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Cardiovascular Risk Estimation Is 
Suboptimal in People With HIV
Virginia A. Triant , MD, MPH; Asya Lyass , PhD; Leo B. Hurley, MPH; Leila H. Borowsky , MPH; 
Rachel Q. Ehrbar , MA; Wei He, MS; David Cheng , PhD; Janet Lo , MD; Daniel B. Klein , MD; 
James B. Meigs , MD, MPH; Steven K. Grinspoon, MD; Jorge Plutzky , MD; Michael J. Silverberg, PhD, MPH; 
Michael LaValley , PhD; Joseph M. Massaro, PhD*; Ralph B. D’Agostino Sr, PhD*

BACKGROUND: Established cardiovascular disease (CVD) risk prediction functions may not accurately predict CVD risk in people 
with HIV. We assessed the performance of 3 CVD risk prediction functions in 2 HIV cohorts.

METHODS AND RESULTS: CVD risk scores were calculated in the Mass General Brigham and Kaiser Permanente Northern California HIV 
cohorts, using the American College of Cardiology/American Heart Association atherosclerotic CVD function, the FHS (Framingham 
Heart Study) hard coronary heart disease function and the Framingham Heart Study hard CVD function. Outcomes were myocardial 
infarction or coronary death for FHS hard coronary heart disease function; and myocardial infarction, stroke, or coronary death for 
American College of Cardiology/American Heart Association and FHS hard CVD function. We calculated regression coefficients and 
assessed discrimination and calibration by sex; predicted to observed risk of outcome was also compared. In the combined cohort 
of 9412, 158 (1.7%) had a coronary heart disease event, and 309 (3.3%) had a CVD event. Among women, CVD risk was generally 
underestimated by all 3 risk functions. Among men, CVD risk was underestimated by the American College of Cardiology/American 
Heart Association and FHS hard CVD function, but overestimated by the FHS hard coronary heart disease function. Calibration 
was poor for women using the FHS hard CVD function and for men using all functions. Discrimination in all functions was good for 
women (c- statistics ranging from 0.78 to 0.90) and moderate for men (c- statistics ranging from 0.71 to 0.72).

CONCLUSIONS: Established CVD risk prediction functions generally underestimate risk in people with HIV. Differences in model 
performance by sex underscore the need for both HIV- specific and sex- specific functions. Development of CVD risk predic-
tion models tailored to HIV will enhance care for aging people with HIV.
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Cardiovascular disease (CVD) risk is increased 
among people with HIV (PWH), with a relative risk 
that has been shown to be ≈50% to 100% higher 

compared with that of the general population.1–4 The 
impact of HIV on CVD risk appears to vary by sex, age, 
and virologic and immunologic status. Traditional CVD 
risk factors are heightened in HIV2,5–11 yet do not ap-
pear to explain the entirety of increased risk, with nu-
merous studies supporting inflammation and immune 

activation as important factors mediating HIV- related 
CVD risk.12–16

To enable optimal management of CVD risk factors 
and prevention of CVD, accurate risk prediction is es-
sential.17–24 CVD risk prediction functions that are widely 
used for the general population have been shown in 
some studies to be inaccurate in PWH, with underesti-
mation of risk demonstrated.25–28 Limitations in the per-
formance of CVD risk prediction functions in PWH have 

Correspondence to: Virginia A. Triant, MD, MPH, Massachusetts General Hospital, 100 Cambridge Street, Suite 1600, Boston, MA 02114. Email: vtriant@
mgh.harvard.edu

*J. M. Massaro and R. B. D’Agostino Sr contributed equally.

This manuscript was sent to Tiffany M. Powell- Wiley, MD, MPH, Associate Editor, for review by expert referees, editorial decision, and final disposition.

Supplemental Material is available at https:// www. ahajo urnals. org/ doi/ suppl/  10. 1161/ JAHA. 123. 029228

For Sources of Funding and Disclosures, see page 9.

© 2024 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative 
Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use 
is non-commercial and no modifications or adaptations are made. 

JAHA is available at: www.ahajournals.org/journal/jaha

https://orcid.org/0000-0001-5288-6067
mailto:
https://orcid.org/0000-0002-4753-2595
https://orcid.org/0000-0001-7498-4450
https://orcid.org/0009-0008-0665-4124
https://orcid.org/0000-0002-2816-6585
https://orcid.org/0000-0002-5678-6140
https://orcid.org/0009-0005-8677-449X
https://orcid.org/0000-0002-2439-2657
https://orcid.org/0000-0002-7194-9876
https://orcid.org/0000-0002-8488-5170
mailto:vtriant@mgh.harvard.edu
mailto:vtriant@mgh.harvard.edu
https://www.ahajournals.org/doi/suppl/10.1161/JAHA.123.029228
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.ahajournals.org/journal/jaha


J Am Heart Assoc. 2024;13:e029228. DOI: 10.1161/JAHA.123.029228 2

Triant et al Cardiovascular Risk Prediction Suboptimal for HIV

been attributed to the fact that variables included in the 
functions are limited to traditional CVD risk factors and 
may not reflect factors unique to HIV and its associated 
chronic inflammation and immune activation.

