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Abstract

Background: Coronary artery calcium (CAC) and left ventricular diastolic dysfunction (LVDD) 

are strong predictors of cardiovascular events and share common risk factors. However, their 

independent association remains unclear.

Methods: In the Project Baseline Health Study (PBHS), 2082 participants underwent cardiac-

gated, non-contrast chest computed tomography (CT) and echocardiography. The association 

between left ventricular (LV) diastolic function and CAC was assessed using multidimensional 

network and multivariable-adjusted regression analyses. Multivariable analysis was conducted 

on continuous LV diastolic parameters and categorical classification of LVDD and adjusted for 

traditional cardiometabolic risk factors. LVDD was defined using reference limits from a low-risk 

reference group without established cardiovascular disease, cardiovascular risk factors or evidence 

of CAC, (n = 560). We also classified LVDD using the American Society of Echocardiography 

recommendations.

Results: The mean age of the participants was 51 17 years with 56.6% female and 62.6% 

non-Hispanic White. Overall, 38.1% had hypertension; 13.7% had diabetes; and 39.9% had CAC 

>0. An intertwined network was observed between diastolic parameters, CAC score, age, LV mass 

index, and pulse pressure. In the multivariable-adjusted analysis, e’, E/e’, and LV mass index were 

independently associated with CAC after adjustment for traditional risk factors. For both e’ and 

E/e’, the effect size and statistical significance were higher across increasing CAC tertiles. Other 

independent correlates of e’ and E/e’ included age, female sex, Black race, height, weight, pulse 

pressure, hemoglobin A1C, and HDL cholesterol. The independent association with CAC was 

confirmed using categorical analysis of LVDD, which occurred in 554 participants (26.6%) using 

population-derived thresholds.

Conclusion: In the PBHS study, the subclinical coronary atherosclerotic disease burden detected 

using CAC scoring was independently associated with diastolic function.

Keywords

Coronary artery calcium; Left ventricular diastolic dysfunction; Heart failure; Coronary artery 
disease; Cardiovascular disease; Blood pressure; Hypertension

1. Introduction

Left ventricular diastolic dysfunction (LVDD) is common with an estimated prevalence of 

25–30%.1–3 Its presence identifies individuals at greater risk of major cardiovascular (CV) 

events, including CV mortality, heart failure, atrial fibrillation, and atherosclerotic events.1–

5 Impairment in active myocardial relaxation or a decrease in chamber distensibility can 

both contribute to LVDD.6,7 These features may be captured by several echocardiographic 

parameters, including early and late diastolic peak velocities of mitral inflow (E/A ratio), 

early diastolic mitral annular velocities (e’), the mitral inflow to annular velocity ratio (E/e’), 

left atrial volume index (LAVI), and surrogates of pulmonary hypertension, such as maximal 
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tricuspid regurgitation velocities (TRVmax).3,8 Among diastolic parameters, e’ reflects the 

velocity of early myocardial relaxation while E/e’ is considered a surrogate for ventricular 

filling pressures.8

Coronary artery disease (CAD) represents one of the major causes of LVDD along 

with systemic hypertension and diabetes mellitus.9 In recent years, there has been great 

interest to better understand the relationship between LVDD and subclinical CAD. In the 

Coronary Artery Risk Development in Young Adults (CARDIA) study, Yared et al. found 

independent associations between diastolic function and coronary artery calcium (CAC) 

score.10,11 In contrast, in the Framingham Heart study by Castro-Diehl et al., the association 

between LVDD and CAC did not persist after multivariable adjustment.12 One challenge, 

however, in studying the association between LVDD and CAC is that they share several 

common risk factors. In recent years, different tools have been developed to better visualize 

multidimensional associations between these risk factors and subclinical phenotypes; among 

them, network graphs have emerged as particularly useful in clinical and translational 

medicine.13–15

In this Project Baseline Health Study (PBHS) analysis, we sought to determine the 

association between LV diastolic function and CAC using both network graphs and 

multivariable regression analysis. Our first objective was to understand the multidimensional 

relationship between LV diastolic function, CAC, and traditional cardiometabolic risk 

factors using network graphs. We then analyzed the relationship between LV diastolic 

function and CAC using multivariable regression analysis. This analysis was applied to both 

continuous parameters of LV diastolic function (E/A, e’, E/e’, LAVI, and LV mass index 

[LVMI]) and categorical classification of LVDD.

2. Methods

2.1. The Project Baseline Health Study

The PBHS design and data collection have been previously described.16 The PBHS study 

has completed intensive measurement of 2502 individuals who were enrolled through a 

virtual online registry and selected to produce a diverse cohort. The sampling method 

was designed to over-represent people at risk of heart disease or cancer. The study was 

conducted at Stanford University (Stanford, California), Duke University (Durham, North 

Carolina), and the California Health and Longevity Institute (Westlake Village, California) 

with enrolling sites in Durham, North Carolina; Kannapolis, North Carolina; Los Angeles, 

California; and Palo Alto, California. The substudies have a governance approach, and 

the academic researchers have scientific independence for data analysis. The study was 

approved by the Institutional Review Boards at Stanford University and Duke University, 

and participants gave written informed consent for participating.

