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Background.  Age-related comorbidities accumulate faster in people with HIV (PWH) than in those without HIV. We evaluated 
whether a validated multimorbidity scale, the Charlson index, predicted neurocognitive trajectories in PWH.

Methods.  Scaled scores of a comprehensive neuropsychological battery were averaged across all visits. Multilevel modeling 
examined between- and within-person predictors of global neurocognition. At the between-person level, averaged Charlson 
scores were examined as a predictor of neurocognitive change rate, covarying for HIV disease characteristics. Within-persons, 
visit-specific Charlson index was used to predict fluctuations in global neurocognition at the same and next visit, covarying 
for disease measures.

Results.  Participants were 1195 PWH (mean baseline age: 43.0; SD: 9.7 years) followed for a mean of 7.1 years (range: 0.5–20.5). 
At the between-person level, more rapid neurocognitive worsening correlated with higher (worse) average Charlson scores (stand-
ardized β: −0.062; SE: 0.015; P = .001) and lower CD4 nadir (standardized β: 0.055; SE: 0.021; P = .011), but not viral suppression 
or average CD4+ lymphocytes (P > .05). At the within-person level, poorer visit-specific neurocognition was related to worse con-
current, but not preceding, Charlson scores (standardized β: −0.046; SE: 0.015; P = .003), detectable HIV viral load (standardized β: 
0.018; SE: 0.006; P = .001), and higher CD4+ (standardized β: 0.043; SE: 0.009; P < .001).

Conclusions.  The impact of comorbidities on neurocognitive decline exceeded that of HIV disease factors. Although correlative, 
the temporal relationships suggested that treatment of comorbidities might improve neurocognitive prognosis for PWH.
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Comorbidities in people with human immunodeficiency 
virus (PWH) are common [1, 2] and linked to frailty [3], 
neurocognitive impairment [4], poor quality of life [5], and 
early death [6]. Comorbidities tend to appear at younger ages 
in PWH than in the general population and accumulate at a 
faster rate as PWH age, phenomena often referred to as pre-
mature and accelerated aging [7]. Some have even argued that 
comorbidities now are the chief source of neurocognitive im-
pairment in human immunodeficiency virus (HIV), rather 
than HIV disease itself [8]. However, previous observations, 
because they are cross-sectional and may confound HIV and 
comorbidity effects, may inaccurately estimate the cumula-
tive impact of comorbidities versus HIV disease factors over 
the decades that PWH now may live while suppressed on 

antiretroviral therapy (ART). We sought to delineate (1) how 
neurocognitive trajectories were influenced by the cumulative 
burden of comorbidities over time and (2) what was the relative 
impact of comorbidities as compared to HIV disease factors.

METHODS

Design

This was a longitudinal, observational cohort study of PWH 
prospectively recruited from community sources who agreed 
to undergo comprehensive neuromedical and neurobehavioral 
assessments for National Institutes of Health–funded studies at 
the HIV Neurobehavioral Research Program at the University 
of California San Diego [9] (HNRP; https://hnrp.hivresearch.
ucsd.edu). Study visits took place between May 1999 and March 
2020.

Participants

A total of 1195 participants with serology-confirmed HIV were 
included in this study. Exclusion criteria were severe or complex 
developmental, psychiatric, or neuromedical histories that con-
founded the interpretation of neuropsychological test data and 
their association with HIV disease and comorbidity burden. 
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These exclusionary conditions included history of severe 
learning disability; presence of an active, major psychiatric con-
dition with current psychotic features such as schizophrenia; 
major neurological conditions or active central nervous system 
(CNS) opportunistic infection (eg, CNS toxoplasmosis); and 
an active substance-use disorder or positive urine toxicology 
screen for substance use (except marijuana) or breathalyzer test 
for alcohol on the day of testing. Major confounding neuro-
logic conditions such as active opportunistic disease were ex-
cluded based on history and clinical neurological examination 
obtained by a trained clinician (MD, NP, or RN). The University 
of California San Diego’s Human Research Protections Program 
(irb.ucsd.edu) approved all study procedures, and all partici-
pants provided written informed consent.

