality of life [8], especially in the older population [9]. 

Aging is a major risk factor for HAND, compounding cognitive 
decline associated with normal aging [10].

Neuropsychological improvement and preserved quality 
of life are possible with combination antiretroviral therapy 
(cART), suggesting that HIV suppression can modify brain 
aging [11, 12]. However, previous neuroimaging studies have 
often treated PWH as a unitary group [13]. Given the amelior-
ating effects of suppression, it is crucial to quantify how brain 
aging differs between PWH with variable viral load (VL).

The effects of HIV-related pathology can be assessed with 
brain-predicted age. In this technique, machine-learning 
models are trained to estimate chronological age from imaging 
data, such as T1-weighted magnetic resonance imaging (MRI). 
Models trained on healthy brains can then be applied to disease 
states, typically resulting in predicted ages exceeding chrono-
logical ages [14, 15]. The difference between these values, brain 
age gap (BAG), serves as a biomarker of disease-linked struc-
tural changes [16].

However, the effects of HIV cannot be understood through 
structural imaging alone; a more complete picture also requires 
measurement of functional status to complement anatomical 
insights from brain-predicted age. A key functional variable is 
cerebral blood flow (CBF), which governs the rate of oxygen 
and nutrient delivery to brain parenchyma. CBF is diminished 
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by HIV [13, 17] as is cerebrovascular reactivity, indicating un-
coupling of neural activity from normal vascular responses 
[18]. Therefore, we applied structural and perfusion neuroim-
aging to model brain health across the lifespan in a large group 
of PWH and HIV-uninfected (HIV–) controls. Our goals were 
to determine how brain aging differs in PWH with detectable 
viral load (DVL) and undetectable viral load (UVL) compared 
to normal aging, and whether these phenotypes are associated 
with cognitive impairment.

METHODS

Participants 

PWH aged 18 years or older were recruited from the Washington 
University in St Louis Infectious Diseases Clinic between 2008 
and 2017. HIV– controls were recruited from the St Louis com-
munity or research participant registry. Participants provided 
written informed consent; all studies were approved by the in-
stitutional review board.

Exclusion criteria were confounding neurological disorders 
(eg, epilepsy, stroke), major psychiatric disorders (eg, schizo-
phrenia, bipolar disorder, obsessive-compulsive disorder), Beck 
Depression Inventory II total score >29, traumatic brain injury 
with unconsciousness >30 minutes, current or past opportun-
istic central nervous system infection, or current substance use 
disorder per the Diagnostic and Statistical Manual of Mental 
Disorders, Fifth Edition (except cannabis). A  urinalysis drug 

screen was administered; participants testing positive for con-
trolled substances other than cannabis were asked to reschedule.

HIV status and VL were assessed with reverse-transcription 
polymerase chain reaction from blood samples taken during 
participation. Seronegative status was confirmed for controls. 
Current CD4 and CD8 cell levels were measured for PWH, and 
nadir CD4 counts were identified from laboratory or medical 
records or by participant recall.

PWH were subdivided into 2 categories: those with DVL 
(RNA loads >50 copies/mL) or UVL (≤50 copies/mL). A subset 
of participants returned for follow-up imaging and cognitive 
testing at 1–3 additional time points. Cross-sectional and lon-
gitudinal measures were not analyzed separately, but combined 
using mixed-effects modeling (see “Statistics and Hypothesis 
Testing,” below). Table 1 provides sample sizes for the cross-sec-
tional and longitudinal components of these models.

Neuroimaging 

MRI was performed at 3.0 Tesla on a Tim Trio scanner 
(Siemens, Erlangen, Germany), and included T1-weighted im-
aging and pseudo-continuous arterial spin labeling (pCASL). 
T1-weighted magnetization-prepared rapid gradient echo 
(T1-MPRAGE) was acquired with a repetition time (TR) of 
2400  ms and an echo time (TE) of 3.2  ms at 1-mm isotropic 
spatial resolution (matrix size = 256 × 256 × 176). pCASL (TR/
TE = 3500/9.0 ms) was acquired with label duration = 1500 ms, 

Table 1. Baseline Demographic and Clinical Data

Characteristic HIV-Negative Controls (n = 206) PWH With UVL (n = 230) PWH With DVL (n = 93) P Value

