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Abstract

Background

Estimating the medical complexity of people aging with HIV can inform clinical programs
and policy to meet future healthcare needs. The objective of our study was to forecast the
prevalence of comorbidities and multimorbidity among people with HIV (PWH) using antire-
troviral therapy (ART) in the United States (US) through 2030.

Methods and findings

Using the PEARL model—an agent-based simulation of PWH who have initiated ART in the
US—the prevalence of anxiety, depression, stage >3 chronic kidney disease (CKD), dyslipi-
demia, diabetes, hypertension, cancer, end-stage liver disease (ESLD), myocardial infarc-
tion (MI), and multimorbidity (>2 mental or physical comorbidities, other than HIV) were
forecasted through 2030. Simulations were informed by the US CDC HIV surveillance data
of new HIV diagnosis and the longitudinal North American AIDS Cohort Collaboration on
Research and Design (NA-ACCORD) data on risk of comorbidities from 2009 to 2017. The
simulated population represented 15 subgroups of PWH including Hispanic, non-Hispanic
White (White), and non-Hispanic Black/African American (Black/AA) men who have sex
with men (MSM), men and women with history of injection drug use and heterosexual men
and women. Simulations were replicated for 200 runs and forecasted outcomes are pre-
sented as median values (95% uncertainty ranges are presented in the Supporting
information).

In 2020, PEARL forecasted a median population of 670,000 individuals receiving ART in
the US, of whom 9% men and 4% women with history of injection drug use, 60% MSM, 8%
heterosexual men, and 19% heterosexual women. Additionally, 44% were Black/AA, 32%
White, and 23% Hispanic. Along with a gradual rise in population size of PWH receiving
ART—reaching 908,000 individuals by 2030—PEARL forecasted a surge in prevalence of
most comorbidities to 2030. Depression and/or anxiety was high and increased from 60% in
2020 to 64% in 2030. Hypertension decreased while dyslipidemia, diabetes, CKD, and M
increased. There was little change in prevalence of cancer and ESLD. The forecasted multi-
morbidity among PWH receiving ART increased from 63% in 2020 to 70% in 2030. There
was heterogeneity in trends across subgroups. Among Black women with history of injection
drug use in 2030 (oldest demographic subgroup with median age of 66 year), dyslipidemia,
CKD, hypertension, diabetes, anxiety, and depression were most prevalent, with 92%
experiencing multimorbidity. Among Black MSM in 2030 (youngest demographic subgroup
with median age of 42 year), depression and CKD were highly prevalent, with 57%
experiencing multimorbidity. These results are limited by the assumption that trends in new
HIV diagnoses, mortality, and comorbidity risk observed in 2009 to 2017 will persist through
2030; influences occurring outside this period are not accounted for in the forecasts.

Conclusions

The PEARL forecasts suggest a continued rise in comorbidity and multimorbidity prevalence
to 2030, marked by heterogeneities across race/ethnicity, gender, and HIV acquisition risk
subgroups. HIV clinicians must stay current on the ever-changing comorbidities-specific
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guidelines to provide guideline-recommended care. HIV clinical directors should ensure link-
ages to subspecialty care within the clinic or by referral. HIV policy decision-makers must
allocate resources and support extended clinical capacity to meet the healthcare needs of
people aging with HIV.

Author summary

Why was this study done?

« Individuals with HIV are aging and are experiencing an increased risk of comorbidities
and multimorbidity.

o Anticipating the healthcare needs of an aging population with HIV is crucial for health-
care providers, policymakers, and public health officials to plan for medical and support
services tailored to the unique needs of aging people with HIV.

« In response to the increasing medical complexity among aging adults with HIV, we
employed an agent-based simulation model to forecast the potential burden of comor-
bidity and multimorbidity in individuals who have initiated antiretroviral therapy
(ART) in the US.

What did the researchers do and find?

o PEARL is an agent-based simulation of persons with HIV who have initiated ART in
the US, utilizing data from the CDC HIV surveillance system and comorbidity risk
functions derived from the North American AIDS Cohort Collaboration on Research
and Design (NA-ACCORD), the largest longitudinal cohort of people with HIV who
have linked into care in the US.

Following a gradual increase in number of people with HIV receiving ART from 2020
to 2030, PEARL forecasted a population of 908,504 in the US in 2030, and an increase in
multimorbidity burden from 63% in 2020 to 70% in 2030 among people with HIV.

Although mental health conditions had the highest burden, the mix of physical comor-
bidities of greatest burden was different by demographic and HIV acquisition risk
subgroups.

What do these findings mean?

« HIV clinicians can use these findings to identify the comorbidity-specific screening,
diagnoses, and treatment guidelines and tools that will be necessary to care for their
panel of patients.

o+ HIV care program decision-makers can use these findings to predict the subspecialities
that will be in highest demand by their clinical population and make the connections to
subspecialists (bringing them into the HIV clinic or by referral) needed meet the health-
care needs of people with HIV.
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« HIV policy decision-makers can use these findings to guide expansion in subspecialty
care capacity (particularly for mental health conditions) and the resources needed for
expansion.

Introduction

People with HIV (PWH) survive to older ages with effective antiretroviral treatment but have
fewer comorbidity-free life years compared to people without HIV [1]. Forecasting the magni-
tude of mental and physical comorbidity, and multimorbidity, is critical for preparing to meet
the future healthcare needs of people aging with HIV.