Of the 2502 participants enrolled, 2082 underwent both non-contrast computed tomography 

(CT) for CAC score and resting echocardiography and represent the sample population for 

this substudy (Fig. 1A). We defined a low-risk reference group to derive limits of reference 

for diastolic parameters (Fig. 1B). Individuals included in the low-risk reference group were 

(1) free of cardiovascular, pulmonary, or kidney disease; (2) free from major risk factors 
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for atherosclerotic cardiovascular disease (ASCVD); (3) free from enhanced cardiometabolic 

risk factors; and (4) had no evidence of subclinical CAD defined by a CAC score >0. 

More specifically, we excluded individuals with established disease based on the following 

criteria: cardiovascular disease defined as a previous history of myocardial infarction, stroke, 

heart failure, percutaneous coronary intervention, coronary artery bypass surgery, or atrial 

fibrillation; asymptomatic reduction in LV ejection fraction (LVEF) < 50%; valvular heart 

disease (more than moderate valvular regurgitation or any valvular stenosis); pericardial 

disease; hypertrophic cardiomyopathy; a history of pulmonary hypertension or a right 

ventricular systolic pressure >35 mmHg; a history of aortic dissection; chronic pulmonary 

disease; or chronic kidney disease with an estimated glomerular filtration rate (eGFR) < 

60 mL/min/1.73 m2. For major risk factors, we excluded participants with a diagnosis 

of systemic hypertension (>140/90 mmHg or anti-hypertensive medication use),2,4,17 a 

history of diabetes mellitus (type 1 or 2 or HbA1C >6.5%), dyslipidemia defined by a 

total cholesterol level >240 mg/dL or a low-density lipoprotein (LDL) level >160 mg/dL, 

and current smoker status. In addition, we excluded participants who had a combination 

of enhanced metabolic factors: waist ≥102 cm (men) and ≥88 cm (women),18 triglycerides 

≥200 mg/dL or high-density lipoprotein (HDL) < 40 mg/dL (men) and <50 mg/dL (women), 

and prediabetes (HbA1C ≥ 5.7%). Additionally, 10 individuals were excluded after outlier 

analysis because of a cancer history or the presence of inflammatory disease.

2.2. Cardiovascular Imaging protocols

Echocardiography was acquired at each site with real-time quality control provided by 

the Duke Imaging Core Laboratory. Stanford University and Duke University used either 

Philips EPIQ 7 or iE33 while the California Health & Longevity Institute used General 

Electric Vivid 7. Images were analyzed for chamber quantification and evaluation of 

diastolic dysfunction according to the American Society of Echocardiography (ASE) 

recommendations and core laboratory best practices.8,19,20 The Imaging Core Laboratory 

personnel performed all measurements and analyses using the Digisonics software platform 

without knowledge of clinical, laboratory, or other imaging or physiological data. Recorded 

echocardiographic parameters included LV linear dimensions, wall thickness, biplane end-

diastolic and end-systolic volumes, LV mass, relative wall thickness (RWT), E/A ratio, 

average of septal and lateral e’ velocity, E/e’ ratio, left atrial maximal volumes, TRVmax, 

estimated right ventricular systolic pressure (RVSP), and aortic root diameters. LV volume 

was measured using the biplane Simpson method with boundaries traced at the compacted 

and non-compacted myocardial interface. Left atrial volume (LAV) was measured using the 

biplane Simpson method. Ventricular and atrial volumes were indexed to body surface area 

using the Dubois formula.

Coronary calcium was assessed by non-contrast CT of the chest using 64-detector (or 

greater) CT systems with cardiac gating according to a standardized protocol and read as 

part of usual clinical care at each institution. The scanners included Siemens (Somatom 

Definition Edge or Definition Flash) or General Electric (GE Discovery 750HD, GE Light-

speed 16, GE VCT). The CAC score was determined using the Agatston method, which 

registers each calcium lesion scaled by an attenuation factor and summed over all lesions.21
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The Core Laboratory reproducibility assessments were performed annually throughout the 

study and yielded intraclass correlation coefficients (ICCs) of 0.94 for LV end-diastolic 

volume, 0.96 for LV end-systolic volume, 0.96 for LVEF, 0.99 for LV mass, 0.94 for LA 

volume, and 0.92 for right ventricular fractional area change. The ICC was 0.95 for CAC 

score.