No. of follow-up visits 41 184 26  

Age, y 36.4 ± 17.1 45.9 ± 15.0 37.1 ± 16.0 <.001***

Sex, female, No. (%) 104 (50) 56 (24) 17 (18) <.001***

Race, African American 117 (57) 146 (63) 72 (77) .005**

Education, y 13.6 ± 2.4 13.3 ± 2.7 13.0 ± 1.8 .09

HIV duration, mo … 151.6 ± 106.5 76.0 ± 93.6 <.001***

Current medication duration, mo … 50.4 ± 52.2 32.5 ± 39.6 .08

Viral load, copies/mL, log10 … 1.3 ± 0.1 3.6 ± 1.2 <.001***

Most recent CD4 count, cells/µL … 603.0 ± 287.9 390.3 ± 292.7 <.001***

Nadir CD4 count, cells/µL … 213.2 ± 182.7 261.4 ± 205.2 .07

CD4/CD8 ratio … 0.79 ± 0.55 0.44 ± 0.35 .01*

Hepatitis C infection, No. (%) … 15 (7) 3 (3) .43

Other STD, No. (%) 37 (18) 65 (28) 16 (17) .12

BMI 26.8 ± 5.6 26.8 ± 6.0 25.8 ± 6.2 .34

BP (systolic) 119 ± 16 121 ± 12 119 ± 15 .66

BP (diastolic) 80 ± 11 77 ± 12 82 ± 11 .13

Hypertensiona, No. (%) … 47/136 (35) 9/29 (31) .71

Diabetesa, No. (%) … 12/136 (9) 1/29 (3) .33

Data are presented as mean ± standard deviation unless otherwise indicated. P values are from analysis of variance or Student t tests for continuous variables and χ 2 tests for categorical 
variables. 

Abbreviations: BMI, body mass index; BP, blood pressure; DVL, detectable viral load; HIV, human immunodeficiency virus; PWH, persons with human immunodeficiency virus; STD, sexually 
transmitted disease; UVL, undetectable viral load. 
aData available for 162 participants.

*p<.05.

**p<.01.

***p<.001.
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postlabeling delay = 1200 ms, flip angle = 90°, spatial resolu-
tion = 3.4 × 3.4 × 5 mm, matrix size = 64 × 64 × 22, and 2-di-
mensional echo-planar imaging readout. Two pCASL runs were 
obtained per session. Participants were instructed to remain 
awake and fixate on a crosshair, and monitored for wakefulness.

Image Preprocessing and CBF Quantification 

Image preprocessing was performed using the FMRIB 
Software Library (Oxford, United Kingdom). T1-weighted 
images were brain-extracted and registered to the Montreal 
Neurological Institute (MNI152) 1-mm brain. pCASL M0 im-
ages were affine-registered to T1-weighted images. pCASL 
volumes were motion-corrected; frame pairs with >0.5-mm 
displacement between label and control were censored. pCASL 
images were registered to MNI space and downsampled to 
3-mm resolution.

CBF was calculated by pairwise subtraction of spin-tagged 
and untagged images and application of the standard single-
compartment model, following recommended clinical guidelines 
[19]. Voxels with nonphysiological CBF (<0 or >120 mL/100 g/
minute) were excluded. CBF was averaged between runs and 
quantified across whole-brain gray matter, and in 9 prespecified 
regions of interest defined using FreeSurfer (Martinos Center, 
Boston, Massachusetts): frontal cortex, orbitofrontal cortex, 
sensorimotor cortex, parietal cortex, temporal cortex, occipital 
cortex, basal ganglia, thalamus, and insula/amygdala.

Structural Brain Aging 

Brain age was estimated from T1-weighted images using a 
publicly available deep learning algorithm [20] consisting of a 2D 
convolutional neural net implemented in Keras. DeepBrainNet 
was trained on a large dataset including multiple scanners and 
sites (n = 11 729 participants). Training and validation datasets 
consisted of healthy individuals across a broad age range. The 
trained network identified participant age with a mean absolute 
error of 4.1 years in the original validation cohort.