Many risk factors for comorbidities in the general population have a higher prevalence
among people with HIV, including tobacco and substance use, higher body mass index (BMI),
and hepatitis C virus (HCV) coinfection [2-5]. The increased risk profile contributes to a
higher prevalence of major depressive disorder (depression), generalized anxiety disorder
(anxiety), hypertension, dyslipidemia, chronic kidney disease (CKD), diabetes, liver disease,
cancer, and cardiovascular disease (CVD) in people with (versus without) HIV [6-15]. Other
factors contributing to the increased prevalence of comorbidities in people with HIV include:
(1) HIV-induced chronic immune activation and inflammation [16,17]; (2) specific antiretro-
viral drugs and regimens [18,19]; and (3) social determinants of health (SDoH) [20,21]. Key
SDoH include race, ethnicity, sex, and HIV acquisition risk group. The disproportionate prev-
alence of comorbidities and subsequent multimorbidity (i.e., >2 comorbidities not including
HIV) pose persistent challenges in ensuring adequate healthcare for people with HIV [22,23].
Multimorbidity estimates among PWH in the US have ranged from 8.2% in 2000 to 65% in
2010 to 2011; the variability is in part due to modification to the definition of multimorbidity
and the comorbidities included [24-26].

Disparities persist in the comorbidity and multimorbidity prevalence among PWH in the
United States (US). People of color with HIV have greater comorbidity prevalence, which is
accentuated in women of color [27,28]. Age-stratified incidence rates and risk of hypertension,
diabetes, CKD, myocardial infarction (MI), and certain cancers are particularly high among
non-Hispanic Black/African American (Black/AA) PWH, as are risk factors common to many
comorbidities, including smoking, obesity, and SDoH [11,14,29,30]. People with injection
drug use as their HIV acquisition risk factor have the greatest prevalence of comorbidity and
multimorbidity among PWH [31,32]. To address healthcare inequities among subgroups of
PWH, clinical program and policy decision-makers need forecasts of future multimorbidity
burden within PWH subgroups [33,34]. The objective of this study is to forecast the prevalence
of future comorbidities and multimorbidity among PWH using antiretroviral therapy (ART)
in the US through the year 2030, overall and within 15 demographic subgroups.

Methods

The ProjEcting Age, multimoRbidity, and poLypharmacy (PEARL) model is an agent-based
computer simulation model of 15 subgroups of PWH who have initiated ART in the US,
including those who disengage from HIV care (Fig 1A). The 15 subgroups are defined as:

(1 and 2) men and women with history of injection drug use as an HIV acquisition risk factor,
including those who have injection drug use and any additional HIV acquisition risk category
specified (MWID and WWID, respectively); (3) men who have sex with men (MSM); and
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Fig 1. Schematic representation of (A) the PEARL model and (B) the risk factors and comorbidities with high prevalence in people with HIV using ART. (A)
PEARL model simulating people with HIV using ART in the United States. Footnotes: HIV Surveillance data was sourced from the US Centers for Disease
Control and Prevention’s HIV Surveillance Reports, available at https://www.cdc.gov/hiv/library/reports/hiv-surveillance.html. The NA-ACCORD data was
available after the collaboration approved our submitted concept sheet (https://naaccord.org/collaborate-with-us). (B) Schematic of the risk factors and
comorbidities with high prevalence in people with HIV using ART. Footnotes: ART = antiretroviral therapy (HIV treatment). CD4 = CD4 T-lymphocyte cell
count. Details on the mathematical functions represented by the arrows between the risk factors and mental and physical comorbidities can be found at
PEARLHIVmodel.org.

https://doi.org/10.1371/journal.pmed.1004325.9001

(4 and 5) heterosexual men and women. These 5 groups were further stratified into non-His-
panic White, non-Hispanic Black/AA, and Hispanic. Race and ethnicity defined subgroups
that compose the PEARL simulation model due to the disproportionate prevalence of HIV by
race and ethnicity in the US. Asian and American Indian/Alaskan Native participants are not
included in this analysis due to limited input parameters and functions within the 5 HIV
acquisition risk groups.

Briefly, an initial population of agents with HIV using ART was constructed in 2009, and
new agents are populated in their calendar year of ART initiation from 2010 to 2030; the char-
acteristics of the agents reflect the observed characteristics of PWH initiating ART in the US
informed by observed data from the North American AIDS Cohort Collaboration on Research
and Design (NA-ACCORD) and Centers for Disease Control and Prevention’s (CDC) HIV
surveillance reports (Fig 1A) [35,36]. The agents are followed after ART initiation and
observed to experience aging, disengagement, and re-engagement in care, changing CD4
counts, risk factors, comorbidities, and mortality via mathematical functions from the
NA-ACCORD and CDC input parameters. The mathematical functions forecast the agents’
experience in the future after observed data end. All mathematical functions and parameters
in PEARL are estimated separately for each of the 15 subgroups or collapsed if a priori specifi-
cations of minimum sample size or number of events were not met (collapsing race/ethnicity
groups first, followed by sex and then HIV-acquisition risk until the minimum is met). Due to
the structure of PEARL and the data sources, findings are generalizable to PWH using ART in
the US who identify with the 15 subgroups included in PEARL. Further methodological details
regarding the model structure, parameterizations, standards for collapsing subgroups to
ensure adequate sample size, and estimated functions are available at https://pearlhivmodel.
org/method_details.html [35,36]. The code for the PEARL model results presented here can be
found at https://github.com/PearlHivModelingTeam/comorbidityPaper.