Participants underwent comprehensive neuromedical assess-
ments at each visit, approximately annually. Comorbidities were 
summarized using the Charlson Comorbidity Index (CCI), a val-
idated comorbidity burden scale, which was calculated at each 
visit [10]. The CCI accounts for 19 comorbidities, each assigned 
a weight based on the adjusted 1-year mortality. Comorbid condi-
tions were ascertained based on a structured interview performed 
by a trained clinician using self-reported medical history, medical 
records if available, and a review of laboratory studies that included 
liver function testing, complete blood counts, and a comprehensive 
metabolic panel. Most conditions are rated as either present or ab-
sent. However, some conditions have a severity rating: for example, 
severe liver disease = cirrhosis and portal hypertension with vari-
ceal bleeding history, moderate = cirrhosis and portal hypertension 
but no variceal bleeding history, mild = chronic hepatitis (or cir-
rhosis without portal hypertension). Historically, dementia was in-
cluded as a comorbid condition in the Charlson index; however, no 
participant was diagnosed with HIV-associated dementia at base-
line and dementia did not factor into our index calculations. HIV 
disease was diagnosed by enzyme-linked immunosorbent assay 
with Western blot confirmation. Routine clinical chemistry panels, 
complete blood counts, rapid plasma reagin, hepatitis C virus an-
tibody, and CD4+ T cells (flow cytometry) were performed. Levels 
of HIV viral load in plasma were measured using reverse transcrip-
tase–polymerase chain reaction (Amplicor; Roche Diagnostics, 
Indianapolis, IN), with a lower limit of quantitation (LLQ) of 50 
copies/mL. HIV viral load was dichotomized as detectable versus 
undetectable at the LLQ of 50 copies/mL. Detailed medical and an-
tiretroviral (ARV) drug exposure history was captured via a struc-
tured, clinician-administered questionnaire. Because efavirenz 
(EFV) has been associated with neurocognitive impairment in 
some prior studies [11], we evaluated the relationship of this spe-
cific ARV to neurocognitive decline.

Neurocognitive function was assessed using a comprehensive, 
standardized battery described in detail previously [12]. The 
battery covered 7 cognitive domains known to be commonly 
affected by HIV-associated CNS dysfunction (ie, verbal flu-
ency, executive functioning, processing speed, learning, delayed 

recall, working memory, and complex motor skills). Raw scores 
from each test were transformed into practice-effect–corrected 
scaled scores (mean = 10; SD = 3 in normative sample), which 
subtract a median practice effect from the observed scaled score 
based on the number of testings [13]. Scaled scores were then 
averaged to create a composite global scaled score.

Statistical Analyses

Multilevel modeling was used to examine between- and within-
person predictors of global neurocognitive performance. The 
effect of time (ie, years since baseline) was modeled as a random 
slope, allowing the relationship between time and global scaled 
score to vary by participant (ie, modeling a cognitive change 
trajectory for each person), which allows us to appropriately 
examine average CCI score as a between-person predictor of 
this random slope. Thus, at the between-person level of the 
model, average CCI score was examined as a moderator of the 
relationship between global neurocognition and time. HIV di-
sease characteristics (ie, proportion of visits virally suppressed, 
average CD4) were also included as predictors of the random 
slope. Average CCI score, average age, sex, baseline educa-
tion, race/ethnicity (non-Hispanic White vs other), propor-
tion of visits on ARV therapy, and proportion of visits virally 
suppressed also predicted average global neurocognition (ie, 
global scaled score averaged over each participant’s visits) at the 
between-person level. At the within-person level of the multi-
level model, concurrent-visit CCI score and previous-visit CCI 
score predicted global neurocognitive performance at each visit, 
covarying for time-varying markers of HIV disease severity 
(ie, CD4 count and HIV viral load detectability). Participant-
specific random intercepts were specified. This statistical model 
was repeated for each neurocognitive domain outcome to ex-
plore domain-specific effects. Three additional analyses were 
conducted to support our interpretation of the data. First, the 
analyses were conducted in a subsample of participants who 
were virally suppressed at every visit (n = 312). Second, the ana-
lyses were repeated again in the entire sample using a modified 
version of the CCI that does not include AIDS status as a factor. 
Third, contributions from individual components of the CCI 
were explored by examining each as an independent predictor 
of global neurocognitive change in separate multilevel models, 
covarying only for demographics (ie, age, sex, education, race/
ethnicity). Unstandardized and standardized βs are reported. 
All analyses were conducted in R, version 3.5.0 (R Foundation 
for Statistical Computing). Multilevel models were conducted 
using the “lme4” package [14].