DeepBrainNet was applied to T1-weighted images to esti-
mate brain age using pretrained weights. Predicted ages were 
adjusted so the line of best fit for HIV– controls was linearly 
shifted to equality (brain age  =  true age), correcting a well-
documented underestimation of brain age in older participants 
[21]. This transformation did not affect statistical results.

Neuropsychological Evaluation 

Participants underwent previously described neuropsycho-
logical testing to assess 5 domains: learning, delayed recall, 
executive function, psychomotor speed, and language [22]. 
Participants were included in cognitive modeling only if they 
completed at least 10 of 15 total tests. Within each domain, z 
scores were calculated adjusting for age, sex, race, and educa-
tion where applicable. A global z score was calculated by aver-
aging across domains.

Statistics and Hypothesis Testing 

Baseline demographic factors were compared among groups 
(HIV– controls, PWH with DVL, and PWH with UVL) using 
analysis of variance for continuous variables and χ 2 tests for 
categorical variables. Welch t tests were used for 2-group com-
parisons applicable only to PWH. Brain aging and cognitive 
performance were compared with mixed-effects linear models, 
allowing incorporation of both cross-sectional data for group 
comparison (fixed effects) and longitudinal measures (random 
effects).

We predicted that increased VL would be associated 
with brain aging, measured by decreased CBF and in-
creased BAG. These predictions were tested using R ver-
sion 4.0.1 (R Foundation, Vienna) with the “nlme” 
package. The following mixed effects models were used: 
(CBF or BAG) ∼ β1 (age × group) + β2 (sex) + β3 (race) + Uparticipant +Ψ, 
where age × group is an interaction, Uparticipant represents random 
normal participant effects, and Ψ is the residual distribution 
model. Two comparisons were made: all PWH vs controls, and 
PWH with DVL vs UVL.

We also predicted that CBF and structural 
aging would be associated with cognitive perfor-
mance. This was tested with the following models: 
z − score ∼ β1 (CBF or BAG) + β2 (group) + β3 (age) + Uparticipant +Ψ. 
Sex and race were not included in these models as cogni-
tive scores were already adjusted for these factors using nor-
mative procedures for each test. As an additional analysis, 
we tested wither cognitive function was associated with HIV  
duration: z − score ∼ β1(durationHIV) + β2(group) + β3(age). 
Cognitive P values were corrected for multiple comparisons 
across 5 cognitive domains by controlling the false discovery 
rate at 5%. Corrected P values are reported.

RESULTS

Demographics 

Five hundred twenty-nine participants met inclusion criteria at 
baseline: 206 HIV– controls, 230 PWH with UVL, and 93 PWH 
with DVL. Two hundred participants returned for follow-up 
imaging and testing (Supplementary Table 1): 200 second visits 
(1.9 ± 0.8 years after baseline), 40 third visits (3.3 ± 1.5 years), 
and 10 fourth visits (5.4  ±  1.8  years). VL status was assigned 
independently per visit; a participant could be classed as DVL 
at baseline and UVL at follow-up, or vice versa. Of 780 imaging 
sessions, 689 included pCASL; the remainder were used for 
structural aging and cognitive analysis. Demographic and clin-
ical information are presented in Table 1. Age distributions are 
shown in Supplementary Figure 1.

Participant groups were similar at baseline for educa-
tion, body mass index, blood pressure, time on current an-
tiretroviral regimen, and prevalence of non-HIV sexually 
transmitted diseases. Groups differed by age (P <  .001), sex 

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab169#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab169#supplementary-data
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(P < .001), and race (P = .005), controlled for in subsequent 
modeling. Disease duration was longer in PWH with UVL 
(P < .001) due to greater age. CD4 levels (P < .001) and CD4/
CD8 ratios (P  =  .01) were lower for DVL than UVL sub-
groups. Mean CD4/CD8 ratios for both HIV groups were 
<1, indicating elevated risk for adverse events. Neither nadir 
CD4 count nor hepatitis C rate differed between DVL and 
UVL subgroups.