Comorbidities parameterization

First, we characterized the prevalence of clinical risk factors that are highly prevalent in PWH,
linked to numerous comorbidities, and measured in the NA-ACCORD (namely smoking, obe-
sity, and HCV coinfection) for the simulated population in 2009 and those starting ART over
time. Smoking and HCV coinfection statuses were determined at ART initiation (i.e., the sim-
ulated person’s entry to the model) and were time-fixed. Obesity (BMI >30 kg/m?) status was
determined at ART initiation and at 24 months after ART initiation. Next, we estimated the
prevalence (at ART initiation) and incidence (in the years after ART initiation) of highly prev-
alent comorbidities in PWH for simulated persons within the 15 subgroups via mathematical
functions derived from observed NA-ACCORD data from 2009 to 2017; NA-ACCORD defini-
tions for risk factors and comorbidities using electronic health record data are available in

S1 Table. The prevalence of having depression, anxiety, stage >3 CKD, dyslipidemia, type 2
diabetes, hypertension, cancer (all types), MI, and ESLD (at or prior to ART initiation) was
estimated at the time the simulated person initiated ART (Fig 1A) [14,24,37-39]. Incidence of
each comorbidity was estimated as a function of age, CD4 at ART initiation (cells/uL), time
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since ART initiation, disengagement from care, change in BMI in the first 2 years after ART
initiation, BMI 2 years after ART initiation, smoking, HCV coinfection, and the presence of
the other comorbidities for simulated persons in the years after ART initiation (S2 Table).
Finally, mortality was estimated for simulated persons as a function of individual-level attri-
butes, existing risk factors, and present comorbidities, and was estimated separately for those
(1) engaged and (2) disengaged from care (>2 years without CD4 or HIV RNA measurement)
and in each of the 15 subgroups using observed NA-ACCORD data from 2009 to 2017

(S3 Table).

Primary outcomes

While prior multimorbidity studies in PWH were restricted to physical comorbidities, we
chose the following non-mutually exclusive definitions to produce findings comparable to
prior studies and to expand the scope of multimorbidity to include the presence of mental
health conditions:

a. physical multimorbidity (>2 physical comorbidities)
b. depression and/or anxiety diagnosis (mental comorbidities)
c. mental or physical multimorbidity (>2 mental or physical comorbidities), and

d. mental comorbidity and physical multimorbidity (>1 mental health comorbidity and >2
physical comorbidities).

Given the association of age with comorbidities of interest and heterogeneities in forecasted
age distributions by subgroup, we report the forecasted median age in 2020 and 2030 within
the 15 subgroups, as well as the forecasted prevalence of each mental and physical comorbidity,
overall and within subgroups. To navigate temporal trends, we also report the absolute per-
centage point change (ppc) in the prevalence of each mental and physical comorbidity from
2020 to 2030 within the 15 subgroups.

Simulations were replicated for 200 runs and forecasted outcomes are presented as median
values and the 95% uncertainty range (calculated as the 2.5th to 97.5th percentile of simulated
values) in the Supporting information.

Validation

We compared the estimated annual incidence of each comorbidity from the NA-ACCORD
data with the forecasts from PEARL during the calibration period (where both observed
NA-ACCORD estimates and PEARL forecasts were available, i.e., 2009 to 2017). Within each
subgroup, we noted the comorbidities with <75% of PEARL forecasts falling within 5% of the
NA-ACCORD observed incidence prevalence or within the NA-ACCORD observed 95% con-
fidence (whichever interval was larger, S1 Fig). We repeated this validation approach for the
annual prevalence of each comorbidity (S2 Fig).

Robustness of forecasted comorbidity incidence

In the PEARL model, forecasted multimorbidity is a function of the comorbidities that arise
from estimated probabilities for the incidence of each comorbidity within each subgroup. To
assess the influence of the estimated probabilities for the incidence of each comorbidity on
forecasted physical multimorbidity, we increased and decreased the probabilities for the inci-
dence of each comorbidity by 25% for each simulated person in the model (i.e., the increase
and decrease scenarios). We estimated the relative difference in the forecasted physical
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multimorbidity in 2030 in each scenario compared to the baseline scenario (i.e., no change in
the estimated probabilities for the incidence of each comorbidity). We chose physical multi-
morbidity as the outcome for the robustness checks to allow for comparability to other esti-
mates of physical multimorbidity in PWH in the US [24-26]. The robustness of the prevalence
and mortality estimates were similar, and results can be found at PEARLHIVMODEL.org/
method_details.html.

Ethics statement

The PEARL model was classified as “Exempt under 45 CRF 46.101(b), Category (4)” by the
Johns Hopkins Bloomberg School of Public Health Institutional Review Board.