2.3. Grading system for LV diastolic dysfunction

In keeping with previous population-based studies, we graded diastolic dysfunction using 

thresholds derived from a low-risk reference group.1–3 We also graded diastolic dysfunction 

according to ASE recommendations for the evaluation of left ventricular diastolic function 

by echocardiography.8

For the population-based thresholds, LVDD was defined using age-adjusted E/A or e’, E/e’ 

ratio (single threshold), and supporting criteria for diastolic dysfunction.1,3 The 2.5th and 

97.5th percentiles were used to define the reference limits. Grade 1 LVDD was defined 

as the presence of low age-specific E/A or e’ and a normal average E/e’ ratio. Grade 2 

LVDD was defined as the presence of a high average E/e’ ratio and at least one supporting 

criteria for diastolic dysfunction. Isolated E/e’ was not considered significant for diastolic 

dysfunction. Supporting criteria for grade 2 LVDD include low e’ or E/e’, evidence of 

concentric remodeling, left ventricular hypertrophy (LVH), left atrial enlargement (LAE), 

or elevated RVSP. LAE was defined using the 97.5th percentile from the low-risk reference 

group with LA volume indexed to body surface area or stroke volume. RVSP >30 mmHg 

or TRVmax >2.5 m/s were used as criteria to define pulmonary hypertension to align with 

recent guidelines.22,23 LVDD was also graded according to ASE recommendations.8 In the 

absence of LVH, low LVEF (<50%) or a prior history of cardiac disease, LVDD was graded 

according to e’ velocity (septal e’ <7 cm/s, lateral e’ <10 cm/s), average E/e’ >14, maximal 

TR velocity >2.8 cm/s, or LAVI >34 mL/m2. LVDD was present if >50% of criteria were 

present (assigned grade 2), indeterminate if 50% of criteria were present, and no diastolic 

dysfunction if <50% of criteria were present. In the presence of structural heart disease or 

LVEF <50%, grades of diastolic dysfunction were classified according to E/A ratio, E/e’, 

maximal TR velocity, and LAVI.8

2.4. 10-Year atherosclerotic cardiovascular disease (ASCVD) risk

The 10-year ASCVD risk was calculated based on established equations endorsed by 

American cardiology societies.18

2.5. Statistical methods

Data were accessed and analyzed through the online Verily Terra platform (https://

terra.bio/). We applied the Python 3 environment incorporated in the platform. We first 

created a multidimensional analysis of LV diastolic function parameters and CAC using 

network graphs. We then used multivariable regression analysis for the association of 

continuous diastolic parameters with CAC followed by categorical analysis of LVDD. We 

used the low-risk reference group to derive limits of reference for diastolic parameters. 

To account for the skewed distribution, CAC was categorized into 4 groups, ie, CAC = 0 
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or tertiles when CAC >0. For the analysis, we also categorized CAC groups according to 

previously published categories of CAC score (0, 1–100, 101–300, and ≥300).24

The continuous parameters are presented as the mean ± standard deviation or the median and 

interquartile range as appropriate according to their distribution. Categories are presented as 

the number and percentage. For the multidimensional analysis, we constructed a network 

from the clinical characteristics, echocardiographic indexes, and CAC score with edges 

weighted by the maximal information coefficient (MIC). MIC is a measure of association 

strength that ranges between 0 (statistical independence) and 1 (noise-free relationship).15 

MIC was preferred over other association measures given its better generality (eg, ability 

to capture linear, non-linear, or periodic relationships) and its better equitability (ie, the 

MIC statistic should give similar scores to equally noisy relationships of different types).15 

MIC was calculated for all node pairs using the compute score function from the minepy 

1.2.5 library.25 MIC-based networks were visualized with the Fruchterman Reingold layout 

using Gephi 0.9.2 software. The Fruchterman Reingold layout uses an analogy of physical 

springs as edges that attract connected vertices toward each other and a competing repulsive 

force that pushes all vertices away from one another; this usually results in graphs with 

edges of more or less equal length with as few crossing edges as possible.14 For the 

continuous multivariable regression analysis, we used a stepwise approach first to analyze 

the associations between LV diastolic function indexes and traditional risk factors followed 

by a multivariable adjusted analysis with CAC. Variables considered in the stepwise linear 

model included age, age,2 sex, race, smoking status, height, weight, pulse pressure, heart 

rate, diabetes, chronic kidney disease, chronic obstructive pulmonary disease (COPD), a 

history of cardiovascular disease, type of antihypertensive medication, lipid-lowering drugs, 

total cholesterol, HDL cholesterol, LDL cholesterol, HbA1c, and triglycerides. The limit 

for inclusion in the stepwise models was a P value of 0.05. We considered both age and 

age2 because diastolic parameters do not relate linearly with age, with a steeper change 

at increasing age. For the categorical LVDD analysis, we first defined limits of reference 

for diastolic parameters in our healthy reference group followed by a similar multivariable 

analysis for the continuous parameters. In the low-risk reference group, we determined 

age-specific percentiles of the LV diastolic indexes from their bootstrap distribution obtained 

from 1000 random samples.26 Based on these percentiles, we defined limits of reference for 

low E/A, e’ (2.5th percentile), and high E/e’ (97.5th percentile), and subsequently graded LV 

diastolic function (normal, isolated high E/e’, grade 1 dysfunction, grade 2 dysfunction) as 

previously detailed. We also analyzed the correlates of LVDD as defined by ASE criteria. 