CBF Is Reduced in Older PWH With DVL 

As expected, gray matter CBF was negatively correlated 
with age (P < .001) (see Supplementary Table 2 for effect sizes 
and confidence intervals). The association between CBF and 
age was significantly more negative for DVL than UVL with 
an interaction observed (P =  .02; Figure 1). CBF-vs-age slope 
was also more negative in 7 of 9 regions of interest: frontal 
cortex (P  =  .04), orbitofrontal cortex (P  =  .03), sensorimotor 
cortex (P  =  .04), occipital cortex (P  =  .03), temporal cortex 
(P = .04), basal ganglia (P = .03), and insula/amygdala (P = .04 
(Supplementary Figure 2). The CBF-vs-age slope was not signif-
icantly different between all PWH and HIV– controls. Figure 2 
shows CBF maps by age and group.

Structural Aging Is Accelerated in PWH 

Structural aging was evaluated by measuring BAG, the dis-
crepancy between brain-predicted and chronological age. 
DeepBrainNet predicted age with a mean absolute error of 
5.2  years for controls, 7.4  years for PWH with UVL, and 
7.8 years for PWH with DVL. Structural aging was greater for 
PWH than HIV– controls (P < .001), but not different between 
DVL and UVL subgroups (Figure 3).

Altered Cognition Is Associated With HIV and DVL 

Cognitive function was reduced in PWH vs HIV– controls in 
3 domains: executive function (P >  .001), psychomotor speed 
(P >  .001), and language (P >  .001). Global cognition was re-
duced in both PWH subgroups vs HIV– controls (P  >  .001). 
Cognition was reduced in DVL vs UVL in 2 domains: psycho-
motor speed (P = .003) and language (P = .01). Global cognition 
was reduced in DVL vs UVL (P = .003) (Table 2).

Structural Aging Is Associated With Reduced Psychomotor Speed 

No association was found between cognitive performance 
and CBF. A negative relationship was found between BAG and 
psychomotor z score across participants, independent of group 

Figure 1. Cerebral blood flow is more negatively associated with age in persons with human immunodeficiency virus (HIV) who have detectable viral load (DVL). Gray matter 
cerebral blood flow (CBF) has a more negative relationship with age in people with DVL (>50 copies/mL; red) than undetectable viral load (UVL) (orange), an age × group in-
teraction (P = .02). By contrast, CBF age association was not different between PWH with UVL and HIV-uninfected controls. Repeated measures of the same participant are 
represented with gray lines. 

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab169#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab169#supplementary-data
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or chronological age (P < .001) (Figure 4). Duration of infection 
was positively associated with learning (P = .006), delayed recall 
(P = .006), and total cognition (P = .006).

DISCUSSION

We found evidence of altered brain functional and struc-
tural aging in PWH. Older PWH with DVL had reduced gray 
matter CBF, while those with UVL had CBF comparable to 
HIV– controls. In contrast, structural brain aging was accel-
erated in both HIV subgroups. Cognitive performance varied 
by serostatus, with impaired executive function, psychomotor 
speed, and language observed in PWH compared to HIV– con-
trols. Psychomotor and language function were further im-
paired in the DVL subgroup. Structural aging was associated 
with psychomotor slowing across all participants. Overall, 
these data support a connection between HIV and pathological 
brain aging.

We identified DVL and age as risk factors for diminished 
CBF. Previous work has found reduced CBF in PWH [13], al-
though other studies have shown little difference [17] or even 
increased CBF due to HIV [23]. These discrepancies may re-
late to relatively small sample sizes or younger participants. 
Differentiation of PWH into DVL and UVL may be a crucial 
difference, as previous studies have typically combined these 
subgroups, who we find to follow distinct trajectories. While 
the underlying biology is unclear, CBF preservation in those 

with UVL suggests that cART may maintain or improve brain 
function. Conversely, older PWH with DVL may be more sen-
sitive to HIV-induced pathologies such as inflammation, en-
dothelial dysfunction, or capillary permeability [24, 25]. CBF 
reduction might also reflect comorbid cardiovascular disease 
or coinfections such as hepatitis C [26, 27]. However, we note 
that body mass index, blood pressure, hypertension, diabetes, 
and hepatitis C rates were similar between VL subgroups, sug-
gesting that these factors may not explain our observations.