In a prior study, we demonstrated that both discrim-
ination and calibration of existing CVD risk prediction 
functions were poor to moderate for male PWH.29 In the 
current study, we conducted a new analysis including 
both sexes, a longer follow- up period, and a larger com-
bined HIV group composed of 2 clinically and epidemi-
ologically discrete HIV cohorts. We assessed incidence 
rates, coefficients, discrimination, and calibration, hy-
pothesizing that CVD risk prediction models would be 
inaccurate overall and among subgroups in PWH.

METHODS
Data are available from the author on reasonable request 
and pending establishment of an appropriate data- 
sharing agreement. The Reporting of Observational 

Studies in Epidemiology cohort reporting guidelines 
were used.30

Study Population
The combined cohort was composed of individu-
als from the Mass General Brigham (MGB, formerly 
Partners) HIV cohort,2,29 a longitudinal observational 
cohort of PWH receiving care through the Mass 
General Brigham health care system in Boston, 
Massachusetts, and the Kaiser Permanente Northern 
California (KPNC) HIV cohort,31,32 a clinic- based cohort 
of people enrolled in KPNC, a large integrated health 
care system in Northern California serving the greater 
San Francisco Bay Area. A control group without HIV 
from the same health care system was generated and 
propensity score matched to individuals in the HIV co-
hort on the basis of demographic factors and traditional 
CVD risk factors in up to a 4:1 ratio. Individuals who 
were followed between January 1, 2000, and January 
31, 2020, were eligible for inclusion in the analysis.

The index date was defined as the earliest date 
lipid values were available for an individual patient after 
January 1, 2000. The observation period was the index 
date through the earliest of relevant outcome (coronary 
heart disease [CHD] or CVD), last encounter, death, or 
January 31, 2020. Individuals aged 30 to 79 years as 
of the index date were included, and those with his-
tory of CHD or stroke before the index date were ex-
cluded. PWH were excluded if the first HIV diagnosis 
occurred more than a year following the index date 
given that HIV- specific factors potentially contributing 
to risk would not have been present at baseline and 
during the entirety of follow- up. Continuity was defined 
as membership in the Kaiser system or a <2- year gap 
in encounters for MGB. The study was approved by 
the Partners Human Research Committee.

Cardiovascular Risk Scores
Risk scores assessed included the American College 
of Cardiology/American Heart Association (ACC/AHA) 
atherosclerotic CVD function,23 the FHS (Framingham 
Heart Study) hard coronary heart disease function (FHS 
CHD),18 and the FHS function for global cardiovascu-
lar disease (FHS CVD), using an adjustment factor to 
match the ACC/AHA function outcome.19 For the ACC/
AHA function, coefficients for the specific race–sex 
group of the individual were employed.23 Risk predic-
tion functions were selected for inclusion in the study 
on the basis of frequency of clinical use and availability 
of risk factor and outcome data specific to the score.

Exposure Variables
Variables in the FHS CHD function include age, preva-
lence of diabetes, smoking (defined as 3 years before or 

CLINICAL PERSPECTIVE

What Is New?
• Cardiovascular risk prediction scores devel-

oped for the general population underestimate 
risk for people living with HIV, particularly among 
women.

• Underestimation of cardiovascular risk in people 
living with HIV may result in disparities in pre-
ventative care due to inaccurate risk estimation.

What Are the Clinical Implications?
• There is an urgent need for tailored strategies to 

accurately estimate cardiovascular risk in peo-
ple living with HIV.

Nonstandard Abbreviations and Acronyms

ACC/AHA American College of Cardiology/
American Heart Association

ATHENA AIDS Therapy Evaluation in the 
Netherlands

FHS Framingham Heart Study
FHS CHD Framingham Heart Study hard 

coronary heart disease (function)
FHS CVD Framingham Heart Study hard 

cardiovascular disease (function)
HOPS HIV Outpatient Study
KPNC Kaiser Permanente Northern California
MGB Mass General Brigham
PWH people with HIV
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after index date), systolic and diastolic blood pressure, 
total cholesterol, and high- density lipoprotein catego-
ries. Variables in the ACC/AHA and FHS CVD functions 
include age, prevalence of diabetes, smoking (defined 
as 3 years before or after index date), systolic blood 
pressure, total cholesterol, high- density lipoprotein, 
and antihypertensive treatment. Blood pressure data 
were extracted from electronic health record coded 
field data and notes. Smoking status was obtained 
through application of a natural language process-
ing–based algorithm developed and validated in the 
MGB HIV cohort to reduce bias33 and by International 
Classification of Diseases (ICD- 9 and ICD- 10) codes 
for KPNC. For vital signs and laboratory values, the 
closest value was employed within 1 year before or 
after the index date. For antihypertensive medications, 
individuals were considered to be on treatment if pre-
scribed 1 year before or after the index date.