RESULTS

At baseline, participants were 1195 PWH, with a mean age of 
43.0 (SD: 9.7) years; 17.4% (n = 208) were female, 53.1% were 
non-Hispanic White, with 13.0 (3.0) years of education. Their 
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median current CD4 was 366 cells/μL (interquartile range 
[IQR]: 183, 583), median nadir CD4 was 170 cells/μL (IQR: 35, 
323), and 44.4% had undetectable plasma HIV RNA. Over the 
follow-up period, the mean (SD) proportion of visits at which 
participants were virally suppressed was 0.816 (0.193) and the 
mean proportion of visits at which participants were on ART 
was 0.830 (0.227).

Over an average 7.1 years of follow-up (SD = 5.0 years; min-
imum = 0.5, maximum = 20.5), the Charlson score grew at an 
average rate of 0.205 points per year within persons (P < .001) 
(Figure 1A). Results of the multilevel model examining between- 
and within-person predictors of global neurocognition are pre-
sented in Table 1. At the between-person level of the model, 
higher average Charlson scores were associated with faster 
rates of decline in global neurocognitive performance (stand-
ardized β = −0.062, SE = 0.015; P = .001) (Figure 1B). Also at 
the between-person level, lower CD4 nadir was associated with 
worsening neurocognition over time (standardized β = 0.055, 
SE = 0.021; P = .011). However, other measures of HIV disease 
severity or treatment success (ie, proportion of visits virally sup-
pressed and average CD4) were not significant (P values > .05). 
At the within-person level, higher visit-specific CCI score was 
related to lower concurrent global neurocognitive performance 
within persons (standardized β = −0.046, SE = 0.015; P = .003); 
however, previous-visit CCI score was not associated with 
neurocognition (P = .562). Also at the within-person level un-
detectable HIV viral load (standardized β = 0.019, SE = 0.006; 
P = .001) and higher concurrent CD4+ lymphocytes (standard-
ized β = 0.046, SE = 0.010; P < .001) were independently associ-
ated with better concurrent global neurocognitive performance. 
Exploratory analyses examining each neurocognitive domain-
specific outcome showed that the effect of average CCI score on 
global neurocognitive decline was driven by effects in the cog-
nitive domains of executive functioning (P = .001) and working 

memory (P =  .007). Additional analyses showed that the pat-
terns of results held when (1) examining only the subset of 312 
participants who were virally suppressed at every visit and (2) 
using a modified version of the Charlson index that does not 
include AIDS status. The additional analysis examining in-
dividual contributions from each component of the Charlson 
index showed that age was the strongest individual predictor 
of neurocognitive decline, followed by congestive heart failure 
(CHF), liver disease, and so on (see Figure 2). Importantly, the 
Charlson index was a stronger predictor of neurocognitive de-
cline than any of its component parts.

Of the 1195 participants in our sample, 364 reported taking 
efavirenz, an ARV drug associated with neurocognitive im-
pairment in previous reports [11], during at least 1 study visit. 
Among these 364 individuals, they were on EFV for an average 
of 50% of study visits (SD = 29%, range = 5–100%). We added 
the proportion of visits on EFV into the full multilevel model as 
another potential between-person predictor of neurocognitive 
change over time (ie, the random slope). However, this did not 
significantly predict cognitive change (P = .843).

