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A B S T R A C T

Objective: To generate data-driven phenogroups of cardiac structure and function based on echocardiographic
measures assessed in asymptomatic middle-aged adults free of CVD, and examine associations between these
newly defined phenogroups and incident premature cardiovascular disease (CVD).
Methods: Data were analyzed from participants in the Coronary Artery Risk Development in Young Adults
(CARDIA) cohort study free of CVD who underwent an echocardiogram at the Year 25 (2010-2011) in-person
examination. Continuous echocardiographic measures of left heart structure, left ventricular systolic function
(including strain) and diastolic function, right ventricular systolic function, and hemodynamic measures were
included in latent class analysis to generate novel phenogroups. Associations between data-driven phenogroups
and risk of premature CVD (coronary artery disease, stroke, or heart failure) were estimated using Cox pro-
portional hazards regression adjusted for traditional CVD risk factors.
Results: Among 3361 participants, mean (standard deviation) age was 50.1 (3.6) years, 57% were female, and
46% were non-Hispanic Black. Three overall phenogroups were identified and labeled as: (1) optimal cardiac
mechanics (36.2%); (2) suboptimal systolic function (38.2%); and (3) suboptimal diastolic function (25.6%).
Over a median 8.9 years of follow-up, 121 premature CVD events occurred. Risk of CVD was higher in the
suboptimal diastolic function group (unadjusted hazard ratio [HR] 4.08 [95% CI: 2.48, 6.71] and adjusted HR
1.95 [1.12, 3.40]) compared with the optimal group. The suboptimal systolic function group had a higher un-
adjusted risk of CVD (1.86 [1.10, 3.15]), which was attenuated after adjustment for CVD risk factors (1.36 [0.79,
2.36]).
Conclusions and relevance: Unbiased, data-driven clustering of echocardiographic measures in middle-aged adults
identified distinct patterns of cardiac remodeling that were associated with risk of premature CVD. Premature
CVD risk was highest with the pattern of suboptimal diastolic function. This suggests potential utility of a
composite echocardiography-based index for prioritizing prevention strategies earlier in the life course.
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Central Illustration

1. Introduction

Alterations in cardiac structure and function are well described with
aging [1], and asymptomatic changes in certain echocardiographic
measures, such as left ventricular size, left atrial size, and global longi-
tudinal strain, are associated with higher risk of incident cardiovascular
disease (CVD) [2–5]. However, a comprehensive echocardiogram may
report more than forty measures that may provide diverse perspectives
on remodeling and risk, but the interpretability and clinical relevance of
an integrated profile of echocardiographic measures is unknown.

Statistical analytic methods, such as model-based latent class anal-
ysis (LCA) [6], can discover underlying patterns in complex data and are
well-suited to identify distinct clusters or novel phenogroups, such as
from a large number of echocardiographic parameters. These methods
have previously been used to integrate clinical and imaging data to
characterize phenogroups among symptomatic patients with HF with
preserved ejection fraction [7], but phenogroups for risk based on sub-
clinical changes in cardiac structure and function and their clinical
implications are less well characterized.

Therefore, we applied LCA to generate distinct phenogroups based
on echocardiographic measures assessed in asymptomatic middle-aged

adults and examined whether the resulting novel phenogroups were
associated with incident premature CVD.

2. Methods

2.1. Data source

We used data from participants in the Coronary Artery Risk Devel-
opment in Young Adults (CARDIA) study, a cohort study of cardiovas-
cular health and disease [8]. In brief, CARDIA enrolled 5,115
self-identified Black and White adults aged 18-30 years from Birming-
ham, AL; Chicago, IL; Minneapolis, MN; and Oakland, CA in 1985-1986.
Participants underwent detailed in-person examinations approximately
every 2-5 years, including an echocardiogram at the Year 25 examina-
tion (2010-2011). The CARDIA study was approved by Institutional
Review Boards (IRBs) at each study site, and all participants gave
written informed consent at each examination. This secondary analysis
of de-identified CARDIA data was covered under the Northwestern
University IRB approval of CARDIA.