Outcomes
Outcomes included myocardial infarction (MI) or coro-
nary death for the FHS CHD, and MI, stroke, or coro-
nary death or death due to stroke for the ACC/AHA 
and FHS CVD functions. All outcomes in MGB were 
adjudicated; a validated case ascertainment approach 
was used for the KPNC cohort.34 For the MGB cohort, 
event adjudication was completed for MI and stroke 
employing teams composed of 3 cardiologists for the 
MI events and 3 neurologists for the stroke events 
who were experienced in outcome adjudication. MI 
definition was based on the Universal Definition of 
Myocardial Infarction, and stroke definition was based 
on the American Heart Association/American Stroke 
Association stroke definition. Cases to be adjudicated 
were initially identified by ICD code (410 or I21 for 
MI; and 433, 434, or I63 for stroke). To obtain accu-
rate data on cause of death, mortality data were ob-
tained from the Massachusetts Department of Public 
Health Office of Data Management and Outcomes 
Assessment and linked to the data for individuals in the 
MGB cohort. For KPNC, mortality data were obtained 
from Kaiser Permanente hospitalization data, quarterly 
Social Security Administration vital status files, and 
state death certificate data.

Statistical Analysis
Descriptive statistics (mean, median, quartiles for con-
tinuous variables; and frequency/percentage for cat-
egorical variables) were calculated overall and for each 
of the MGB and KPNC cohorts. The Kruskal–Wallis 
test and χ2 test were used to compare those with and 
without CVD events. The ability of each risk function 
(ACC/AHA, FHS CHD, FHS CVD) to predict 10- year 
risk was assessed for the combined cohorts (MGB and 
KPNC) and each cohort individually, separately among 

women and men using the outcomes predicted by the 
specific scores. Discrimination of the functions was 
assessed by the c- statistic. Calibration was assessed 
using Demler et al modification of the D’Agostino–Nam 
χ2 statistic.35,36 Specifically, calibration was assessed 
as follows for the risk functions that were investigated: 
The cohort being studied was divided into tertiles of 
10- year predicted risk. The mean 10- year predicted 
risk and the observed Kaplan–Meier 10- year risk esti-
mate were calculated for each resulting tertile, and the 
difference between the 2 risks were compared across 
tertiles using the Demler/D’Agostino–Nam χ2 statistic. 
A P value >0.05 (nonsignificant χ2) suggests good cali-
bration (good agreement of 10- year predicted risk with 
observed 10- year risk). Plots showing the observed 
and predicted 10- year risk by tertile of predicted risk 
are presented (Figure).

If the calibration indicated poor fit, recalibration was 
performed to attempt to improve the fit. For recalibra-
tion, the mean values of the risk functions and average 
incidence rates from the original ACC/AHA, FHS CHD, 
and FHS CVD functions were substituted with the val-
ues derived from the corresponding HIV cohort,18 and 
calibration was reassessed.

RESULTS
Baseline Characteristics
Baseline demographic and clinical characteristics are 
shown in Table  1. There were 9412 individuals over-
all, with 158 (1.7%) CHD events and 309 (3.3%) CVD 
events within 10 years from the index date. The overall 
group had a median age of 45.1 years and was 86.6% 
men, 17.5% Black individuals, and 16.9% Hispanic in-
dividuals. With regard to traditional CVD risk factors, 
23.6% had hypertension, 31.7% had hyperlipidemia, 
6.1% had diabetes, and 26.1% were smokers. HIV 
disease characteristics included a median CD4 cell 
count of 492 cells/mm3, median CD4 cell count nadir 
of 283 cells/mm3, and median HIV duration of 6.5 years 
before index date. Overall, 83.2% were on antiretroviral 
therapy, and 68% were virally suppressed.

