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Objective: The Pooled Cohort Equations (PCE) serve as the platform for quantitative risk assessment for atheroscle-
rotic cardiovascular disease (ASCVD). Data are sparse regarding the benefit of adding health-related quality of life
(HRQoL) measures to the PCE. We sought to estimate the association of HRQoL with ASCVD events and evaluate
the potential utility of adding HRQoL to the PCE in refining quantitative risk assessment for primary prevention
decisions.

Methods: Three multi-ethnic longitudinal cohorts were included in the study. HRQoL was measured using the
SF-12 physical component summary (PCS) and mental component summary (MCS); higher PCS or MCS scores
indicate better HRQoL. We constructed a four-level HRQoL status variable: MCS <50 and PCS <50; MCS <50
and PCS >50; MCS >50 and PCS <50; MCS >50 and PCS >50. Harrell’s C statistics and net reclassification
improvement (NRI) analyses were used to assess the added predictive ability of HRQoL for incident ASCVD.

Results: A total of 9,904 individuals were included in the analysis, of whom 4,743 were in the low risk subgroup
(<5% predicted 10-year risk). HRQoL status, PCS and its subscale scores were independent predictors of ASCVD
events. HRQoL improved both discrimination (delta C: 0.004, p = 0.05) and reclassification (cNRI: 0.15, p<0.01)
modestly when added to PCE; 3% and 6% of individuals with events were correctly reclassified to higher risk in
the overall sample and low risk subgroup, respectively.

Conclusion: HRQoL is an independent predictor of ASCVD events, and improves ASCVD risk prediction signifi-
cantly, though modestly, overall and in low-risk individuals. HRQoL may be a cost-effective risk-enhancing factor
for refining quantitative risk assessment for primary prevention decisions.

Introduction have been associated with ASCVD risk in some studies. Multiple factors

contribute to the lack of predictive utility demonstrated by some psy-

Atherosclerotic cardiovascular disease (ASCVD) remains the lead-
ing cause of morbidity and mortality globally. [1] Current prevention
paradigms emphasize identification of individuals’ short-term and long-
term risk for ASCVD to guide decisions about intensity of lifestyle and
drug therapy preventive interventions. The ACC/AHA/Multi-specialty
clinical practice guidelines recommend quantitative risk assessment for
all individuals without ASCVD using the US-derived Pooled Cohort
Equations (PCE) in order to stratify them into low (<5%), borderline (5-
7.5%), intermediate (7.5-20%), and high (>20%) 10-year risk groups.
[2-5] The initial quantitative 10-year risk estimate should be followed
by personalized assessment of patient-specific risk-enhancing factors
that include demographic, medical history, physiologic, and biochemi-
cal factors that may modify the initial risk estimate. [2] To date, the list
of risk-enhancing factors has not included psychosocial measures that

chosocial factors to date, including: difficulty of measurement, precision
of measurement, stability of measurement over time, relative weakness
of associations with ASCVD, and correlation with strong downstream de-
terminants of risk (e.g., obesity, hypertension, dyslipidemia, and smok-
ing). [6-10]

Health-related quality of life (HRQoL) is a broad concept that in-
cludes self-reported measures of physical and mental health, is easily
measured using standardized tools, and has been widely validated to
correlate with prevalent health status and incident health outcomes.
[11-17] Several studies have demonstrated the association of HRQoL
with prevalent cardiovascular disease (CVD), and CVD is significantly
associated with impaired HRQoL. [18-20] Indeed, even adverse changes
in CVD risk factor levels are associated with a lower HRQoL score. [9,
21] Furthermore, the PCE tend to underestimate risk in individuals with
lower socioeconomic status or with chronic inflammatory conditions,
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who may have lower HRQoL. [5] However, data are sparse regarding
the additional utility of HRQoL measures as part of ASCVD risk esti-
mation, in the general population or in specific risk subgroups, such as
individuals without significant risk factor burden, in whom other path-
ways may confer ASCVD risk. [3]

Using data from the Cardiovascular Lifetime Risk Pooling Project
(LRPP), we examined the association of HRQoL with ASCVD risk in
the general population and the low risk subgroup (10-year ASCVD risk
<5%), and addressed the potential utility of adding HRQoL to the PCE in
refining quantitative risk assessment for primary prevention decisions.
We hypothesized that HRQoL measures would be independently associ-
ated with ASCVD and that these measures would significantly reclassify
individuals, especially those at lower predicted risk.