2.2. Study population

We included CARDIA participants without CVD who underwent an
echocardiogram at the Year 25 (2010-2011) visit. The final analytic
sample contained 3361 participants (eFig. 1). All baseline data were
collected at Year 25.

2.3. Exposures

Continuous echocardiographic measures (eTable 1 and Fig. 1) were
eligible for inclusion in the analysis and included variables representing
left heart structure, left ventricular systolic function (including strain)

Fig. 1. Latent classes of cardiac structure and function among CARDIA participants.
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and diastolic function, right ventricular systolic function, and hemody-
namic measures [9].

2.4. Outcomes

The primary outcome was incident CVD (fatal or nonfatal coronary
heart disease, stroke, or heart failure) occurring after exam Y25 through
May 2021. Coronary heart disease events comprised acute coronary
syndrome events (as opposed to purely radiographic or subclinical
atherosclerosis). Stroke events included both ischemic and hemorrhagic
strokes. Heart failure events comprised acute decompensated heart
failure events regardless of left ventricular ejection fraction. Events were
ascertained through annual telephone interviews with participants and
National Death Index queries for vital status and adjudicated by the
CARDIA endpoints committee using medical record review [10]. Since
all events occurred at <65 years, we considered them premature. Prior
studies have observed associations with echocardiographic measures
across all CVD subtypes, supporting use of a composite CVD outcome
[3–5]. Secondary outcomes included subtypes of CVD.

2.5. Covariates

Covariates used for adjustment comprised demographics (age, sex),
social determinants of health (self-reported race, education), and clin-
ical characteristics (body mass index, smoking, systolic blood pressure,
hypertension medication, fasting glucose, diabetes medication, total
cholesterol, high-density lipoprotein cholesterol, and cholesterol medi-
cation) [8]. Covariates were selected for clinical relevance based on
known associations with CVD and included all variables used in the
Pooled Cohort Equations [11] in addition to cholesterol treatment.

2.6. Statistical analysis

Echocardiographic measures (eTable 1 and Fig. 1) were indexed to
participant height if appropriate, as in previous CARDIA analyses [1,
12], and standardized to mean 0 and standard deviation 1. Right ven-
tricular systolic pressure was excluded given the high degree of miss-
ingness (62%); for the remaining measures, missingness ranged from 1%
to 12%. Missing data were imputed with the vector-based SVDImpute
algorithm in R, and measures were filtered to remove variables with
collinearity (defined as pairwise correlations >0.6), consistent with a
prior study [7]. Of 40 original echocardiogram measures, 31 were
included in the analysis.

We then applied LCA to the 31 standardized, continuous measures to
identify distinct phenogroups of cardiac structure and function. The
final number of groups was selected based on successful model
convergence and minimization of the Bayesian Information Criterion
(BIC) (eTable 2), resulting in three groups for the final model. We
conducted sensitivity analyses leaving out a single measure from each
echocardiographic domain to assure high concordance of class alloca-
tion (eTable 3). We summarized baseline characteristics of CARDIA
participants in each phenogroup. We then examined the association
between phenogroups and risk of incident CVD with Cox propotional
hazards regression adjusted for demographic and traditional CVD risk
factors. For reference, associations between known meaningful echo-
cardiographic measures (longitudinal peak strain and septal E/e’ ratio)
and incident CVD were also computed. Analyses were conducted using
Stata Version 15.1 (College Station, TX) and R Version 4.0. A two-sided
p-value <0.05 was considered statistically significant.

3. Results

3.1. Cardiac structure and function phenogroups

The three data-driven phenogroups of cardiac structure and function
were designated as “optimal cardiac mechanics,” “suboptimal systolic

function”, and “suboptimal diastolic function,” and echocardiographic
measures stratified by phenogroup were plotted as tertiles of the overall
analytic sample (Fig. 1). The “suboptimal systolic function” group had
generally lower measures of both left and right ventricular systolic and
diastolic function. The “suboptimal diastolic function” group had lower
measures of left ventricular diastolic function, as well as the highest left
heart volume and mass. Measures of left ventricular systolic function
were similar in the “suboptimal diastolic function” and “optimal cardiac
mechanics” groups.