Results

Using the PEARL model, we simulated a median population of 670,036 PWH using ART in
2020 in the US, of whom 52% were >50 years, 11% were age >65 years, 32% White, 44%
Black/AA, 23% Hispanic, 60% MSM, 19% heterosexual women, 9% MWID, 8% heterosexual
men, and 4% WWID, (Tables 1 and S4 for 95% UR). In 2020, the prevalence of anxiety and
depression were 36% and 47%, respectively, with 23% of simulated agents having both diagno-
ses. Applying our non-mutually exclusive definitions of multimorbidity among ART users,
38% were physically multimorbid, 63% had mental or physical multimorbidity, and 25% had
mental comorbidity and physical multimorbid. Of the physical conditions included in the
model, dyslipidemia was the most prevalent (42%), followed by hypertension (37%), CKD
(19%), diabetes (18%), and cancer (11%); MI and ESLD had a prevalence of <5%.

In 2030, the forecasted population of PWH using ART increased by almost a quarter of a
million people (36% increase from 2020), and the proportion >65 years more than doubled to
23%; race/ethnicity and HIV acquisition risk group distributions changed by <5 percentage
points from 2020 to 2030 (Tables 1 and S4 for 95% UR). The prevalence of hypertension
decreased by 5 percentage points from 2020 to 2030, the prevalence of CKD and diabetes
increased by 11 percentage points, diabetes increased by 9 percentage points, dyslipidemia
increased by 6 percentage points, and MI increased by 5 percentage points; and the prevalence
of cancer and ESLD remained constant.

The age distributions from NA-ACCORD participants and PEARL estimates were similar
within subgroups from 2010 to 2017 (S5 Table and S3 Fig). Validity of the mental and physical
comorbidity forecasts was confirmed by comparing the observed comorbidity incidence and
prevalence of PWH using ART from 2010 to 2017 in NA-ACCORD with the simulated out-
comes, suggesting no pattern of bias in forecasts from the model among 15 subgroups over
time (S1 and S2 Figs).

Forecasts of multimorbidity

Opverall, the prevalence of physical multimorbidity increased from 2020 to 2030 (Fig 2A) and
in each subgroup (Fig 2B). The number of Black/AA MWID and WWID using ART decreased
by 14% and 7% from 2020 and 2030 (respectively), and the physical multimorbidity prevalence
was high and increased throughout the decade (Tables 1 and S4 for 95% UR, S6 Table).
Black/AA MSM and Black/AA heterosexual women had a 31% and 52% increase in the num-
ber of ART users from 2020 to 2030 (respectively). Physical comorbidity prevalence increased
from 2020 to 2030 similarly to in Black/AA and White MSM, and the increase was greater in
Black/AA compared with White or Hispanic heterosexual women.

Overall, the prevalence of depression and/or anxiety was higher than any physical comor-
bidity in 2020 (60%) and in 2030 (64%, Fig 2A and S7 Table for 95% UR). The prevalence
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Table 1. Characteristics of the PEARL-simulated agents using ART in 2010, 2020, and 2030.

2010 2020 (Forecast) 2030 (Forecast)
PEARL? PEARL? PEARL?
Characteristics N =395,062 N=670,036 N =/908,504
n %"° n %" n %"
Age (in years)
<20 694 0% 708 0% 1,218 0%
20-24 8,444 2% 11,520 2% 12,416 1%
25-29 20,035 5% 40,475 6% 40,927 5%
30-34 30,853 8% 66,704 10% 78,305 9%
35-39 47,911 12% 62,720 9% 101,328 11%
40-44 67,598 17% 60,845 9% 102,122 11%
45-49 78,947 20% 79,388 12% 85,320 9%
50-54 66,281 17% 97,822 15% 81,110 9%
55-59 42,435 11% 100,416 15% 94,472 10%
60-64 20,636 5% 76,357 11% 102,878 11%
65-69 7,834 2% 44,442 7% 94,677 10%
70-74 2,476 1% 19,669 3% 64,950 7%
>75 911 0% 8,912 1% 48,378 5%
Male sex at birth 290,010 73% 515,560 77% 711,684 78%
Race
White 145,691 37% 216,936 32% 259,610 29%
Black/AA 167,480 42% 296,512 44% 395,026 43%
Hispanic 81,919 21% 156,835 23% 255,037 28%
Subgroups, n %
median age [IQR]
MSM 210,640 53% 404,087 60% 584,158 64%
45 [37,51] 48 [35, 57] 47 [37, 61]
White MSM 102,906 26% 156,068 23% 178,730 20%
47 [41, 53] 54 [44, 60] 59 [46, 67]
Black/AA MSM 63,110 16% 143,910 21% 218,548 24%
42 [33, 49] 41 [32, 53] 42 [35, 56]
Hispanic MSM 44,624 11% 104,138 16% 188,012 21%
41 [35, 47] 44 [34, 52] 43 [36, 56]
Men who injected drugs (MWID)® 49,868 13% 59,597 9% 66,022 7%
52 [47, 57] 58 [49, 64] 58 [39, 69]
White MWID 17,532 4% 23,462 4% 28,978 3%
50 [44, 55] 56 [47, 62] 57 [40, 67]
Black/AA MWID 20,544 5% 21,177 3% 18,184 2%
54 [50, 58] 61 [55, 66] 62 [33, 72]
Hispanic MWID 11,784 3% 14,920 2% 18,526 2%
52 [45, 57] 57 [47, 64] 56 [41, 69]
Women who injected drugs (WWID) 25,822 7% 28,193 4% 31,962 4%
49 [43, 54] 57 [50, 63] 62 [51, 70]
White WWID 7,463 2% 9,506 1% 13,274 1%
46 (39, 51] 53 (44, 59] 56 [46, 65]
Black/AA WWID 14,569 4% 14,682 2% 13,661 2%
50 [45, 55] 59 [53, 64] 66 [58,72]
Hispanic WWID 3,791 1% 4,050 1% 5,088 1%
(Continued)
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Table 1. (Continued)