Methods
Study sample

Detailed methods for the inclusion criteria and harmonization of the
LRPP cohort data have been published previously. [22] For this study,
we selected the cohorts with HRQoL measures, ascertained using the
widely validated SF-12 or SF-36 HRQoL instruments, as well as with as-
certainment of hard CVD outcomes, including fatal and non-fatal coro-
nary heart disease and stroke. We included three cohorts: the Coronary
Artery Risk Development in Young Adults Study (CARDIA), [23] the
Framingham Offspring Study (FOS), [24] and the Multi-Ethnic Study of
Atherosclerosis (MESA). [25] CARDIA recruited 5115 black and white
men and women, aged 18-30 years in 1985-1986 from Birmingham,
Alabama; Chicago; Minneapolis; and Oakland, California. The last date
of follow-up for this analysis was August 31, 2018. FOS enrolled 5124
white men and women, ages 5 to 70 in 1971 from Framingham, Mas-
sachusetts and the follow-up data was through 2008. MESA recruited
6814 participants aged 45-84 years in 2000-2002 at 6 field centers (Bal-
timore, Maryland; Chicago, Illinois; Forsyth County, North Carolina; Los
Angeles, California; New York, New York; and St. Paul, Minnesota). The
follow up data was through 2018. The Institutional Review Board at
Northwestern University approved this project. Ten-year predicted AS-
CVD risk was calculated for each participant using the PCE, and the risk
estimates for Hispanics and Chinese participants were calculated using
the PCE for whites, as suggested in the guidelines. [2] We chose a priori
to study all participants and to perform a subgroup analysis among low
risk individuals (PCE <5%). Participants were excluded from the analy-
sis if they had prevalent CVD history, were younger than 40 or older than
79 years of age, or were missing cardiovascular risk factor measures nec-
essary for calculation of the 10-year ASCVD risk (blood pressure, anti-
hypertensive treatment, total cholesterol, HDL-cholesterol, smoking and
diabetes). Of the 13,329 participants at baseline, 3425 were excluded
from analyses as described in Supplemental Figure 1. A total of 9904
participants were included in the main analysis and 4743 individuals
were included in the low risk subgroup.

Quality of life (SF-12) measures

The 12-item Short Term Health Survey was used as a measure of self-
rated health-related quality of life (HRQoL) [13, 14], including the Phys-
ical Component Summary score (PCS) and Mental Component Summary
score (MCS). The PCS measures physical functioning, general health,
bodily pain, and role limitations due to physical problems. The MCS as-
sesses mental health, social functioning, vitality, role limitations due to
emotional problems. The method for deriving the summary scale scores
have been published in full elsewhere [11, 13]. The SF-12 was scored
using the standard algorithm, [14] which assumes that the PCS and MCS
scores are orthogonal, and provides norm-based standardized summary
scores with a mean of 50 and a standard deviation of 10. A higher PCS
or MCS score denotes better HRQoL. Thus, scores above and below 50
are above and below the average in the general US population.
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The SF-12 questionnaire was administered in the year 2000 in CAR-
DIA, 2002-2004 in MESA, and 1995 in FOS, [25-27] respectively. The
SF-12 items were reversed as appropriate so that a higher score indicates
better health. [23] The mean and standard deviation of SF-12 scores
across these three cohorts is summarized in Supplemental Table 1.

Adjudication of outcomes

Ascertainment of ASCVD (fatal/nonfatal CHD and stroke) events
used similar procedures in all three cohorts, as described elsewhere. [23-
25] Briefly the FOS adjudicated CHD events via medical history, phys-
ical examinations, and electrocardiograms. All suspected CHD events
were reviewed by a panel of 3 physicians, who applied established cri-
teria for such events. [24] In CARDIA, participants were contacted an-
nually to inquire about interim hospitalizations. For each event, medical
records were obtained and adjudicated by 2 trained physician reviewers.
[23] MESA collected information from death certificate, medical records
from hospitalization, autopsy reports and interviews with participants,
[25] and events were reviewed by two trained physician reviewers.

