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Abstract

Aims—Non-invasive measures of cardiac mechanical function may have the potential to serve as 

markers of risk for heart failure; however, limited data exist regarding clinical correlates and 

heritability of these measures in the community.

Methods and results—We used speckle-tracking echocardiography to assess LV strain and 

synchrony in the Framingham Offspring Study (n = 2816; mean age 67 years, 54% women). In 

multivariable regression analyses, male gender (vs. female, P < 0.001), higher heart rate (P < 
0.0001), and presence of cardiovascular disease (P < 0.001) were associated with worse global 

peak strains across all planes analysed (longitudinal, transverse, circumferential, and radial). 

Higher diastolic blood pressure and diabetes were associated with worse longitudinal strain (P < 
0.01), and greater body mass index was associated with worse radial strain (P = 0.0004). Overall, 

however, clinical correlates accounted for only 4–19% of the variation in measures of LV 

mechanical function. Select measures of LV strain were heritable: longitudinal strain (h2 = 16%, P 
= 0.002), transverse strain (h2 = 15%, P = 0.006), and circumferential strain (h2 = 30%, P < 
0.0001). Furthermore, in a subset of 1437 participants with parental data available, parental heart 
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failure was associated with worse circumferential strain in the offspring free of heart failure (P = 

0.01).

Conclusions—Our investigation in a large community-based sample identified heritablity and 

clinical correlates of LV mechanical function, and highlighted an association of parental heart 

failure with worse global circumferential strain in offspring.
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Introduction

Substantial experimental and clinical data now indicate that, when applied to two-

dimensional echocardiography, speckle-tracking-based measures of LV deformation—also 

known as myocardial tissue strains—can add prognostic information to conventional 

measures in a variety of clinical settings.1–5 Thus, echocardiographic measures of LV strain 

are now recognized as a non-invasive approach to assessing LV function with potentially 

broad applications.6 Because there are limited data on the clinical correlates of LV 

myocardial strain-based measures in the community, we performed speckle-tracking-based 

LV measures in a large community-based sample and examined their association with 

traditional cardiovascular disease (CVD) risk factors. Previous studies have observed that 

clinical characteristics generally account for only a modest portion of the variation in 

conventional measures of cardiac structure and function, with genetic factors contributing 

additional information.7–10 Additionally, limited data suggest that asymptomatic offspring 

with parental heart failure (HF) demonstrate subtle alterations in LV structure and function 

even though they are clinically free of HF.10,11 Therefore, we also investigated the degree to 

which strain-based measures of LV function are heritable. Furthermore, we evaluated if 

offspring individuals with a parental history of HF demonstrate altered LV strain compared 

with offspring individuals without a parental HF history.

Methods

Study sample

The selection criteria and sampling for the Framingham Offspring Study have been 

described.12,13 Of the 3021 participants who attended their eighth routine examination 

(2005–2008), 2888 underwent two-dimensional transthoracic echocardiography. Among the 

2844 participants with images appropriate for strain analyses, 2816 participants had 

complete data on key clinical covariates, comprising the final sample for analyses. For 

investigation of the association between parental HF and LV mechanical function measures 

in Framingham Offspring Study participants, we identified 1437 individuals with both 

parents in the original cohort study. All study protocols were approved by the Institutional 

Review Board of Boston University Medical Center, and all participants provided written 

informed consent.
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Echocardiography

Echocardiographic data were acquired digitally and conventional LV measures were 

performed offline according to standardized techniques (Supplementary material online) by 

readers completely blinded to all clinical data including parental HF status. Using an offline 

analysis program (2D Cardiac Performance Analysis v1.1, TomTec Imaging Systems, 

Unterschleißheim, Germany), speckle-tracking-based analyses of LV function were 

performed by our research team using a previously validated algorithm and according to a 

standardized protocol with demonstrated excellent reproducibility (Supplementary material 

online);14,15 this work was done in accordance with industry-wide efforts to maintain 

rigorous standards for performance of two-dimensional-speckle tracking 

echocardiography.16 The primary measures of LV mechanical function included global 

longitudinal strain (measured from the A2C and A4C views) and global circumferential 

strain (measured in the SAX view at the level of the mid ventricle). Secondary measures of 

LV mechanical function included global transverse strain and global radial strain, in addition 

to longitudinal and transverse segmental synchrony calculated as the standard deviation (SD) 

of time-to-peak longitudinal and transverse strains, respectively.6 Herein, we use the term 

‘transverse’ strain to refer to radial strain measured in the apical (A2C and A4C) views and 

‘radial’ strain to refer to radial strain measured in the SAX view.