2010 2020 (Forecast) 2030 (Forecast)
PEARL? PEARL? PEARL?
Characteristics N =395,062 N=670,036 N =/908,504
n %" n %" n %"°
49 [44, 54] 58 [51, 63] 62 [52,70]
Heterosexual men 29,507 7% 51,900 8% 60,984 7%
47 [40, 53] 53 [44, 60] 58 [47, 67]
White heterosexual men 3,488 1% 6,839 1% 9,390 1%
49 [43, 55] 55 [46, 62] 61 [48, 69]
Black/AA heterosexual men 19,169 5% 34,154 5% 39,292 4%
47 [41, 53] 53 [45, 60] 58 [46, 66]
Hispanic heterosexual men 6,855 2% 11,009 2% 12,806 1%
44 [37,52] 51 [43, 60] 57 [49, 67]
Heterosexual women 79,234 20% 126,139 19% 165,104 18%
44 (36, 51] 51 [42, 58] 56 [47, 65]
White heterosexual women 14,296 4% 20,968 3% 28,974 3%
45 [38,52] 52 [44, 59] 59 [50, 67]
Black/AA heterosexual women 50,084 13% 82,536 12% 105,384 12%
43 [36, 51] 50 [42, 58] 56 [47, 65]
Hispanic heterosexual women 14,863 4% 22,806 3% 31,550 3%
43 [36, 51] 50 [41, 59] 55 [42, 66]
Mental comorbidities
Anxiety 94,982 24% 243,968 36% 425,498 47%
Depression 157,566 40% 314,996 47% 442,003 49%
Anxiety and/or depression 209,474 53% 402,042 60% 584,875 64%
Physical comorbidities
Stage >3 CKD 40,336 10% 126,360 19% 273,896 30%
Dyslipidemia 126,548 32% 283,674 42% 435,806 48%
Diabetes 46,480 12% 119,172 18% 246,172 27%
Hypertension 146,465 37% 246,736 37% 295,184 32%
Cancer 37,634 10% 74,712 11% 101,700 11%
ESLD 4,771 1% 8,950 1% 12,974 1%
MI 6,217 2% 22,064 3% 73,666 8%
Physical multimorbidity
No physical comorbidities 123,164 31% 203,713 30% 250,184 28%
1 physical comorbidity 163,010 41% 210,150 31% 247,158 27%
>2 physical comorbidities 108,880 28% 256,174 38% 410,940 45%
Mental and physical multimorbidity
>2 mental or physical comorbidities 208,708 53% 421,313 63% 631,834 70%
>1 mental and >2 physical comorbidities 58,656 15% 166,433 25% 283,828 31%
ART status
PWH using ART 395,062 670,036 908,504
ART initiators 25,116 33,054 33,334
(Continued)
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Table 1. (Continued)

Characteristics

Disengaged from ART use?

2010 2020 (Forecast) 2030 (Forecast)
PEARL? PEARL? PEARL?
N =|395,062 N =|670,036 N =/908,504
n %" n %" n %"°
42,332 41,572 33,186

*Values represent the median for each simulated outcome across 200 random simulation replications (see Supporting information S4 Table for 2.5th and 97.5th

percentile range presented as the 95% uncertainty range).

PPercentages in this table are calculated using the median numerator (1) and median denominator (N) from 200 replications of the PEARL model; for each

characteristic, percentages will sum to 100%.

“MSM who also have MWID as their HIV acquisition risk factor were included in the MWID HIV acquisition risk group.
4PEARL forecasts of PWH using ART do not include 41,572 and 33,186 people who initiated ART but were disengaged from care and not using ART in 2020 and 2030
(respectively) and people of race and ethnicities other than non-Hispanic White, non-Hispanic Black/AA, and Hispanic.

AA, African American; ART, antiretroviral therapy for HIV treatment; IQR, interquartile range, estimated as the 25th and 75th percentile range of results from running

the simulation 200 times; MSM, men who have sex with men; PEARL, Projecting Age, Multimorbidity, and Polypharmacy in Adults with HIV; PWH, people with HIV.

https://doi.org/10.1371/journal.pmed.1004325.t001

with depression and/or anxiety in 2030 was greatest in Hispanic MWID (87%) and Hispanic
heterosexual women (86%). The increase in physical multimorbidity burden from 2020 to
2030 was greatest in Hispanic heterosexual men (19 ppc) and White heterosexual men

(18 ppc). The proportion of PWH using ART with physical or mental multimorbidity was 63%
in 2020 and 70% in 2030 (Fig 2A and S4 Table for 95% UR). The prevalence with mental
comorbidities and physical multimorbidity increased from 25% in 2020 to 31% in 2030

(Fig 2A and S$4 Table for 95% UR). To demonstrate the influence of risk factors—other than
age alone—on forecasted multimorbidity, the multimorbidity prevalence by decade of age is
shown in $4 Fig, which depicts an increase in multimorbidity prevalence in all age groups >50
years.