Statistical analysis

We stratified the study sample into 4 groups: individuals with low
HRQOoL scores on both (MCS and PCS < 50), individuals with scores PCS
< 50 and MCS > 50, individuals with scores MCS < 50 and PCS > 50,
and individuals with high HRQoL scores on both (MCS and PCS > 50).
We compared baseline characteristics across the 4 HRQoL groups, using
ANOVA for continuous variables or Chi-square test for categorical vari-
ables. To assess the independent predictive effect of HRQoL for ASCVD
events, we applied a Cox proportional hazard model and examined the
association between HRQoL and incident ASCVD adjusting for age, race,
sex and ACC/AHA Pooled Cohort Equations risk factors including total
and HDL cholesterol levels, current smoking status, systolic blood pres-
sure, use of anti-hypertensive medication, and history of diabetes. As a
5-point difference is considered a meaningful SF-12 difference clinically,
we also examined hazard ratios (HR) for the association of HRQoL with
outcomes for every 5-point decrement of MCS, PCS and their subscale
scores.

We assessed the discrimination and reclassification of categorical
HRQoL status beyond the PCE. Harrell’s C-statistic was used to esti-
mate the discrimination of the PCE with and without HRQoL. Since the
C-statistic alone is often not sensitive enough to capture a meaningful
improvement from new markers, [28, 29] we also calculated the pre-
dictive utility of adding HRQoL measures using the net reclassification
improvement (NRI). [30, 31] Bootstrapping was used to calculate 95%
confidence intervals (CI) [32]. All analyses were performed in the en-
tire study sample and repeated in the low-risk subgroup separately. A
2-sided P-value of 0.05 or less denoted statistical significance. All analy-
ses were performed using SAS 9.4 (SAS Institute, Cary NC) and R 3.6.1.

Results
Sample characteristics

The baseline characteristics of all participants and the low risk sub-
group are shown in Table 1 and Supplemental Table 2, separately. Over-
all the mean age was 57.3 (SD 11.2) years; 46.3% of participants were
male, 15.2% African American, 14.7% Hispanic American, and 12.0%
Chinese American. Participants in the low risk subgroup were younger
and more likely to be female. Having higher HRQoL status, especially
higher PCS, was associated with a more favorable CVD risk factor profile
including lower rates of smoking, hypertension, obesity, and diabetes
among all participants and the low risk subgroup.
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Table 1
Baseline Characteristics According to Health-Related Quality of Life Status.

All MCS < 50/ PCS < 50 MCS < 50/ PCS > 50 MCS > 50/ PCS < 50 MCS > 50/ PCS > 50 p value

n = 9904 n=1285 n=1762 n = 2301 n = 4556
Age, years 57.3 (11.2) 58.3 (11.8) 53.8 (10.6) 60.4 (10.9) 56.7 (10.9) < 0.01
Male, (%) 46.3 35.1 43.3 42.0 52.7 < 0.01
Race/ethnicity, (%) < 0.01
White 58.1 47.7 63.5 53.1 61.5
Black 15.2 18.9 14.4 13.9 15.1
Hispanic 14.7 16.8 11.2 18.8 13.2
Asian 12.0 16.4 10.2 14.2 10.3
Bachelor’s degree or higher, (%) 67.7 55.3 72.6 61.9 72.2 < 0.01
Body mass index, kg/m? 28.3 (5.6) 30.1 (6.5) 27.8 (5.4) 29.6 (6.2) 27.4 (4.9) < 0.01
Systolic blood pressure, mmHg 122 (19) 125 (20) 119 (18) 126 (20) 121 (18) < 0.01
Diastolic blood pressure, mmHg 72 (10) 73 (11) 73 (10) 72 (10) 72 (10) 0.06
Total cholesterol, mg/dl 194 (37) 195 (43) 194 (36) 195 (39) 194 (36) 0.46
High-density lipoprotein cholesterol, mg/dl 51 (15) 51 (15) 53 (16) 51 (15) 52 (15) 0.02
Fasting glucose, mg/dl 98 (28) 102 (32) 95 (25) 102 (33) 96 (24) < 0.01
Current smoker, (%) 14.3 20.0 16.8 14.9 11.6 < 0.01
Blood pressure lowering medication, (%) 30.0 38.5 23.3 41.9 24.3 < 0.01
Diabetes?, (%) 10.5 16.3 7.6 15.1 7.6 < 0.01
Obesity®, (%) 31.8 43.3 28.4 40.9 25.2 < 0.01
Hypertension®, (%) 39.4 48.5 31.4 51.8 33.7 < 0.01