3.2. Baseline characteristics by phenogroup

Of 3,361 participants, mean age was 50.1 (3.6) years in the overall
sample and similar when stratified by phenogroup (Table 1). The
“optimal cardiac mechanics” group had the highest proportion of
women (66.8%) and the lowest proportion of self-reported Black race
(37.4%). The “suboptimal diastolic function” group had the highest
proportion of participants with unfavorable cardiovascular health met-
rics, including higher body mass index, and greater prevalence of
smoking and medication for hypertension, diabetes, and cholesterol.

3.3. Association between phenogroups and premature CVD

Over a median 8.9 years of follow-up, 121 premature CVD events
occurred, including 21 (1.7%) in the “optimal cardiac mechanics”
group, 41 (3.2%) in the “suboptimal systolic function” group, and 59
(6.9%) in the “suboptimal diastolic function” group. Compared with the
“optimal cardiac mechanics” group, the unadjusted hazard ratios (95%
CI) for incident CVD were 1.86 (1.10, 3.15) in the “suboptimal systolic
function” group and 4.08 (2.48, 6.71) in the “suboptimal diastolic
function” group. These associations were partially attenuated after
adjustment for demographic and traditional CVD risk factors (Table 2).
When CVD subtypes were considered as individual outcomes, associa-
tions were stronger for stroke and heart failure than coronary heart
disease, although confidence intervals were wide (eTable 4). Of selected
individual measures of systolic (longitudinal peak strain) and diastolic
(septal E/e’ ratio) function, only the highest tertile of septal E/e’ ratio
was associated with incident CVD after adjustment (eTable 5).

4. Discussion

In a cohort of middle-aged Black and White adults without CVD, LCA
of echocardiographic data revealed three distinct phenogroups of

Table 1
Baseline characteristics of CARDIA participants by phenogroup.

Characteristic Optimal Cardiac
Mechanics
(N=1,217)

Suboptimal
Systolic Function
(N=1,284)

Suboptimal
Diastolic
Function
(N=860)

Age, mean (SD) 49.8 (3.6) 50.3 (3.7) 50.3 (3.6)
Female, N (%) 813 (66.8%) 748 (58.3%) 356 (41.4%)
Black, N (%) 455 (37.4%) 609 (47.4%) 489 (56.9%)
Any College, N (%) 1005 (82.8%) 984 (76.9%) 626 (73.2%)
Current Smoking, N

(%)
168 (14.0%) 208 (16.5%) 171 (20.2%)

Antihypertensive, N
(%)

201 (16.6%) 318 (24.9%) 335 (39.2%)

Fasting glucose (mg/
dL), mean (SD)

94.8 (22.7) 99.4 (27.8) 104.4 (30.6)

Diabetes medication,
N (%)

36 (3.0%) 95 (7.4%) 96 (11.2%)

Cholesterol
medication, N (%)

118 (9.8%) 194 (15.2%) 166 (19.4%)

BMI, mean (SD) 28.1 (6.4) 29.3 (6.5) 34.2 (7.6)
Systolic BP, mean

(SD)
114.3 (13.1) 118.0 (14.8) 125.3 (16.8)

BMI: body mass index; BP: blood pressure
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cardiac structure and function: “optimal cardiac mechanics” (the refer-
ence group), “suboptimal systolic sunction” (with lower average mea-
sures of both systolic and diastolic function), and “suboptimal diastolic
function” (with larger hearts and lower average measures of diastolic
function). The suboptimal diastolic function group was in turn associ-
ated with development of premature CVD, particularly heart failure and
stroke events, after adjustment for traditional CVD risk factors.

Whereas prior literature has linked individual echocardiographic
indices (e.g., left atrial size) or physiologic patterns (e.g., left ventricular
remodeling) to CVD [3,13], our analysis extends prior findings by
integrating echocardiographic measures across multiple domains to
generate unbiased, data-driven clusters of cardiac structure and func-
tion. The phenogroups demonstrated clinical utility through association
with incident premature CVD, which included both atherosclerotic CVD
and heart failure events, likely through endothelial dysfunction,
increased vascular tone, and inflammatory pathways [14]. This suggests
potential contributions of many echocardiographic indices for prog-
nostic relevance that are not currently in widespread clinical use.
Although a priori knowledge was not used to specify phenogroups in this
study, further studies may identify meaningful subgroupings of the
broad phenogroups in this study, such as through stratifying by left
ventricular ejection fraction.