Forecasts of each comorbidity

Among all PWH using ART from 2020 to 2030 forecasted by the PEARL model, depression
had the highest prevalence over the 10-year period (49% in 2030), and anxiety increased from
36% in 2020 to 47% in 2030 (Fig 3A and S7 Table for 95% UR). From 2020 to 2030, hyperten-
sion prevalence declined slightly (<5 ppc), and dyslipidemia, diabetes, and CKD increased
(>5 ppc); in 2030, prevalence for these 4 physical comorbidities ranged from 27% for diabetes
to 48% for dyslipidemia in 2030. Cancer and ESLD had little change in prevalence; however,
cancer had a higher prevalence in 2030 (11%) than ESLD (1%). In comparison, MI was fore-
casted to increase from 3% in 2020 to 8% in 2030.

There were differences in the forecasted change in comorbidity burdens from 2020 to 2030
across the 15 subgroups (Fig 3B). The subgroup with the oldest median age (66 years) in 2030
was Black/AA WWID, and Black MSM had the youngest median age in 2030 (42 years,

Table 1 and Fig 2B). Among Black/AA WWID, dyslipidemia, CKD, anxiety, hypertension,
depression, and diabetes were the most prevalent comorbidities in 2030, and MI had lower but
increasing prevalence from 2020 to 2030 (Figs 2B and S3H). Cancer and ESLD had little
change in prevalence and declined slightly from 2020 to 2030. Among Black MSM, depression
had the highest prevalence in 2030 followed by CKD (which increased rapidly from 2020 to
2030) and hypertension (which decreased from 2020 to 2030, Figs 2B and S3B). Dyslipidemia,
diabetes, and anxiety had a prevalence >20% in 2030 all increased from 2020 to 2030; cancer
and ESLD prevalence was low (<10%) and did not change. MI prevalence increased but was
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Fig2. Forecasted® number of PWH using ART in the US and forecasted prevalence of mental and physical comorbidities
and multimorbidity among PWH using ART in the US (A) overall and (B) by subgroupb (A) Overall. (B) By subgroupb
Footnotes: >1 Ment. = anxiety and/or depression (i.e., >1 of the mental comorbidities included) >2 Phys. = physical
multimorbidity, defined as >2 physical comorbidities >2 Any = mental or physical multimorbidity, defined as >2 physical
or mental comorbidities >1 Ment. and 2 Phys. = mental comorbidity and physical multimorbidity, defined as >1 mental
comorbidity and >2 physical comorbidities. *Although these estimates are all PEARL forecasts, 2010 was during the
calibration period (where observed NA-ACCORD data were available to inform the estimates) and 2020 and 2030 were
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forecast periods (without observed NA-ACCORD data). "Note that the y axes are different across the subgroups to allow
visualization of the number of comorbidities within each year. ART, antiretroviral therapy; Black/AA, Black/African
American; NA-ACCORD, North American AIDS Cohort Collaboration on Research and Design; PWH, people with HIV;
US, United States.

https://doi.org/10.1371/journal.pmed.1004325.9002

<5% in 2030. Larger depictions of comorbidity prevalence estimates in each subgroup are
available in S5 Figs.

The ppc from 2020 to 2030 in the prevalence of each physical and mental comorbidity is
shown in Fig 4, stratified by the 15 subgroups of PWH using ART. Overall, the prevalence of
CKD, anxiety, diabetes, dyslipidemia, and MI increased by 11 ppc, 10 ppc, 9 ppc, 6 ppc, and
5 ppc (respectively). Dyslipidemia increased in all but 5 subgroups and by 6 ppc overall while
hypertension decreased in all but 4 subgroups and by 4 ppc overall. There was <2 ppc change
for depression, cancer, and ESLD.

Robustness of each forecasted comorbidity incidence

The relative differences from analyzing the effect of decreasing or increasing the comorbidity
incidence probability (versus baseline scenario) showed a <5% relative difference in the fore-
casted prevalence of physical multimorbidity, demonstrating the robustness of the forecasted
multimorbidity to the variability in the estimated incidence of each comorbidity (Fig 5).

Discussion

We forecast an increasing prevalence of multimorbidity in PWH using ART in the US through
the year 2030, with different compositions of contributing comorbidities within race/ethnicity,
gender, and HIV acquisition risk subgroups. Among the comorbidities included in the PEARL
model, the forecasts suggest that 2 of the greatest contributors to multimorbidity are common
mental health diagnoses that occur throughout the lifespan: depression and anxiety. The prev-
alence of anxiety was forecasted to increase in all the subgroups by the year 2030 and by 10 ppc
overall. In 2030, the prevalence of mental or physical multimorbidity is forecasted to be 70%
and nearly 1 in 3 (31%) PWH using ART will have mental comorbidity and physical multi-
morbidity by 2030; these estimates are conservative due to the inclusion of only 2 mental and 7
physical comorbidities when forecasting multimorbidity. Our findings show the most preva-
lent comorbidities in the next decade will differ by gender, HIV acquisition risk group, race,
and ethnicity, suggesting the clinical population composition is important when preparing to
meet the future care needs of people with HIV. HIV clinicians must be up-to-date on comor-
bidity-specific screening, diagnoses, and treatment guidelines and clinical decision-making
tools that will be in highest demand by the subgroups represented in their panel of patients
with HIV. HIV clinical directors must select comorbidities-specific refresher courses for their
clinical staff and establish subspecialty care access within their clinics or by referral. HIV policy
decision-makers must identify care models with capacity and ensure adequate payor resources
(e.g., the Ryan White HIV/AIDS Program funding) to meet the growing healthcare needs, in
particular the mental healthcare needs, of PWH using ART.