DISCUSSION

These findings indicate that the accumulation of comorbidities, 
many of which are related to HIV and ART [15–18], contribute 
to trajectories of neurocognitive decline more so than cumula-
tive measures of HIV disease itself (proportion of visits virally 
suppressed, nadir CD4, average CD4 across visits). We report the 
magnitude of effects of these variables on neurocognitive decline 
as standardized β-coefficients. These coefficients are sensitive to 
scaling, meaning that a small value does not necessarily indicate 
a small clinical effect. In this case, a 1-unit increase in CCI score 
yielded a 0.062-unit worsening in the rate of neurocognitive de-
cline. In comparison, a 1-unit drop in nadir CD4 yielded a 0.055-
unit worsening. Relative to its standard error, the coefficient 

Figure 1.  A, Longitudinal increase in Charlson Comorbidity Index within persons. B, Higher average Charlson score across visits was related to steeper declines in 
neurocognitive performance, after adjusting for relevant covariates including demographics and HIV disease factors. Each line represents a quintile of the distribution of the 
average Charlson score. Abbreviation: HIV, human immunodeficiency virus.
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for the Charlson (−0.062/0.019  =  −3.26) is much larger than 
that for the nadir CD4 (= −0.0001/0.055 = −0.0018), and its P 
value is smaller, suggesting that the magnitude of the Charlson 

effect is considerably greater than that of the more familiar 
nadir CD4 effect. Our observations, in combination with the 
known high prevalence of multimorbidity in PWH [1, 2] and 

Figure 2.  Forest plot showing the relative effect sizes of the predictor variables, including individual components of the Charlson index, as related to the outcome of 
neurocognitive slopes of decline (change over time). The overall Charlson score was the strongest predictor. Each of the predictors below is person-averaged (ie, at the between-
person level). These mixed-effect models covary for demographics (age, sex, education, and race/ethnicity). Abbreviation: COPD, chronic obstructive pulmonary disease.

Table 1.  Multilevel Model Results

Unstandardized Estimate (SE) Standardized Estimate (SE) P

Between-person level    

  Outcome: random slope (global SS on years)    

    Intercepta −0.039 (0.006) −0.071 (0.010) <.001

    Proportion of visits virally suppressed 0.025 (0.019) 0.020 (0.016) .195

    Average CD4 <0.0001 (<0.0001) −0.011 (0.020) .593

    Nadir CD4 0.0001 (<0.001) 0.055 (0.021) .011

    Baseline duration of HIV infection −0.001 (0.0009) −0.021 (0.015) .164

    Average Charlson index score −0.007 (0.002) −0.062 (0.019) <.001

  Outcome: average global SS    

    Average Charlson index score −0.026 (0.028) −0.036 (0.038) .337

    Average age (years) −0.054 (0.007) −0.236 (0.030) <.001

    Sex (ref: male) −0.368 (0.156) −0.061 (0.026) .019

    Education (years) 0.303 (0.021) 0.392 (0.027) <.001

    Race/ethnicity (ref: non-Hispanic White) −0.675 (0.122) −0.145 (0.026) <.001

    Proportion of visits virally suppressed 0.844 (0.228) 0.117 (0.032) <.001

    Average CD4 0.0001 (0.0002) 0.008 (0.035) .812

    Nadir CD4 0.0008 (0.0006) 0.050 (0.036) .169

    Baseline duration of HIV infection −0.018 (0.009) −0.051 (0.027) .054

    Proportion of visits on ART −0.899 (0.268) −0.095 (0.028) <.001

Within-person level    

  Outcome: global SS    

    Concurrent-visit Charlson Index Score −0.032 (0.011) −0.047 (0.016) .004

    Previous-visit Charlson Index Score 0.006 (0.010) 0.009 (0.015) .562

    Undetectable HIV plasma viral load (ref: no) 0.093 (0.028) 0.019 (0.006) .001

    Current CD4 count 0.0003 (0.0001) 0.046 (0.010) <.001

Abbreviations: ART, antiretroviral therapy; HIV, human immunodeficiency virus; ref, reference; SS, scaled score.
aRepresents the effect of time when the proportion of visits virally suppressed, average CD4, and average Charlson index score are all at their grand mean.
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previous findings that neurocognitive decline predicts frailty  
[3, 4], poor quality of life [5], and early death [6], point to the 
possibility that aggressive treatment of comorbidities will ben-
efit long-term outcomes. There is abundant evidence in other 
clinical situations, such as normal aging, that successful treat-
ment of comorbidities does indeed benefit neurocognition [19, 
20]. Although in the between-persons models, HIV disease fac-
tors did not significantly predict declines in neurocognition, 
HIV disease factors still appeared to co-fluctuate with cogni-
tive performance within persons, suggesting that treatment of 
HIV itself—viral suppression—is also critical for maintaining 
normal neurocognitive functioning in PWH.