We also compared the prevalence of LVDD according to 10-year ASCVD risk and CAC 

subgroups. Finally, we conducted a sensitivity analysis based on median age to analyze the 

potential confounding factor of age.

3. Results

3.1. Study population

The mean age of the 2082 PBHS participants was 50.6 ± 17.0 years with 56.6% female, 

62.6% non-Hispanic White, 17.0% Black or African American, and 10.3% Asian (Table 1). 

At the time of the examination, 14.1% of the participants were active smokers; 38.4% had 
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hypertension with 21.2% on antihypertensive treatment; 13.7% had diabetes mellitus; and 

2.9% had known coronary artery disease. The distribution of CAC scores in the population 

was skewed (Figure S1) with 1251 (60.1%) individuals having a CAC score of 0, 472 

(22.7%) having a CAC score between 0 and 100, 199 (9.6%) having a CAC score between 

100 and 300, and 160 (7.8%) having a CAC score above or equal to 300.

The low-risk reference group included 560 (27%) participants. Compared with the entire 

cohort, the low-risk reference sample was younger (39.2 ± 13.5 vs. 50.6 ± 17.0 years, P < 

0.001), had a slightly higher percentage of women (61.4% vs. 56.6%, P = 0.04), and was 

free of cardiovascular disease and major risk factors by definition and had a CAC score = 

0 (Table 1). The low-risk reference group had multiethnic and multiracial representation, 

although the proportion of Black participants was lower, whereas the proportion of Asian 

participants was higher (P = 0.03).

3.2. Multidimensional network between diastolic parameters, CAC, and clinical variables

To better visualize the relationship between diastolic parameters, CAC, and traditional risk 

factors, we constructed a network graph weighted by the MIC where relationships with MIC 

>0.10 are shown (Fig. 2). In addition, CAC score and its neighboring nodes (MIC >0.15) are 

marked in red. A network graph allows for visualization of pairwise associations between 

variables. The different features or nodes are positioned near neighbors that share similar 

connections. In addition, we weighted connections by the strength of their associations 

(MIC). Compared with a correlation matrix, network graphs allow for easier visualization 

of complex relationships where one can focus on subnetworks of interest. The MIC roughly 

equals the coefficient of determination (R2) relative to each respective noiseless function; for 

linear relationships, MIC >0.1 would correspond approximately to a correlation >0.32, and 

MIC >0.15 would correspond approximately to a correlation >0.40.

A first observation from the network is that CAC, e’, E/e’, E/A, and age are closely 

related to each other and have stronger weighted relationships. This highlights the 

relationship between CAC and diastolic parameters, especially with e’ velocity. Second, 

the topology of the network is also informative. In fact, traditional risk factors, such as 

systemic hypertension, pulse pressure, diabetes mellitus, HbA1C, dyslipidemia (treated), 

and triglycerides, were connected to both CAC and diastolic parameters. This finding 

suggests that in order to identify independent relationships between CAC and diastolic 

parameters, a wide range of CAC scores needs to be present. Third, the central position 

of e’ velocity also hints to potential stronger independent relationships with traditional risk 

factors, as well as demographic and anthropomorphic measures.

3.3. Multivariable regression analysis of LV diastolic function

We first analyzed the multivariable-adjusted association between diastolic parameters and 

traditional risk factors (Table 2). The coefficient of determination was strongest for e’ 

velocity (67%) followed by E/e’ (44%), E/A (41%), and LAVI (18%). Both e’ and E/e’ 

parameters shared several significant covariables, including age, Black and Asian race 

(negative effect size for e’ and positive for E/e’), body height and weight, pulse pressure, 

HbA1C, and lipid parameters. Female sex was primarily associated with E/e’ velocity while 
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heart rate and eGFR were independently associated with LAVI. We then analyzed the 

multivariable-adjusted association with CAC groups (CAC =0 and tertiles) (Table 3). Among 

the four diastolic parameters, e’ velocity and E/e’ ratio were independently associated with 

CAC groups with an effect size that was higher with increasing CAC tertiles. In contrast, no 

significant relationship was found with E/A ratio or LAVI. When categorized according to 

CAC score thresholds (0, <100, 100–300, and ≥300), an independent association was also 

noted with e’ and E/e’ in the groups with a CAC score between 1 and 100 and ≥ 300 (Table 

S1). Among other echocardiographic variables, independent associations were also observed 

between CAC and LVMI, RWT, and aortic root size, but only the association with LVMI 

would withstand significance after accounting for multiple comparisons (Table S2).