Our findings underscore the role of mental health comorbidities in PWH. PWH are 3 times
more likely to currently be experiencing a major depressive episode as compared to people
without HIV [40]. Not only has depression been linked to missed HIV clinical care visits, viro-
logic failure, and all-cause mortality in PWH, but depression has also been linked to similar
mechanisms of immune suppression and inflammation [41,42]. With the forecasted rise in
anxiety prevalence among people with HIV, clinicians should consult the US Preventive Ser-
vices Task Force’s recommendation to screen for anxiety symptoms in those age <64 years
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among the subgroup with the youngest median age in 2030. (A) Forecasted prevalence (and shaded 95% uncertainty
ranges) of comorbidities among all PWH to the year 2030. (B) Forecasted prevalence (and shaded 95% uncertainty
ranges) of individual comorbidities, within the 15 subgroups. Footnotes: CKD, stage >3 chronic kidney disease; ESLD,
end-stage renal disease; MI, myocardial infarction. The 95% credibility interval is estimated as the 2.5% and 97.5%
range of results from running the simulation 200 times.

https://doi.org/10.1371/journal.pmed.1004325.g003

(HIV-specific reccommendations are not available), and be mindful of comorbidity medica-
tions that have been linked to symptoms of anxiety when caring for PWH [43]. Mental health
services are allowable costs for PWH eligible for the federally allocated Ryan White HIV/AIDS
Program support; funding mental health services within HIV clinics or by referral and ensur-
ing adequate staffing will be necessary to meet the forecasted prevalence of mental health
comorbidity.

Our findings corroborate estimates of increasing multimorbidity among PWH in the US
and provide the opportunity to forecast future multimorbidity and comorbidity. A study com-
paring multimorbidity prevalence in PWH ages 45 to 89 years old attending 1 visit at a Ryan
White HIV/AIDS Program clinic in 2016 versus 2006 observed an increase in multimorbidity
prevalence among those of similar age and an increase in women (versus men) [44]. The
PEARL-forecasted age-specific multimorbidity prevalence increased from 2020 to 2030
among those age 50 to 59, 60 to 69, and >70 years suggesting the contribution of risk factors—
in addition to age itself—is resulting in an increased risk of comorbidities among older adults
with HIV. A study of physical multimorbidity in the NA-ACCORD noted the common
comorbidity composition included hypercholesterolemia, hypertension, and CKD in 2009
[24]. The prevalence of these metabolic and vascular diseases shown in the NA-ACCORD data
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Fig 4. Forecasted absolute percentage point change (blue = decrease, red = increase) in the prevalence of individual comorbidities from 2020 to 2030, by
subgroup. Footnotes: "The y axes are different across the subgroups to allow visualization of the number of comorbidities within each year.
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scenario (no modification to the probability of the incidence of a comorbidity). Footnotes: Trelative difference = (% with physical multimorbidity icrease
scenario—% With physical multimorbidity paseline scenario) % With physical multimorbidity paseline scenario | elative difference = (% with physical multimorbidity
decrease scenario— % With physical multimorbidity paseline scenario) % With physical multimorbidity paseline scenario Physical multimorbidity = >2 physical
comorbidities.

https://doi.org/10.1371/journal.pmed.1004325.9005

influence the PEARL-forecasted increases in dyslipidemia, CKD, diabetes, and MIs. With the
recent findings from the REPRIEVE Phase 3 clinical trial demonstrating a protective effect of
pitavastatin on cardiovascular events, clinicians will need to stay informed on guideline
changes for statins in people with HIV and recognize the gap between people with HIV-pre-
scribed statins and those eligible for statins [45,46]. To forecast the potential impact of inter-
ventions to reduce the risk of future comorbidities, modules where a prominent risk factor is
reduced by a specified amount are being added to the PEARL model.