The features of the “suboptimal diastolic function” group identified
by our analysis are consistent with that observed in echocardiograms
from patients with heart failure with preserved ejection fraction
(HFpEF). Both are associated with a high burden of cardiometabolic
dysfunction, including prevalent obesity, hypertension, diabetes, and
dyslipidemia [15]. In addition, both are characterized by abnormalities
in diastolic function with preserved systolic function compared with a
reference group of individuals with optimal cardiac mechanics [16].
Patients with HFpEF have also been demonstrated to have an elevated
risk of atherosclerotic CVD and stroke, in addition to risk for hospitali-
zation due to decompensated HF [17]. In contrast with prior literature
on HFpEF, we focused on individuals free of CVD at the time the echo-
cardiogram was performed to develop subclinical clusters in midlife that
may represent a precursor to overt, symptomatic CVD later in life.

The association of suboptimal diastolic function with incident CVD
was stronger that than of suboptimal systolic function in this study even
though subclinical systolic dysfunction has been known to have a strong
association with incident CVD in other studies [18]. This may in part
reflect that the “suboptimal systolic function” group includes individuals
who would not be considered to have overt systolic dysfunction as
defined in other studies, and that the “suboptimal diastolic function”
group had a greater degree of left ventricular remodeling which is
known to be strongly associated with CVD [2,5]. These results, if vali-
dated, may help inform patterns of subclinical echocardiographic
changes that represent elevated risk for incident CVD and may be
amenable to increased intensity of primary prevention measures.

This study has several limitations. First, given few CVD events
occurred, there was limited statistical power to detect differences. Sec-
ond, results may not be generalizable to other racial and ethnic groups
given CARDIA enrolled only Black and White adults. Third, the associ-
ations identified in this study do not imply causality between the
echocardiographic phenogroups and subsequent CVD. Fourth, although
normal ranges of echocardiographic parameters are not currently
indexed to sex, lack of stratification by sex may have obscured potential
reclassification by sex differences that have been identified in prior
studies [19]. Fifth, LCA assigns classes by the probability of being in a
class based on a participant’s phenotypic profile and does not guarantee
the external validity of the class; further studies in other cohorts are
needed to strengthen the validity of the phenogroups identified in this
study.

In conclusion, unbiased, data-driven clustering of echocardiographic
measures in middle-aged adults identified distinct patterns of cardiac
remodeling that were associated with risk of premature CVD. Premature
CVD risk was highest with the pattern of suboptimal diastolic function.
This suggests potential utility of a composite echocardiography-based
index for prioritizing prevention strategies earlier in the life course.

For each of three phenogroups identified, measures listed on the
horizontal axis were grouped into tertiles based on each participant’s
value relative to the overall sample. Shaded bars represent the propor-
tion of individuals in the designated phenogroup with echocardio-
graphic values within each tertile.
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Table 2
Association between phenogroup and incident premature cardiovascular
disease.

Class CVD Events,
N (%)

Unadjusted HR
(95% CI)

Adjusted HR1

(95% CI)

Optimal Cardiac
Mechanics (N=1,217,
36.2%)

21 (1.7) [Reference] [Reference]

Suboptimal Systolic
Function (N=1,284,
38.2%)

41 (3.2) 1.86 (1.10, 3.15) 1.36 (0.79,
2.36)

Suboptimal Diastolic
Function (N=860,
25.6%)

59 (6.9) 4.08 (2.48, 6.71) 1.95 (1.12,
3.40)

1 Adjusted for age, sex, race, education, BMI, smoking, systolic BP, antihy-
pertensive medication, fasting glucose, diabetes medication, total cholesterol,
HDL cholesterol, and cholesterol medication

CVD: cardiovascular disease; HR: hazard ratio
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