Compared with those who did not experience a 
CVD event, individuals who experienced an event were 
older (median age, 50.9 versus 45.0), were more likely 
to be men (88.0% versus 86.5%), were less likely to 
be Hispanic individuals (13.9% versus 17.0%), and had 
shorter median follow- up time (4.3 versus 5.3 years). 
Individuals with CVD events were more likely to have 
hypertension (43.7% versus 22.9%), hyperlipidemia 
(50.5% versus 31.1%), and diabetes (13.6% versus 
5.8%); were more likely to be smokers (36.2% versus 
25.8%); were more likely to be on antihypertensive 
treatment (45.3% versus 26.4%) and statins (29.8% 
versus 14.8%); and had higher median systolic blood 
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pressure (128 versus 122), diastolic blood pressure (79 
versus 76), and total cholesterol (188 versus 179) and 
lower high- density lipoprotein cholesterol (39 versus 
42). In terms of HIV characteristics, individuals with 
CVD events had a longer median HIV duration (9.7 ver-
sus 6.4 years), higher rates of antiretroviral therapy use 
(86.1% versus 83.1%) and viral suppression (71.1% ver-
sus 67.9%), lower median CD4 cell count (451 versus 

495 cells/mm3) and lower median CD4 nadir (190 ver-
sus 286 cells/mm3).

When baseline characteristics were assessed by 
cohort, there were 7260 individuals in the KPNC co-
hort and 2152 in the MGB cohort (Table S1). Individuals 
from KPNC were more likely to be Hispanic individuals 
(18.1% versus 12.6%), and individuals from MGB were 
more likely to be women (24.3% versus 10.2%) and 

Table 1. Baseline Characteristics

Overall CVD event No CVD event

P value*(N=9412) (N=309) (N=9103)

Demographics

Age, y, median (quartile 1–quartile 3) 45.1 (39.1–51.4) 50.9 (45.3–57.1) 45.0 (38.9–51.2) <0.0001

Male sex, n (%) 8148 (86.6) 272 (88.0) 7876 (86.5) 0.4454

Other 0.0166

Black, n (%) 1649 (17.5) 62 (20.1) 1587 (17.4)

Hispanic, n (%) 1586 (16.9) 43 (13.9) 1543 (17.0)

White, n (%) 4933 (52.4) 176 (57.0) 4757 (52.3)

Other, n (%) 857 (9.1) 25 (8.1) 832 (9.1)

Unknown/missing, n (%) 387 (4.1) 3 (1.0) 384 (4.2)

Traditional CVD risk factors

Hypertension, n (%) 2219 (23.6) 135 (43.7) 2084 (22.9) <0.0001

Systolic blood pressure, median (quartile 1–quartile 3) 122 (112–132) 128 (116–139) 122 (112–132) <0.0001

Diastolic blood pressure, median (quartile 1–quartile 3) 76 (69–83) 79 (71–87) 76 (69–82) <0.0001

Hypertension treatment, n (%) 2547 (27.1) 140 (45.3) 2407 (26.4) <0.0001

Hyperlipidemia, n (%) 2984 (31.7) 156 (50.5) 2828 (31.1) <0.0001

Total cholesterol, median (quartile 1–quartile 3) 179 (152–207) 188 (152–220) 179 (152–207) 0.0037

HDL cholesterol, median (quartile 1–quartile 3) 42 (35–51) 39 (33–48) 42 (35–51) <0.0001

Statin treatment, n (%) 1441 (15.3) 92 (29.8) 1349 (14.8) <0.0001

Diabetes mellitus, n (%) 573 (6.1) 42 (13.6) 531 (5.8) <0.0001

Smoking, n (%) 2461 (26.1) 112 (36.2) 2349 (25.8) <0.0001

CHD event, n (%) 158 (1.7) 158 (51.1) 0 (0.0) <0.0001

HIV- related factors

CD4 count, median (quartile 1–quartile 3) 492 (316–690) 451 (268–665) 495 (318–691) 0.0146

CD4 count nadir, median (quartile 1–quartile 3) 283 (132–468) 190 (64–344) 286 (135–471) <0.0001

HIV RNA <400 (copies/mL), n (%) 6356 (68.0) 217 (71.1) 6139 (67.9) 0.2341

Antiretroviral therapy, n (%) 7833 (83.2) 266 (86.1) 7567 (83.1) 0.1712

NRTI, n (%)† 7618 (97.3%) 257 (96.6%) 7361 (97.3%) 0.5166

NNRTI, n (%)† 3871 (49.4%) 95 (35.7%) 3776 (49.9%) <0.0001

PI, n (%)† 3281 (41.9) 160 (60.2) 3121 (41.2) <0.0001

INSTI, n (%)† 1609 (20.5) 40 (15.0) 1569 (20.7) 0.0238

Other, n (%)† 1450 (18.5) 42 (15.8) 1408 (18.6) 0.2449

Duration HIV, median (Q1, Q3) 6.5 (1.3–14.1) 9.7 (3.1–17.2) 6.4 (1.3–14.0) <0.0001

Cohort characteristics

Year of baseline, median (IQR) 2009 (2006–2013) 2008 (2005–2011) 2009 (2006–2013) <0.0001

Follow- up time, median (quartile 1–quartile 3) 5.2 (2.4–10.0) 4.3 (2.1–6.9) 5.3 (2.4–10.0) <0.0001

CHD indicates coronary heart disease; CVD, cardiovascular disease; HDL, high- density lipoprotein; INSTI, integrase strand transfer inhibitor; IQR, interquartile 
range, NNRTI, nonnucleoside reverse transcriptase inhibitor; NRTI, nucleoside reverse transcriptase inhibitor; and PI, protease inhibitor.