Within each subgroup, the PEARL-estimated comorbidity combinations were influenced
by the age distribution, physical and behavioral risk factors, and key SDoH that defined the
subgroups (namely, race and ethnicity, gender, and HIV acquisition risk). Subgroup stratifica-
tion is essential due to the heterogeneity of PWH in the US. For example, Black/ AA WWID
are forecasted to have the oldest age distribution in 2030 (median age = 66 years), which is a
driven by trends in new HIV diagnosis (e.g., concentration of HIV diagnosis among middle
ages over during 2009 to 2010 period, significant reduction in the number of new HIV diagno-
ses in all age groups over time) and HIV deaths (e.g., reduction in age-specific mortality rates
among all age groups, concentration of deaths among older age groups), as shown in the
CDC’s HIV surveillance data from 2008 to 2021 [47]. Comparatively, the median age of White
WWID is forecasted to reach 56 years by 2030, which is driven by the larger number of new
HIV diagnoses (concentrated in young 25 to 44 years age groups) and a greater proportion of
deaths at younger (35 to 54 years) ages [47]. A check of model calibration (for years 2010,
2013, and 2017) found the age distribution estimated by PEARL reflected the distribution
observe in the NA-ACCORD within subgroups (S3 Fig) and the difference in these age distri-
butions demonstrates the importance of stratification by subgroup. In addition to age differ-
ences, higher food insecurity, space for physical activity, and access to healthcare (influenced
by structural racism and healthcare provider implicit bias/racism) can lead to higher rates of
diabetes (forecasted to be 32% in Black/AA WWID in 2020) and hypertension (forecasted to
be 62% prevalence in Black/AA WWID in 2020) which subsequently increases the risk of pro-
gression to renal failure, which is more prevalent in Black/AA (versus White) individuals in
the US [48-50]. We forecasted CKD prevalence increased from 50% in 2020 to 65% in 2030
among Black/AA WWID. Through shared pathways of inflammatory mediators, reactive oxy-
gen species (ROS), oxidative stress, and renin-angiotensin system (RAS) components, the
14 ppc increase in anxiety is also influencing the forecasted increase in CKD [51]. These
comorbidities also influence the 14 ppc increase in MI among Black/AA WWID from 2020 to
2030. Implementing clinical program interventions that address the accessibility Black/AA
women and focused on prevention and management of diabetes, hypertension, and anxiety
may prove beneficial in slowing future multimorbidity growth among Black/AA WWID.

Our study has limitations. PEARL includes 9 highly prevalent comorbidities that necessitate
clinical management, but it does not include arthritis, stroke, fractures, which were found to
be among the top comorbidities noted in a recent UK analysis of 304 physical and mental
health conditions in PWH; the PEARL-forecasted multimorbidity prevalence is likely an
underestimate [52]. PEARL models clinically diagnosed conditions, which is beneficial for
forecasting the needed clinical care resources but does not include undiagnosed conditions.
PEARL model forecasts are currently at the national-level, and we are examining the
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availability of data to forecast at the state-level. We did not compare the comorbidities and
multimorbidity forecasts to similar people without HIV. Although this comparison would be
useful, our goal was to provide future morbidity predictions to inform clinical planning and
direct HIV policy decision-making. PEARL includes 15 subgroups defined by sex, HIV acqui-
sition risk groups and race/ethnicity; however, it does not represent individuals who are multi-
racial or those with overlapping acquisition risks. ART regimen class is not explicitly
contained in the PEARL model, but the impact of various ART regimen classes on comorbid-
ity incidence is implicitly contained in the mathematical functions from observed NA-AC-
CORD data, which is reflective of exposures to ART in PWH in the US; future expansion of
the PEARL model to include ART regimen class is possible. The PEARL model does not
include HIV transmission. The forecasted annual number of new ART initiators relies on
CDC’s reported HIV diagnoses and linkage to care during the calibration period and (cur-
rently) does not consider changes in HIV transmission dynamics after the calibration period,
including changes due to HIV prevention efforts (e.g., pre-exposure prophylaxis or PrEP) or
during the COVID-19 pandemic (e.g., 2020 to 2021). Similarly, the calibration of mathematical
functions in PEARL is based on NA-ACCORD data available during the calibration period.
The PEARL model assumes that the trends observed during the calibration period will con-
tinue and does not account for influences occurring outside the calibration period (e.g., the
impact of emerging care technologies like long-acting ART or the impact of COVID-19 on
mortality); such factors influencing comorbidities incidence can be incorporated into PEARL
by extending the calibration period when there are more current data available within the 15
subgroups.

As with all agent-based simulation models, the accuracy of the output is dependent upon
the quality of the mathematical functions that compose the model. We utilized observed data
from the NA-ACCORD to estimate the mathematical functions as it is the largest collaboration
of PWH in the US and Canada and has similar demographics to all persons living with HIV in
the US (according to the CDC’s HIV surveillance data) [53]. Agent-based simulation models
(such as PEARL) are recommended for chronic disease forecasting because they capture the
complex interactions among individual-level risk factors that determine the risk of comorbidi-
ties and mortality as well as feedback loops needed for disengagement and re-engagement in
care [54].

Multimorbidity is common in PWH using ART in the US and is likely to increase in preva-
lence over the next decade. Robust, sustainable, multidisciplinary care models (with appropri-
ate funding) are urgently needed to meet the medically complex healthcare needs of PWH
using ART in the US, in particular, access to affordable mental healthcare should be a priority.
Predominant comorbidities differ by subgroups of PWH, which must be considered when
planning for necessary resources and adapting care models. HIV clinicians must consider a
host of comorbidity-specific guidelines to care for the increasing prevalence of comorbidities
and multimorbidity among people with HIV. HIV clinical program and policy decision-mak-
ers must act now to identify effective multidisciplinary care models and resources to prevent
and manage comorbidities and multimorbidity among the growing population of PWH using
ART in the US.
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