3.4. Multivariable analysis of LVDD with traditional risk factors and CAC

3.4.1. Analysis of LVDD using PBHS population-based thresholds—Prior to 

the analysis of LVDD and CAC score, we defined thresholds based on diastolic parameters 

in the low-risk subgroup. LV diastolic parameters, including E/A, e’, and E/e’, changed 

non-linearly with age. Age-specific percentiles for LV diastolic parameters are presented in 

Fig. 3 and S2. To establish limits of reference, we used the 2.5th percentile for E/A ratio and 

e’ and the 97.5th percentile for E/e’.26,27 The threshold for E/e’ in the entire group was 9.95 

(includes 10 in its confidence interval [CI]). The threshold for LAVI in the entire population 

was 41.7 mL/m2 (approximated to 42 mL/m2) while the threshold for LA volume scaled to 

stroke volume was 1.0.

LVDD (PBHS criteria) was observed in 554 individuals (26.6%) with 233 (11.2%) having 

grade 1 LVDD and 321 (15.4%) having grade 2 LVDD. Isolated E/e’ was observed in 

78 participants (3.7%) (Table S3). Participants with LVDD were significantly older, had a 

higher body mass index, higher systolic and diastolic blood pressure, a higher prevalence 

of hypertension and diabetes mellitus, higher HbA1C, lower HDL cholesterol, higher 

triglycerides, lower eGFR, and a higher CAC score (Table S4).

The multivariable analysis with traditional risk scores is summarized in Fig. 4. Grade 2 

LVDD was independently associated with older age, female sex, Black race, lower height, 

higher body weight, higher pulse pressure, higher HbA1C, lower HDL-C, and prevalent 

CAD (P < 0.05 for all). Unadjusted, age- and sex-adjusted, and fully adjusted models 

between LVDD and CAC tertiles are presented in Table S5. In the fully adjusted model, the 

odds for LVDD were significantly higher in the low and high CAC tertiles (P ≤ 0.006) but 

not in the intermediate CAC tertile (P ≥ 0.25) compared with individuals who had CAC = 0. 

While the intermediate CAC tertile group had a higher prevalence of LVDD, the older age 

and higher risk factor profile likely captured the increased risk (Table 4). Similar findings 

were observed when LVDD was categorized according to CAC score (0, 1–100, 101–300, 

and ≥300) as shown in Table S6.

3.4.2. Analysis of LVDD based on ASE classification of diastolic dysfunction
—LVDD according to ASE criteria was present in 252 individuals (12.1%) with a majority 

of patients having grade I LVDD (76.6%) while indeterminate LVDD was present in 147 

individuals (7.1%). As expected, LVDD was more common using PBHS criteria, which uses 
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age-specific E/A and e’ (Table S7). Diastolic dysfunction according to both ASE and PBHS 

criteria was observed in participants with isolated LVH and young individuals with LVH and 

high E/A ratios.

A strong association was observed between CAC score (classified according to tertile or 

literature-based CAC thresholds) and LVDD according to ASE criteria when all grades 

of dysfunction were considered (Tables S8 and S9). In the unadjusted and age- and sex-

adjusted models, the odds ratio increased with a higher CAC score.

3.5. Age-stratified analysis

To further account for the potential confounding effect of age, we performed an age-

stratified analysis according to the median age of the cohort (50 years). An association 

between e’, E/e’, and LVDD (PBHS criteria) with CAC tertile was only observed in 

individuals >50 years of age (Tables S10 and S11). We used CAC tertiles to account for 

the skewed distribution of CAC scores and in view of the low prevalence of a CAC score 

>100 in younger individuals.

3.6. Association between ASCVD risk, CAC, and LVDD

The 10-year ASCVD median risk using the pooled cohort equations was 2.69% [95% 

CI: 0.66–9.36]. As shown in Fig. 5, the prevalence of grade 2 LVDD was higher across 

increasing CAC score and increasing 10-year ASCVD risk (P < 0.001 for the frequency 

trends in the groups with LVDD grade 2 and increasing CAC score and/or ASCVD risk). 

In individuals with CAC >0 and a 10-year ASCVD risk above the median, the prevalence 

of grade 1 and 2 LVDD was similar to that in individuals with a previous history of 

cardiovascular disease.

4. Discussion

Leveraging a diverse cohort with coronary CT and echocardiographic imaging, we found 

that LV diastolic function was associated with CAC independently of age, female sex, race, 

and traditional cardiometabolic risk factors. Furthermore, in the PBHS study, individuals 

with evidence of CAC and higher ASCVD risk score had a prevalence of LV diastolic 

dysfunction comparable to that in individuals with established cardiovascular disease.