*Kruskal–Wallis test was used to generate P values for continuous variables, and χ2 test was used to generate P values for categorical variables. P values are 
for the comparison of individuals with a CVD event vs those with no CVD event.

†Percent of those on antiretroviral therapy.
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Black individuals (26.5% versus 14.9%) and have lon-
ger median follow- up time (7.0 versus 4.9 years). From 
a cardiovascular risk perspective, individuals from 
KPNC had higher rates of hyperlipidemia (33.4% ver-
sus 26.0%) and statin use (16.8% versus 10.3%), sim-
ilar rates of hypertension (23.2% versus 24.7%), and 
lower rates of diabetes (5.5% versus 8.1%) and smok-
ing (21.0% versus 43.6%). Individuals from KPNC had 
higher median CD4 cell counts (509 versus 438 cells/
mm3) and median nadir CD4 cell counts (310 versus 
181 cells/mm3) and a higher rate of HIV viral suppres-
sion (73.9% versus 48.3%).

Cardiovascular Risk Scores
The median follow- up time, events, and CVD risk 
scores are shown in Table  2. For the ACC/AHA risk 
score, median predicted 10- year event risk was 1.9% 
for women and 4.8% for men. Predicted risk for FHS 
CHD was 0.7% for women and 3.1% for men and for 
FHS CVD was 1.3% for women and 3.7% for men. 
CVD risk scores by cohort are shown in Table S2.

Discrimination
Discrimination was assessed using the c- statistic 
(Table 2). For women, discrimination was good for all 3 
risk scores, with c- statistics of 0.78 for ACC/AHA, 0.90 
for FHS CHD, and 0.78 for FHS CVD. The c- statistic 
for the FHS CHD risk score may have been impacted 
by the low number of events. For men, discrimination 
was moderate, with c- statistics of 0.71 for ACC/AHA, 
0.72 for FHS CHD, and 0.72 for FHS CVD. When evalu-
ated within each cohort, discrimination remained good 
for women for both KPNC and MGB and moderate for 
men for both sites (Table S2).

Calibration
Calibration, or goodness of fit for the models, was as-
sessed by the Demler/D’Agostino–Nam χ2 statistic and 
P values, using tertiles of predicted risk (Table  2). For 

women, calibration was poor for the FHS CVD risk score, 
with a χ2 P value of 0.001. For men, calibration was poor 
for all 3 functions, with P values of 0.005 for ACC/AHA, 
<0.001 for FHS CHD, and 0.04 for FHS CVD. Calibration 
was similarly poor for all groups able to be assessed 
when evaluated separately by cohort (Table S2).

We recalibrated all of the functions to try to improve 
model fit by using baseline survival and mean risk fac-
tor values from the combined HIV cohort instead of the 
original ACC/AHA, FHS CHD, or FHS CVD cohorts’ val-
ues. Recalibration did not significantly improve model 
fit, with the exception of the FHS CHD risk score in men 
(Demler/D’Agostino–Nam P=0.224 for recalibrated 
score, increased from P<0.0001 before recalibration) 
and the ACC/AHA risk score in women (P=0.892 for 
recalibrated score, increased from P=0.121 before re-
calibration). All other recalibration P values were <0.01.

Observed Versus Predicted Risk
When observed and predicted 10- year risk of event for 
each risk factor model were compared, there was a gen-
eral pattern of underestimating risk, although differences 
between observed and predicted risk varied depending 
on the tertile of baseline risk, specific risk function, and 
sex (Figure). Among women, CVD risk was underesti-
mated by all 3 risk functions for most tertiles of predicted 
risk. Among men, CVD risk was underestimated by the 
ACC/AHA function among the lower and middle pre-
dicted risk tertiles and underestimated for all tertiles for 
the FHS CVD function. For the FHS CHD function, risk 
was overestimated, with predicted risk exceeding ob-
served risk. Predicted risk, observed risk, and risk ratios 
for each tertile by function are shown in Table  3; ob-
served versus predicted plots are shown in the Figure.