We did not observe associations between CBF and cognitive 
function. Several prior studies, including one with 100 virolog-
ically suppressed PWH, found no differences in CBF between 
cognitively impaired and unimpaired PWH [28]. An early study 
found a relationship between CBF and the HIV dementia scale; 
however, these participants had severe impairments rather than 
milder forms of HAND that are increasingly common in the 
cART era [29]. Thus, our results remain consistent with cur-
rent literature, and support the conclusion that resting CBF is 
not primarily related to HIV cognitive impairment, but rather a 
function of current VL.

While reduced CBF was specific to older PWH with DVL, 
accelerated structural aging was observed even in those with 
UVL. This may imply that structural aging results from a legacy 
effect of early tissue damage or is cART resistant. Our data 
are congruent with previous findings that PWH have reduced 
gray matter volume [4, 30–32] and diminished white matter 

Figure 2. Cerebral blood flow depends on age and viral load (VL). Mean cerebral blood flow (CBF) for persons aged >50 or ≤50 years belonging to each study group are 
represented in standard space. Younger participants showed similar CBF regardless of disease group (top row). Among older participants (bottom row), persons with human 
immunodeficiency virus with detectable VL (bottom right) had reduced CBF, reflecting an interaction between age and VL. Abbreviations: DVL, detectable viral load; HIV, 
human immunodeficiency virus; PWH, people with human immunodeficiency virus; UVL, undetectable viral load.
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integrity [5, 6]. Such degeneration, representing irreversible 
cell death, may explain why structural aging was independent 
of current VL.

Structural brain age was predicted using deep learning. This 
technique can distinguish subtle nonlinear relationships be-
tween morphology and neuropathology [14, 15]. Our findings 
are consistent with previous literature showing that HIV ages 
the brain [16, 33]. For this analysis we utilized a publicly avail-
able brain age estimator, DeepBrainNet, developed to promote 
reproducible and generalizable age prediction. DeepBrainNet 
is more accurate at disease classification than widely used 

databases such as ImageNet [20]. Unlike most age-prediction 
models, which depend on preprocessing to define discrete 
training features, DeepBrainNet uses minimally preprocessed 
volumetric T1 images as input, reducing methodological 
variability and allowing easier standardization across sites. 
DeepBrainNet has been successfully used to classify other neu-
rodegenerative diseases including Alzheimer disease and schiz-
ophrenia [20].

Deep learning has been previously used to predict age from 
structural MRI of PWH. Cole et  al trained a convolutional 
neural network on a large normative dataset and achieved high 

Table 2. Cognitive Function in Study Participants

Domain

All PWH vs Controls PWH With DVL vs PWH With UVL

Effect (95% CI) P Value Effect (95% CI) P Value

Learning –0.16 (–.34 to .01) .07 –0.21 (–.41 to .00) .08

Delayed recall –0.10 (–.29 to .09) .29 –0.20 (–.45 to .05) .13

Executive –0.38 (–.53 to –.23) >.001*** –0.11 (–.28 to .06) .22

Psychomotor –0.28 (–.42 to –.14) >.001*** –0.24 (–.38 to –.10) .003**

Language –0.39 (–.54 to –.23) >.001*** –0.25 (–.42 to –.08) .01*

Global –0.31 (–.42 to –.20) >.001*** –0.20 (–.32 to –.08) .003**

Effect of HIV and detectable viral load on cognitive z scores. Tests were normalized for age, sex, race, and years of education. The global z score represents the mean across domains. 
Results from mixed-effects linear models are given, and P values are corrected for multiple comparisons across domains. 

Abbreviations: CI, confidence interval; DVL, detectable viral load; PWH, persons with human immunodeficiency virus; UVL, undetectable viral load. 

*P < .05. 

**P < .01. 

***P < .001.

Figure 3. Structural aging is accelerated in persons with human immunodeficiency virus (PWH). Brain age was predicted using a deep-learning model on T1-weighted im-
ages. A, PWH with both detectable (red) and undetectable (orange) viral load showed increasing overestimation of brain age with increasing chronological age, as compared 
with human immunodeficiency virus (HIV)–negative controls (green) (P < .001). Structural aging did not significantly differ between the HIV subgroups. Gray lines represent 
repeated measures. B, Residuals for structurally predicted vs actual age (brain age gap). Abbreviations: DVL, detectable viral load; UVL, undetectable viral load.
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predictive accuracy in training and testing [34]. They found 
greater BAG in PWH, but no age interaction, possibly due to 
the limited number of older PWH who were included. Notably, 
the brain-age graph by Cole et al does suggest a trend toward 
different slopes for PWH and HIV– controls (their Figure 3). 
The same interaction might be present in both their study and 
ours, if a larger sample size was used. This may also apply to 
Kuhn et  al [33], who likewise detected greater BAG in PWH 
using diffusion imaging. No age × group interaction was ob-
served, possibly due to the difficulty of detecting such effects 
with relatively few older PWH.