4.1. LV diastolic dysfunction and CAC

Previous studies have found an association between diastolic function and CAC. In the 

CARDIA study, Gardin et al. showed that CAC was independently associated with LA 

dimension, LV mass and geometry (n = 2724).11 In a more recent analysis, Yared et 

al. confirmed independent associations between CAC and E/e’, LAVI, LVMI, and LV 

longitudinal strain at 25-year follow-up.10,11 In addition, they found that change in CAC 

from year 15–25 was associated with higher LV mass and volumes and worse LV diastolic 

function.10 In contrast, in the Framingham Offspring Heart Study, Castro-Diehl et al. did 

not observe an independent relationship between CAC and LV diastolic function although 

an independent association was found with LVMI and aortic root diameter.12 Our findings 

are consistent with the observations of the CARDIA study, with a stronger effect size noted 
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for e’ velocity, E/e’ ratio, and LVMI. Since CAC and LVDD share several risk factors, 

finding an independent association will depend on the uncoupling of CAC and ASCVD risk, 

ie, finding individuals with lower ASCVD risk but elevated CAC score or individuals with 

higher ASCVD risk but “disproportionally” higher CAC score.8 It is therefore not surprising 

that an independent association between LV diastolic function and CAC is not observed 

in all community-based studies.8 Several factors may explain the association between LV 

diastolic function and CAC. First, as Wang et al. showed in the Multi-Ethnic Study of 

Atherosclerosis (MESA), coronary vasodilatory response was inversely associated with the 

presence and severity of CAC in asymptomatic adults.28 This impairment in coronary flow 

reserve could in turn potentially slow ventricular relaxation, impair ventricular distensibility 

and thus trigger diastolic dysfunction.29 CAC may also be indirectly associated with LVDD 

as an indirect marker of increased central arterial stiffness, which may in turn contribute 

to LVDD.30,31 Increased arterial stiffness may also contribute to aortic root enlargement, 

which was observed in both our study and the Framingham Heart Study.12 Finally, shared 

pathophysiological pathways, eg, inflammatory, growth factor, or oxidative stress may 

modulate both LVDD and subclinical coronary artery disease.32,33

The presence of CAC in individuals with LVDD represents a substrate for future 

cardiovascular events. In both FLEMENGHO and the Framingham Heart Study, incident 

CV events in individuals with LVDD were driven by atherosclerotic events, such as 

symptomatic coronary disease, acute coronary syndrome, stroke, and peripheral arterial 

disease.1,2

4.2. LV diastolic dysfunction and traditional risk factors

In our study, LVDD was common, occurring in close to 27% of participants when 

using population-based age-specific criteria for E/A and e’. Notwithstanding the different 

definitions of LVDD in epidemiological studies and different baseline characteristics, a 

similar prevalence was reported in the FLEMENGHO study (25% when using age-specific 

thresholds for E/A but a lower E/e’ threshold) and the Framingham Heart Study (25%–32% 

across age ranges when using age- and sex-adjusted thresholds).1, 2Consistent with other 

community-based studies, we found a strong association between LVDD and traditional 

risk factors, including age, female sex, blood pressure, height (inverse), weight, HbA1C, 

and HDL cholesterol (inverse).1–4 In addition, our multiracial/ethnic study design allowed 

us to identify Black race as a correlate of LV diastolic function in both the continuous 

and categorical analyses (grade 2 LVDD). Based on the CARDIA study, Rasmussen-Torvik 

also found that Black/African American race was associated with a higher prevalence of 

LVDD.34 This is also consistent with the recent multi-cohort study of Lewis et al. who found 

that Black race was more often associated with malignant LVH.35

4.3. Defining LVDD in community-based studies

While not the main objective of our analysis, the criteria identified for LVDD were 

consistent with several epidemiological-based studies. Similar to studies by Kuznetsova 

et al. and Nayor et al. we used an age-adjusted threshold for E/A and e’ velocities as 

it provides a greater sensitivity for detecting LVDD in younger age groups and a greater 

specificity in older age groups.1,4 A single threshold of 10 for E/e’ is supported by many 
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epidemiologic studies and hemodynamic stress studies.1,4,17,33,36 In the study by Reddy 

et al. an E/e’ >9 was included in the H2FPEF score and helped discriminate heart failure 

with preserved ejection fraction from noncardiac causes of dyspnea.36 Adding supportive 

criteria as advocated by the American Society of Echocardiography/European Association 

of Cardiovascular Imaging (ASE/EACVI) recommendations on diastolic dysfunction allows 

for the differentiation of isolated E/e’ abnormalities from grade 2 diastolic dysfunction and 

minimizes overdiagnosis of LVDD.8 Finally, consistent with the World Alliance of Societies 

of Echocardiography Normal Values Study (WASE), we also identified a higher threshold 

for LAVI (42 mL/m2), which could influence future recommendations on the evaluation 

of diastolic dysfunction if further validated.27 Not surprisingly, the prevalence of LVDD 

according to ASE criteria is lower and the overlap may vary depending on the definition of 

cardiac substrate.