Comparison of Coefficients
For each risk score, regression coefficients were com-
pared qualitatively between the original function and 
those generated for the same risk factors in the HIV 

Table 2. CVD Risk Scores: Median Follow- Up, Events, Discrimination, and Calibration

N
Median follow- up, y 
(quartile 1–quartile 3) Events

Median risk score 
(quartile 1–quartile 3)

Discrimination c- 
statistic (95% CI) Calibration χ2

Calibration 
P value

ACC/AHA

Women 810 6.40 (2.96–10.0) 31 0.019 (0.009–0.046) 0.780 (0.694–0.866) 4.22 0.1210

Men 5926 5.39 (2.48–10.0) 248 0.048 (0.025–0.087) 0.706 (0.672–0.7404) 10.55 0.005

FHS CHD

Women 1261 6.32 (2.85–10.0) 15 0.007 (0.003–0.014) 0.901 (0.846–0.956) 3.43 0.1800

Men 8133 5.16 (2.34–10.0) 143 0.031 (0.018–0.054) 0.718 (0.673–0.763) 24.12 <0.0001

FHS CVD

Women 1261 6.24 (2.81–10.0) 36 0.013 (0.008–0.026) 0.784 (0.712–0.857) 13.52 0.0012

Men 8133 5.09 (2.30–10.0) 267 0.037 (0.021–0.065) 0.723 (0.690–0.756) 6.37 0.0413

ACC/AHA indicates American College of Cardiology/American Heart Association; CVD, cardiovascular disease; FHS CHD, Framingham Heart Study hard 
coronary heart disease (function); and FHS CVD, Framingham Heart Study hard caddiovascular disease (function).
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Figure. Observed and predicted 10- year risk by tertile of predicted risk.
A1 and A2 are for ACC/AHA; B1 and B2 are for FHS CHD; C1 and C2 are for FHS CVD. ACC/AHA indicates American College of 
Cardiology/American Heart Association; FHS CHD, Framingham Heart Study hard coronary heart disease (function); and FHS CVD, 
Framingham Heart Study hard cardiovascular disease (function).
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data set (both cohorts combined) among women and 
men (Table  S3). For the majority of coefficients, the 
magnitude and direction of the association with the 
outcome of the specific function were similar for the 
original function and those generated from the HIV 
data set.

Assessment of CVD Risk Scores in 
Individuals Without HIV
We assessed model fit in a matched control cohort of 
individuals without HIV (Table S1). Calibration was poor 
for women and men for all 3 risk scores, with signifi-
cant χ2 P values, with the exception of the FHS CVD 
score for women in the control group. In the control 
group, recalibration improved model fit for women and 
men for the FHS CHD score. Observed and predicted 
10- year risk of event for each risk score were assessed 
in the control group. There was a general pattern of 
overestimating risk, with predicted events exceeding 
observed events in the upper tertile of risk across all 3 
functions for women, with the exception of FHS CVD 
risk score (Table S4).

DISCUSSION
Our findings expand upon a growing body of litera-
ture demonstrating that CVD risk prediction algorithms 
designed for the general population underperform 
in PWH, systematically underestimating risk in this 
population. Assessing 3 widely used CVD risk pre-
diction functions in a multisite HIV cohort represent-
ing discrete regions and care settings, we found that 
established risk functions fit poorly and underestimate 
risk, particularly among women, and that this finding 
persists regardless of baseline risk. To our knowledge, 
our study was the first to evaluate the performance 
of FHS CVD risk prediction functions in PWH using 

sex- specific analyses. The findings suggest that cur-
rent models to predict CVD risk in PWH are likely to 
result in disparities in CVD preventative care due to un-
derestimation of risk, underscoring the urgent need for 
tailored CVD risk prediction strategies for PWH.

The rationale for suboptimal performance of CVD 
risk prediction models in HIV is based on the increas-
ingly well- delineated mechanism of HIV- associated 
CVD.37–40 While traditional CVD risk factors are present 
at heightened rates in PWH and likely contribute to the 
observed increased risk of CVD events,2,6,7 there is still 
excess CVD risk that is unexplained by established risk 
factors alone.12,15,41 Inflammation and immune dysreg-
ulation in PWH have been associated with subclinical 
markers of coronary atherosclerosis and with coronary 
inflammation.42–44 Moreover, clinical correlates that 
reflect inflammation and immune activation (CD4 cell 
count and HIV RNA) have been linked to increased MI 
and stroke event rates.3,45,46 The metabolic effects of 
antiretroviral therapy are being increasingly delineated 
and may contribute to CVD risk both through poten-
tiation of traditional risk factors and through separate 
mechanisms.47,48 While factors specific to HIV infection 
and its associated inflammatory state contribute to 
CVD risk, none of these factors are reflected in estab-
lished risk prediction models, which were designed in 
populations that differ demographically and clinically 
from HIV groups.18,23 The predicted risk generated 
from existing models consequently reflects only a sub-
set of risk factors and incompletely represents the mul-
tifactorial mechanism of CVD in HIV.