Continuous variables are shown as mean (SD); categorical variables are shown as%.
Abbreviations: ASCVD=Atherosclerotic Cardiovascular Disease; SD=standard deviation; MCS=mental health summary score; PCS=physical health summary

score.

2 Diabetes was defined as fasting serum glucose >126 mg/dL or a history of treatment for diabetes.

b Obesity was defined as body mass index >30 kg/m?.

¢ Hypertension was defined as systolic blood pressure >140 or diastolic blood pressure >90 mm Hg or a history of treatment for lowering blood pressure.

HRQoL measures and associations with outcomes

Over a median follow up of 13.1 years (interquartile range of 12.5
—15.4 years), 783 (7.9%) and 154 (3.3%) incident ASCVD events were
observed in the overall sample and low risk subgroup, respectively. Par-
ticipants with PCS >50, regardless of MCS values, had a lower ASCVD
incidence rate compared to those with PCS <50 (Fig. 1).

With MCS >50 and PCS >50 as the reference group, having MCS
and PCS< 50 or MCS >50 and PCS<50 were both significantly associ-
ated with higher hazards for ASCVD events (HR=1.55: 95% CI 1.27-1.91
and HR=1.34: 95% CI 1.13-1.59, respectively), after adjusting for age,
sex, race, systolic blood pressure and blood pressure treatment, smok-
ing, total and high density lipoprotein cholesterol, and history of di-
abetes (Fig. 1). Every 5-point decrement of physical health summary
score (PCS) and its four subscale scores (physical functioning, general
health, bodily pain, and role limitations due to physical problems) were
all significantly associated with ASCVD risk (HR=1.12-1.25). Mental
health summary score (MCS) was not associated with ASCVD after co-
variate adjustment. Vitality was the only mental health subscale score
that was significantly associated with ASCVD (HR=1.16: 95% CI 1.05-
1.28). Among the low risk subgroup, the significant association of MCS
<50 and PCS <50 with higher ASCVD risk remained. The associations
of PCS and its subscale scores with ASCVD risk were all slightly atten-
uated with multivariable adjustment, and the significant association of
bodily pain with ASCVD risk was abolished. We repeated the analysis
for each cohort separately and findings were overall consistent across
the cohorts. No significant interactions by sex and race were observed.
There were no strong correlations between HRQOL score and ASCVD
risk factors.

Predictive utility of HRQoL measures

The added predictive utility of HRQoL status in terms of discrim-
ination and reclassification, beyond the PCE risk factors, is shown in
Tables 2 and 3. Adding HRQoL status to the PCE model significantly
though modestly increased discriminatory ability for ASCVD events
(delta ¢ = 0.004; 95% CI 0.001-0.008, p = 0.05). Table 3 shows the

NRI for events and nonevents when HRQoL status was added to the
model using the 5% and 20% 10-year ASCVD risk thresholds. The cor-
rect classification of events and non-events for the overall population are
3% and 0%, respectively. The addition of HRQoL to the model resulted
in a significant improvement in classification (NRI =0.03: 0.001-0.05),
but it was limited to an improvement in classification for events only
(not non-events): 3% of those who experienced ASCVD events were cor-
rectly reclassified as having a higher risk. The continuous NRI (cNRI)
was 0.15 (95% CI: 0.07-0.19, p<0.01). Among the low risk subgroup,
the improvement of C statistic was modest and of borderline significance
(delta C = 0.01, p = 0.07). There was a significant reclassification con-
ferred by HRQoL with 1% and 5% ASCVD risk as the cut-off, the correct
classification of events and non-events for this low risk subgroup are 6%
and 1% respectively. and the improvement of classification was signifi-
cant for both events and non-events: 6% of the participants with events
were correctly classified in a higher category and 1% of participants
with no events were correctly classified in a lower risk category, yield-
ing a net correct reclassification of 7% (NRI 0.07, 95% CI 0.01-0.13).
Category-free cNRI estimate was 0.14 (95% CI: 0.07-0.31, p< 0.01).