4.4. Clinical implications

Our study provides several clinical insights or implications. First, the fact that subclinical 

atherosclerosis is very common among patients with LVDD may explain the association 

between LVDD and incident atherosclerotic events.1,2 Second, the presence of LVDD in 

individuals with a 10-year risk of an atherosclerotic event <7.5% could prompt further 

evaluation for high CAC as this could influence preventive strategies.18 Future studies 

are however needed to determine whether age- and sex-specific thresholds for diastolic 

parameters (epidemiologically based criteria) will better identify individuals at risk of high 

CAC scores. Third, our study provides insights for outcome models. In fact, since traditional 

risk factors, CAC score, and diastolic function are closely intertwined, larger samples will be 

needed to demonstrate independent associations with outcome. Critical to this analysis will 

be the proportion of resilient (high ASCVD risk profile without LVDD and low CAC score) 

or vulnerable (low ASCVD risk with LVDD or high CAC score) phenotypes.

4.5. Limitations

Our analysis has several limitations, including its cross-sectional nature, the relatively small 

low risk reference group, and the absence of an outcome analysis (as insufficient events 

have occurred to date). Moreover, B-type natriuretic peptides, LV or atrial myocardial 

strain or LV diastolic stress measures were not available. The PBHS cohort has however 

several strengths, including its enrichment for metabolic risk, its multiracial and multiethnic 

representation, and core laboratory analysis.

5. Conclusion

Our study demonstrates an independent association between CAC score and diastolic 

function. The presence of LVDD in individuals with a 10-year risk of an atherosclerotic 

event <7.5% could prompt further evaluation for high CAC as this could influence 

preventive strategies.

Summary

The study highlights the multidimensional associations between diastolic function, coronary 

artery calcium score, and cardiometabolic risk factors in a multiethnic community-based 
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study. Coronary artery calcium score emerged as interdependently associated with left 

ventricular diastolic parameters (mainly e’ and E/e’ velocity), left ventricular mass index, 

and aortic root dimension. Left ventricular diastolic dysfunction remains common in a 

contemporary cohort of individuals with cardiometabolic risk factors. Consistent with recent 

studies, we found higher reference limits for body surface area indexed left atrial volume in 

low-risk individuals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ASCVD Atherosclerotic cardiovascular disease

ASE American Society of Echocardiography

CAC Coronary artery calcium

CAD Coronary artery disease

COPD Chronic pulmonary obstructive disease

CV Cardiovascular

DM Diabetes mellitus

e’ Early diastolic mitral annular velocity

E Mitral inflow velocity

E/A ratio Early and late diastolic peak velocities of mitral inflow

E/e’ Mitral inflow to annular velocity ratio

eGFR Estimated glomerular filtration rate

HDL-C High-density lipoprotein-C
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LAVI Left atrial volume index

LDL-C Low-density lipoprotein-C

LVDD Left ventricular diastolic dysfunction

LVMI Left ventricular mass index

NCCT Non-contrast computed tomography

RWT Relative wall thickness

TRVmax Maximal tricuspid regurgitation velocity
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Fig. 1. 
Project Baseline Health Substudy. (A) Patients with available CT coronary calcium score 

and echocardiography were included in the study. (B) The healthy reference group (n = 

560) included participants without evidence of established disease, major cardiovascular 

risk factors, or metabolic syndrome, and with a CAC score of 0. In addition, pregnant 

women were excluded. BHS, Baseline Health Study; CAC, coronary artery calcium; CKD, 

chronic kidney disease; CT, computed tomography; DCM, dilated cardiomyopathy; FG, 

fasting glucose; FPG, fasting plasma glucose; HCM, hypertrophic cardiomyopathy; TC, 

total cholesterol; TG, triglycerides.
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Fig. 2. 
Multidimensional clinical network, including echocardiographic parameters and CAC score. 

Edges with a Maximal Information Coefficient (MIC) above 0.10 are shown. Thicker and 

darker lines imply higher MIC. CAC score and its neighboring nodes (MIC above 0.15) 

are marked in red. ASCVD, atherosclerotic cardiovascular disease; CAC, coronary artery 

calcium; COPD, chronic pulmonary obstructive disease; DM, diabetes mellitus; E, mitral 

inflow velocity; E/A ratio, early and late diastolic peak velocities of mitral inflow; E/e’, 

mitral inflow to annular velocity ratio; e’, early diastolic mitral annular velocity; eGFR, 

estimated glomerular filtration rate; HDL-C, high-density lipoprotein-C; LAVI, left atrial 

volume index; LDL-C, low-density lipoprotein-C; LVEF, left ventricular ejection fraction; 

LVMI, left ventricular mass index; RWT, relative wall thickness. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the Web version of this 

article.)
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Fig. 3. 
Age-specific percentiles of left ventricular diastolic function indexes from 560 low-risk 

reference group participants. The shaded area represents 95% confidence intervals of the 