Previous studies have demonstrated consistent 
underestimation of risk when traditional risk predic-
tion functions have been evaluated in PWH. A large 
study from the Center for AIDS Research Network of 
Integrated Clinical Systems found that the pooled co-
hort equations (ACC/AHA) underestimated risk, espe-
cially among women and Black individuals and those 

Table 3. Observed and Predicted Risk by Tertile

ACC/AHA FHS CHD FHS CVD

Tertile 1 Tertile 2 Tertile 3 Tertile 1 Tertile 2 Tertile 3 Tertile 1 Tertile 2 Tertile 3

Men*

Predicted risk 0.019 0.049 0.135 0.014 0.031 0.085 0.016 0.038 0.099

Observed risk 0.029 0.072 0.128 0.010 0.030 0.056 0.022 0.046 0.115

Predicted- to- observed risk ratio 0.66 0.68 1.05 1.41 1.03 1.52 0.73 0.83 0.86

Women†

Predicted risk 0.007 0.020 0.094 0.002 0.007 0.034 0.006 0.014 0.043

Observed risk 0.011 0.033 0.150 NA 0.004 0.061 0.025 0.010 0.113

Predicted- to- observed risk ratio 0.64 0.61 0.63 NA 1.75 0.56 0.24 1.40 0.38

ACC/AHA indicates American College of Cardiology/American Heart Association; FHS CHD, Framingham Heart Study hard coronary heart disease (function); 
and FHS CVD, Framingham Heart Study hard caddiovascular disease (function).

*Demler/D’Agostino–Nam χ2 (P- value) for men: χ2=10.55 (P=0.005) for ACC/AHA; χ2=24.12 (P<0.0001) for FHS CHD; χ2=6.37 (P=0.0413) for FHS CVD.
†Demler/D’Agostino–Nam χ2 (P- value) for women: χ2=4.22 (P=0.1210) for ACC/AHA; χ2=3.43 (P=0.1800) for FHS CHD; χ2=13.52 (P=0.0012) for FHS CVD.
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of low or intermediate predicted risk.26 Another US- 
based study from the HOPS (HIV Outpatient Study) 
cohort found that the pooled cohort equations and 
Data Collection on Adverse Effects of Anti- HIV Drugs 
Study (D:A:D) equations underestimated risk by nearly 
20%.27 Most recently, a study from the ATHENA (AIDS 
Therapy Evaluation in the Netherlands) cohort found 
that while all models discriminated well, the pooled co-
hort equations, Systematic COronary Risk Evaluation 
(SCORE), and D:A:D models underestimated risk in 
low/intermediate- risk individuals.28 Previous data from 
our cohort, evaluating men with a follow- up time of 
5 years, demonstrated poor fit for 3 established mod-
els including the ACC/AHA and 2 FHS models, with 
observed CVD rates exceeding predicted rates among 
the majority of risk groups.29 While prior investigations 
have been largely consistent in their underestimation 
of risk, gaps in knowledge remain, and the present 
study adds new and clinically relevant knowledge to 
this growing body of literature. Notably, the largest 
US- based study to date evaluating CVD risk functions 
in HIV was not able to include stroke events in the 
composite CVD end point. Our study evaluates 2 risk 
scores that include stroke in the composite outcome 
and has rigorous outcome ascertainment for stroke 
events in addition to MI events. Other prior studies to 
date have not evaluated CVD risk scores separately in 
women and men. Our study significantly expands on 
prior work from this cohort as well as previous studies 
from other cohorts by providing the first sex- specific 
analyses of FHS risk prediction functions in PWH. In 
the current study, we expand upon previous findings 
with data encompassing 2 cohorts that separately 
evaluates women and has a longer follow- up period 
to approximate that used to develop the original risk 
prediction models. Our results reinforce the finding 
that the performance of established risk prediction 
models is suboptimal in an HIV population. Calibration, 
as assessed by Demler/D’Agostino–Nam χ2 test, was 
poor for men with HIV among all functions evaluated 
and for women for the FHS CVD risk score, indicat-
ing that these models do not fit well in an HIV popula-
tion and underestimate risk for the majority of groups. 
Discrimination, or the model’s capacity to order risk, 
was assessed using the c- statistic and was demon-
strated to be moderate overall for men and good for 
women.