We further estimated the improvement of discrimination and reclas-
sification with adding the continuous MCS or PCS separately to the
model, and present the results as Supplemental Table 3. The addition
of PCS to the PCE model resulted in significant improvement of discrim-
ination and reclassification (delta C = 0.007 (0.001-0.01); cNRI = 0.12
(0.08-0.16)). The addition of MCS had no benefit in improving model
prediction performance.

Discussion

The present analysis demonstrates that HRQoL is significantly asso-
ciated with ASCVD events, and adds significantly to the 2013 Pooled Co-
hort Equations, providing modestly greater discrimination and reclassi-
fication power for risk stratification among a multi-ethnic sample and its
low risk subgroup. In particular, it appropriately reclassified those des-
tined to have events to higher predicted risk. This suggests that HRQoL
could be an additional potential risk-enhancing factor for clinicians to
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Fig. 1. Associations of HRQoL Measures and AS-
CVD The top bar graph shows the unadjusted AS-
CVD incidence rate and 95% confidence interval
across HRQoL status in all and low risk subgroup;
the bottom forest plot shows the adjusted hazard ra-
tios (HR) and 95% confidence interval for ASCVD.
Hazard Ratio per every 5-point decrement was esti-
mated for PCS, MCS and all eight subscales. Abbrevia-
tions: ASCVD= Atherosclerotic cardiovascular disease;
HRQoL= Health related quality of life; MCS=mental
health summary score; PCS=physical health summary
score; PCS_PF=physical functioning; PCS_RP=role lim-
itations due to physical problems; PCS_BP=bodily
pain; PCS_GH= general health; MCS_VT=vitality;
MCS_SF=social functioning; MCS_RE=role limitations
due to emotional problems; MCS_MH= mental health.
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consider in refining quantitative risk assessment for primary prevention
decisions, as suggested by the guidelines. [2]

In primary analysis, we constructed a 4-stratum HRQoL variable
using the physical and mental component scores to represent relative
health related quality of life compared to the general population. We
further examined the physical and mental components separately. Our
study was consistent with previous research that has shown physical
HRQoL was a stronger predictor for CVD events than mental HRQoL.
[18, 19] One study suggested that poor physical HRQoL was signifi-
cantly associated with higher risk of incident CVD events overall, and for
CHD and stroke events separately, among older participants. [18] How-
ever no study has examined the added predictive ability of HRQoL for
incident ASCVD events beyond the Pooled Cohort Equations. Our study
extends previous findings by demonstrating that adding HRQoL status

to PCE model improved ASCVD risk prediction in terms of discrimina-
tion and reclassification. Furthermore, we examined the association of
HRQoL and ASCVD in a middle-aged racially diverse study sample in
general as well as in the low risk subgroup.

The 2018 cholesterol guidelines identify non-traditional risk mark-
ers as risk-enhancing factors that should be considered for individual
patients, including family history, metabolic syndrome, reproductive
variables (in women), chronic kidney disease, inflammatory conditions,
lipoprotein(a), high sensitivity C-reactive protein (hsCRP), and ankle-
brachial index, among others. [33] Few studies have examined the pre-
dictive utility of adding these factors in the context of the PCE. One
study showed that adding ABI and hsCRP to the PCE provided NRI of
0.027 (event NRI: 0.012; nonevent NRI: 0.015) and 0.024 (event NRI:
0.028; nonevent NRI: —0.005), respectively, in the Multi Ethnic Study
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Harrell’s C-statistic with adding HRQoL status to PCE in predicting ASCVD events.

PCE

PCE+ HRQoL Delta of C statistics (95%CI)

All(n = 9904)
Low risk subgroup(n = 4743)

0.752(0.734-0.771)
0.692(0.644-0.741)

0.756(0.737-0.774)
0.699(0.649-0.748)

0.004 (0.001- 0.008)P = 0.049
0.007 (—0.001-0.036)P = 0.070

ASCVD= Atherosclerotic cardiovascular disease; HRQoL= Health related quality of life; PCE= Pooled Co-

hort Equations.