2.5% or 97.5% thresholds (red line) as derived from their Bootstrap distributions. LAV, left 

atrial volume; SV, stroke volume. (For interpretation of the references to colour in this figure 

legend, the reader is referred to the Web version of this article.)
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Fig. 4. 
Clinical correlates of left ventricular diastolic dysfunction. Variables considered included 

age, age,2 sex, race, smoking status (never smoker, past smoker, and current smoker), 

body height and weight, pulse pressure, heart rate, diabetes, chronic kidney disease, 

COPD, eGFR, cardiovascular disease, type of antihypertensive medication (beta-blockers, 

diuretics, calcium channel blockers, ACE inhibitors, angiotensin receptor blocker, and alpha 

antagonists), lipid-lowering drugs, total cholesterol, HDL cholesterol, LDL cholesterol, 

HbA1c and triglycerides. ACE, angiotensin-converting-enzyme; COPD, chronic obstructive 

pulmonary disease; eGFR, estimated glomerular filtration rate; HDL, high-density 

lipoprotein; LDL, low-density lipoprotein; LVDDF, left ventricular diastolic dysfunction.
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Fig. 5. 
Prevalence of left ventricular diastolic dysfunction (LVDDF) by CAC and 10-year ASCVD 

risk score. P < 0.001 for frequencies by CAC and/or 10-year ASCVD risk in Grade II 

LVDDF (P < 0.05 for all frequency trends in grade I LVDDF). ASCVD, atherosclerotic 

cardiovascular disease; CAC, coronary artery calcium; CV, cardiovascular disease.
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Table 1

General characteristics of the study population.

Characteristics Entire cohort (n = 2082) Low-risk reference group (n = 560)

General clinical data

 Age, y 50.6 ± 17.0 39.2 ± 13.5

 Female, n (%) 1178 (56.6) 344 (61.4)

 Body mass index, kg/m2 28.4 ± 6.7 23.8 ± 2.9

 Systolic BP, mm Hg 123.3 ± 16.2 112.8 ± 11.0

 Diastolic BP, mm Hg 75.8 ± 10.0 70.9 ± 7.6

 Heart rate, bpm 67.1 ± 11.5 65.5 ± 10.3

 Race

  White, n (%) 1303 (62.6) 331 (59.1)

  Black or African American, n (%) 354 (17.0) 97 (9.1)

  Asian, n (%) 214 (10.3) 67 (17.3)

  Other, n (%) 211 (10.1) 65 (14.4)

Questionnaire and medical history

 Current smoker, n (%) 293 (14.1) –

 Hypertension, n (%) 799 (38.4) –

 Diabetes mellitus type 2, n (%) 276 (13.7) –

 History of CAD, n (%) 60 (2.9) –

Medication history at enrollment

 Antihypertensive treatment, n (%) 441 (21.2) –

 Beta-blockers 116 (5.6) –

 ACE-I or ARB 265 (12.7) –

 Diuretics 148 (7.1) –

 Anti-diabetic agents 165 (7.9) –

 Lipid-lowering agents 340 (16.3) –

 Statin therapy 299 (14.4) –

Biochemistry

 HbA1c, % 5.67 ± 0.98 5.25 ± 0.35

 Total cholesterol, mmol/L 4.78 ± 1.00 4.62 ± 0.77

 LDL cholesterol, mmol/L 2.58 ± 0.85 2.46 ± 0.64

 HDL cholesterol, mmol/L 1.52 ± 0.50 1.66 ± 0.47

 Triglycerides, mmol/L 1.20 (0.66–2.71) 0.98 (0.56–2.20)

 eGFR, mL/min/1.73 m2 87.8 ± 19.6 92.8 ± 16.7

Conventional echocardiography

 LV mass index, g/m2 70.0 ± 17.1 64.9 ± 15.5

 Relative wall thickness 0.37 ± 0.08 0.34 ± 0.06

 LV ejection fraction, % 58.7 ± 4.0 58.4 ± 2.9

LV diastolic function

 E/A ratio 1.28 ± 0.50 1.59 ± 0.51

 e’ septal-lateral, cm/s 10.3 ± 3.1 12.8 ± 2.7
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Characteristics Entire cohort (n = 2082) Low-risk reference group (n = 560)

 E/e’ ratio 8.04 ± 2.72 6.43 ± 1.46

 LA volume index, mL/m2 28.0 ± 7.5 27.0 ± 5.86

Coronary artery calcium

 CAC score = 0, n (%) 1251 (60.1) 560 (100)

 CAC score 0–100, n (%) 472 (22.7) –

 CAC score 100–300, n (%) 199 (9.6) –

 CAC score ≥300, n (%) 160 (7.8) –

Values are mean ± SD, number of subjects (%), or median (10–90 percentile). ACEI, angiotensin-converting enzyme inhibitors; ARB, angiotensin 
II receptor blockers; BP, blood pressure; CAC, coronary artery calcium; CAD, coronary artery disease; eGFR, estimated glomerular filtration rate; 
HbA1c, hemoglobin A1c; LA, left atrial; LV, left ventricular.
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