In the current analysis, structural aging was associated with 
cognitive dysfunction. Cognitive impairment in PWH has 
previously been shown to be associated with reduced cortical 
thickness [32] and tissue volume loss [30]. We found that di-
minished psychomotor speed was linked with structural BAG, 
independent of disease status. Psychomotor function is often di-
minished in PWH [35] but improves with cART [36]. Our results 
remain broadly consistent with those of Cole et al, who found 
correlations between BAG and neuropsychological function.

The absence of correlation between structural BAG and do-
mains other than psychomotor function should not be taken as 

contradicting existing literature. Abundant evidence connects 
brain structural changes with cognitive impairment in PWH 
[29, 37–39]. However, past studies have focused on volumetric 
changes in specific brain regions, whereas our approach pro-
duced a single summary statistic of whole-brain structural 
aging, promoting simplicity over regional specificity. Future 
modeling with restricted regional input might reveal cogni-
tive relationships not evident in our current results. Structural 
age likely reflects widespread and subtle cerebral changes re-
lated to HIV neuropathogenesis, beginning with early insults 
and manifesting as cumulative degeneration in later years, 
even in virologically well-controlled PWH. Thus, BAG may be 
thought of as a stable summary measure, in contrast to CBF, 
which varies over short timescales and is dynamically respon-
sive to VL.

While this study is one of the largest examinations of brain 
structural and functional changes in PWH to date, it should 
be considered in the context of several limitations. First, sep-
aration of PWLH into VL subgroups relied on recent viral 
titers, which may reflect transient changes or “blips” in HIV 
proliferation. Nonetheless, current VL provides a reason-
able approximation of disease severity, particularly in a large 

Figure 4. Psychomotor function reflects structural aging. Structural brain aging, as measured by the gap between predicted and chronological age (brain age gap), nega-
tively correlates with psychomotor speed (P < .001). The black trendline represents the relationship across all participants, controlling for disease group and chronological 
age. Dashed, colored trendlines show relationships within disease subgroups. Gray connecting lines are repeated measures of the same participant. Abbreviations: DVL, 
detectable viral load; HIV, human immunodeficiency virus; PWH, people with human immunodeficiency virus; UVL, undetectable viral load.
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population. Moreover, our statistical framework allowed flex-
ible categorization of participants between time points if VL 
changed. Secondly, nadir CD4 cell counts were self-reported 
in some cases, though they were verified when possible from 
electronic medical records. Self-reported values are less reli-
able, and may explain why HIV groups did not differ in nadir 
CD4 (P = .07). Third, data on hypertension and diabetes were 
only available for a subset of PWH (n = 162). This subset was 
similar to the larger PWH group in sex, race, and education, 
though significantly older (P < .001). Within this subset, we 
found no difference in hypertension or diabetes rates be-
tween DVL and UVL. Finally, our disease groups differed in 
age, sex, and race, though these factors were controlled for in 
statistical models.

Taken together, our findings suggest that age-related effects 
in PWH are two-fold. Structural aging consists of physical al-
terations detectable by conventional MRI, including gray and 
white matter degeneration independent of VL. In contrast, 
CBF involves dynamic, VL-responsive changes at the vascular 
level, which may be mitigated by cART. Although cART itself is 
linked to neurological side effects [40], our observations suggest 
that HIV suppression preserves normal perfusion. In both CBF 
and volumetrics, HIV and aging interact to promote phenotypic 
changes, steepening the slope of pathology curves. However, 
these data do not rule out accentuation by comorbidities [2]. 
Future work with more extended longitudinal follow-up may 
determine whether neuroimaging measures are causally linked 
with successful viral suppression, or partly attributable to con-
current risk factors.
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