Findings from sex- specific analyses of the perfor-
mance of CVD risk prediction functions highlight the 
importance of tailored risk estimation strategies in HIV- 
associated CVD among women. Results from analy-
ses assessing calibration demonstrate poor model fit 
for all 3 functions among men and better fit among 
women for the ACC/AHA and FHS CHD functions. 
However, when observed versus predicted events 
were compared, poor fit among men was explained 

by overestimation of risk for many groups. In contrast, 
among women, risk was more consistently underes-
timated, with observed events exceeding predicted 
events in most risk groups across baseline risk and 
function. These findings can be interpreted in the 
context of differences in HIV- associated CVD among 
women. Studies have shown that while absolute risk of 
CVD events remains lower for women compared with 
men living with HIV, relative risk is increased among 
women,2,49 with earlier data from the MGB HIV cohort 
showing a relative risk of MI comparing HIV to non- HIV 
of 2.98 for women versus 1.40 for men.2 Biomarkers 
of inflammation have been shown to be increased in 
women living with HIV compared with men,50,51 and in-
flammatory and immune biomarkers have been shown 
to be associated with coronary plaque and disease in 
women with HIV,51,52 with some biomarkers showing 
stronger associations with CVD outcomes in women 
compared with men.50 If underestimation of CVD risk 
in PWH is explained by key missing risk factors in 
risk scores, including inflammation, then the fact that 
women have higher levels of inflammation that relate 
to CVD outcomes is consistent with greater under-
estimation of risk compared with men with HIV. Our 
findings underscore the importance of both HIV-  and 
sex- specific CVD risk estimation strategies.

The characteristics of patients on the basis of CVD 
event status suggest that both traditional and nontra-
ditional risk factors contribute to HIV- associated CVD. 
As anticipated, individuals with CVD events had more 
traditional risk factors: older age; higher rates of hyper-
tension, hyperlipidemia, diabetes, and smoking; higher 
blood pressure and total cholesterol and lower high- 
density lipoprotein cholesterol. Yet the characteristics 
of individuals who experienced an event also reflect 
the HIV- specific mechanistic factors that drive excess 
CVD risk: a longer duration of HIV infection likely re-
flecting chronic inflammation and lower CD4 and nadir 
CD4 cell counts reflecting more pronounced immune 
dysregulation. Interestingly, while higher HIV viral load 
has been associated with CVD events,3,45,53 those with 
an outcome event in our study had higher rates of viral 
suppression. The measure of viral suppression used in 
the analysis was made at baseline, not at the time of 
the event; thus, changes in viral suppression over time 
could partially explain this finding.

Overall, our study indicates that current CVD risk 
prediction scores could be improved to estimate risk 
more accurately in PWH. While the models evaluated 
performed modestly when ordering risk, they were 
poor for most groups when matching predicted to ob-
served risk, indicating that existing models are not re-
liable for accurate clinical risk estimation. Importantly, 
the majority of individuals in the study were in lower 
or moderate predicted risk categories, as indicated by 
median calculated risk score, in which there is clinical 
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uncertainty about indications for CVD risk factor inter-
ventions and in which accurate risk estimation is thus 
critical. Moreover, while CVD risk score model fit was 
also poor when evaluated in a control group, the pat-
terns of over-  and underestimation differed from those 
in the HIV group, with more overestimation of risk in the 
control group. These results suggest that established 
risk scores are not well calibrated for many cohorts of 
patients including PWH.

These findings further underscore the need for tai-
lored CVD risk scores for PWH, which could be de-
veloped through integration of HIV- specific CVD risk 
factors (eg, HIV RNA, CD4 cell count nadir, antiretro-
viral medications linked to cardiometabolic risk) with 
traditional CVD risk factors in new functions.

Our study design reflects many strengths, including 
a study population drawn from 2 large, well- established 
HIV cohorts that represent clinically and geographi-
cally distinct populations and highly accurate outcome 
ascertainment. Limitations of our study include low 
event numbers among women, limiting conclusions 
for the FHS CHD risk prediction model in particular. 
Additionally, outcome ascertainment may have been 
limited by decreased capture of out- of- system events 
at MGB, introducing potential bias, although capture 
of more observed events would further strengthen the 
finding of underestimation of risk. KPNC is a closed 
system, thus ensuring near complete ascertainment.

In conclusion, we found established CVD risk pre-
diction functions to systematically underestimate risk 
in PWH. In our study encompassing 2 established HIV 
cohorts, risk estimation differed across subgroups 
and risk functions, but model fit was overall poor, 
with greater underestimation of risk among women. 
Our findings underscore the importance of develop-
ing CVD risk prediction functions tailored to PWH, in 
which CVD risk factor profiles do not match those of 
the general population and further tailored to women 
with HIV. Application of current risk prediction para-
digms for PWH is likely to underestimate risk and thus 
impact clinical decision making, resulting in potential 
missed opportunities for risk modification and coun-
seling. Adapting CVD risk prediction models to better 
reflect the risk factor profiles of PWH will help to ensure 
equity in the delivery of CVD preventative care.
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