Table 3
Reclassification table for events and nonevents.

All (n = 9904)

PCE
PCE + HRQoL <5% 5%—-20% >=20% Row Total (%) % Correctly reclassified
Events (n = 783)
<5% 166 22 0 188 (24%)
5%—20% 29 472 12 513 (66%)
>=20% 0 25 57 82 (10%)
Column total (%) 195 (25%) 519 (66%) 69 (8%) 3% (p =0.03)
Nonevents (n = 9121)
<5% 5114 302 0 5416 (59%)
5%—20% 299 3113 57 3469 (38%)
>=20% 0 62 174 236 (3%)
Column total (%) 5413(59%) 3477(38%) 231 (3%) 0% (p = 0.94)
Total NRI (95% CI) 0.03 (0.01 - 0.05)
Low risk Subgroup (n = 4743)
PCE
PCE + HRQoL <1% 1%-5% >=5% Row Total % Correctly reclassified
Events (n = 154)
<1% 9 3 0 12 (8%)
1%-5% 0 106 4 110 (71%)
>=5% 0 16 16 32 (21%)
Column total (%) 9 (6%) 125 (81%) 20 (13%) 6% (p = 0.06)
Nonevents (n = 4589)
<1% 1124 220 0 1344 (29%)
1%-5% 135 2810 73 3018 (66%)
>=5% 0 101 126 227 (5%)
Column total (%) 1259 (27%) 3131 (68%) 199 (4%) 1% (p = 0.01)

Total NRI (95% CI)

0.07 (0.01-0.13)

Values are n or n (%) unless otherwise indicated. Each interior cell contains the numbers of persons in the
corresponding risk categories under the original PCE and HRQoL in addition to PCE.
ASCVD= Atherosclerotic cardiovascular disease; HRQoL= Health related quality of life; PCE= Pooled Cohort

Equations; NRI= net reclassification improvement.

of Atherosclerosis. [34] In the present study, HRQoL had an event NRI
of 0.03 in the overall sample and 0.06 in the low risk subgroup. As than
50% of the US population aged 40-79 years has low predicted ASCVD
risk, though a relatively large proportion of ASCVD events occur among
this low risk population given the large absolute numbers in this seg-
ment of the population. [3] The average ASCVD rate among those with
low PCS and MCS was 4.7 per 1000 person-years in our low risk study
sample, which was significantly higher than the rates of the other low
risk individuals. Of note, this low PCS and MCS subgroup accounts for a
relatively large proportion of ASCVD cases in the low risk population, in-
dicating the potential importance of assessing HRQoL. Compared to lab
tests, using short, inexpensive and psychometrically-validated HRQoL
instruments may be of interest in future clinical encounters. Since poor
self-perception of health may occur before physiologic illness, HRQoL
can incorporate patients’ perspectives into ASCVD prevention efforts
and could potentially be applied to refine quantitative risk assessment
for primary prevention decisions in the population, in particular in low
risk individuals.

Our study had several limitations. First, we excluded participants
who did not complete the HRQoL questionnaire or who were lost to
follow up prior to their HRQoL administration and collection. Those in-
dividuals were more likely to have an adverse CVD risk factor profile
including higher levels of blood pressure, lipid and glucose compared
to the final study sample, raising the possibility of underestimation of
the association between HRQoL and ASCVD risk. However, excluded in-

dividuals represented a small proportion of the study sample. Second,
residual confounding may be present. We did not have the opportunity
to assess other health-related factors, including healthcare access, de-
pression scores, physical activity, diet or other health behaviors that
could be potential confounders, in this pooled study sample.

We observed that HRQoL had a significant and independent associ-
ation with incident ASCVD events, and that adding HRQoL to the PCE
significantly, though modestly, improved ASCVD risk prediction among
a multi-ethnic population and its large low-risk subgroup. If validated
in other settings, self-reported health-related quality of life may be con-
sidered a potential risk enhancing factor that could be incorporated into
guidelines to refine quantitative risk assessment for primary prevention
decisions.
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