Our findings are in general agreement with the literature, 
but represent a substantial advance with respect to the length 
of follow-up, the large size of the cohort, and the sophisti-
cation of the statistical analyses applied. Additionally, the 
breadth of comorbidities examined was larger than in previous 
studies, most of which focused on cardiovascular risk [8, 21]. 
Whereas previous reports of the relationship of comorbidities 
to neurocognitive impairment have been published [8, 21, 22], 
these were cross-sectional. Ours is the largest longitudinal study 
of the impact of comorbidities on neurocognitive decline.

Because many of the comorbidities that comprise the 
Charlson index are known to have downstream effects on 
neurocognition, we favor the interpretation that accumulating 
comorbidities are responsible for the observed neurocognitive 
decline. For example, individuals with diabetes [23–25], CHF 
[26, 27], and stroke [28, 29] decline faster than those without 
these conditions. However, an alternative explanation for the 
associations is that neurocognitive impairment interferes with 
the ability of PWH to engage in and benefit from the best med-
ical care, resulting in increased comorbidity burden among 
those who are impaired. Under this interpretation, engage-
ment in care is essential for protecting neurocognitive health. 
Alternatively, both comorbidities and neurocognitive decline 
might be determined by a third, unobserved variable such as 
persistent inflammation or metabolic derangements.

Both comorbidities and neurocognitive impairment in 
PWH are closely linked to viral control, immune suppres-
sion, and even ARV drugs. For example, persistent inflamma-
tion in virally suppressed PWH, as indicated by circulating 
T cells expressing markers of activation and inflammatory 
cytokine levels, correlated independently with pulmonary 
function abnormalities [30]. Among the commonly used 
ARVs, tenofovir is a well-recognized cause of kidney disease 
[31], osteoporosis [32, 33], and increased fracture risk [34]. 
Antiretroviral drugs also can be neurotoxic, contributing 
to cognitive impairment [35–37]. This is not to diminish 
the importance of successful ARV therapy, which has been 
transformative in the management of HIV infection. It is 
only because of ART and successful viral suppression that 
comorbidities have become so important.

Of particular importance among the comorbidities were CHF, 
liver disease, diabetes mellitus, and cerebrovascular disease. Notably, 
most of these are treatable conditions. These comorbidities are known 
to influence brain function and neurocognitive performance. For ex-
ample, new-onset CHF is known to be followed by neurocognitive 
decline [2, 26, 38, 39], likely due to white matter hyperintensities, la-
cunar infarcts, and generalized volume loss [40–42]. The domains 
that drove global neurocognitive change in this study were execu-
tive function and working memory. These 2 domains reflect fronto-
striatal system neuronal dysfunction and have been shown to be 
differentially vulnerable to HIV, but also to some comorbidities, such 
as vascular disease (cerebral small vessel disease, for which risk factors 
are diabetes, hypertension, and hyperlipidemia) [43, 44].

As demonstrated previously, higher education was protective 
with respect to average neurocognitive performance, a phe-
nomenon known as cognitive reserve [45]. Thus, the protective 
effect of higher education might be also leveraged to benefit the 
population of aging PWH.

Limitations of this study include the relatively low propor-
tion of visits at which participants had achieved viral suppression 
and the relatively small numbers of women. Yet, the influence of 
comorbidities remained after statistically adjusting for these vari-
ables. We did not systematically assess the impact of some well-
recognized comorbidities such as depression, which has been 
shown to adversely influence neurocognitive function [46]. Our 
assessment of comorbidities, done through history-taking and se-
verity estimation, was crude; a more accurate and precise assess-
ment of comorbidities and their severity could be captured through 
measures such as laboratory testing, pulmonary function measures, 
and cardiovascular fitness evaluations. We did not evaluate indi-
viduals without HIV, so could not assess whether comorbidities 
accumulated at a faster rate in PWH or whether neurocognitive 
decline was related to different predictors in the 2 groups.

Future studies should investigate the mechanisms that link 
multimorbidity to neurocognition in HIV. Furthermore, the poten-
tial protective impact for neurocognition of an intensive strategy for 
managing comorbidities in PWH would have the potential to greatly 
influence standard clinical management strategies.
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