Statistical methods

Measures of longitudinal and transverse segmental synchrony were logarithmically 

transformed due to skewed distributions. For each primary measure of LV mechanical 

function, we estimated age- and gender-adjusted Pearson correlation coefficients with the 

following key clinical covariates: body mass index, systolic blood pressure, diastolic blood 

pressure, antihypertensive medication therapy, diabetes mellitus, total/HDL cholesterol, 

natural log triglycerides, smoking status, resting heart rate, natural log C-reactive protein, 

and prevalent CVD (documented history of coronary heart disease, HF, or stroke). In 

stepwise linear regressions, we examined associations of LV mechanical function (separate 

models for each measure) with the above-listed clinical covariates. Covariates included in 

model selection were determined using the Schwarz Bayesian criterion. Given the number of 

primary strain measures (2) and clinical traits (13) analysed, we used a conservative 

Bonferroni-corrected P-value threshold of 0.002 (=0.05/26) for clinical correlates analyses.

In secondary analyses, we additionally investigated the association of estimated glomerular 

filtration rate (eGFR), physical activity, metabolic syndrome, and valve disease with the 

primary LV strain measures. We also estimated age- and gender-adjusted correlations 

between each LV mechanical function measure and conventional LV measures. We also 

performed multivariable linear regression analyses of the relation of each LV mechanical 

function measure with each conventional LV measure adjusting for significant clinical 

covariates (specific to each measure).

Heritability—For heritability estimates, we use standardized values of each LV strain 

measure and standardized values of the log-transformed LV synchrony measures. In analyses 

adjusting for age, gender, heart rate, and prevalent CVD (i.e. covariates, plus age and gender, 

that demonstrated associations with multiple LV mechanical function measures), we 
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estimated heritability (h2) defined as the proportion of total variation explained by additive 

genetic effect—using the Sequential Oligogenic Linkage Analysis Routines (SOLAR, 

version 2.1.4).17

Parental heart failure—In the subset of individuals who had parents with known HF 

status, we repeated multivariable linear regression analyses to examine whether the presence 

of at least one parent (either mother or father) who developed HF (before age 70 years; 

independent variable) was associated with measures of LV mechanical function (dependent 

variables). Clinical covariates specific to each LV mechanical function measure were 

included. Parental HF diagnosis was based on available medical records and adjudicated by 

a panel of investigators according to the presence of at least two major or one major plus two 

minor criteria as previously described (major and minor criteria are based on select 

documented symptoms, physical exam findings, and diagnostic test results).18

All analyses were performed using SAS version 9.3 (SAS Institute, Cary, NC, USA).

Results

Characteristics of the study sample are shown in Table 1 and Supplementary material online, 

Table S1. A total of 95% of participants had conventionally defined ‘normal’ LV systolic 

function [i.e. fractional shortening (FS) ≥0.29]. Correlations between measures of LV 

mechanical function were small to moderate (see Supplementary material online, Table S2). 

The strongest correlations noted were between longitudinal and transverse strain (r = −0.52; 

P < 0.0001) and between circumferential and radial strain (r = −0.49; P < 0.0001).

Clinical correlates

Results of age- and gender-adjusted analyses are reported in the Supplementary material 

online. Estimated regression coefficients are represented by beta. In multivariable-adjusted 

analyses (Table 2; Supplementary material online, Tables S5 and S6), older age was 

significantly associated with better circumferential strain but worse longitudinal and 

transverse segmental synchrony (P < 0.001 for all). Women had better LV mechanical 

function than men, based on global peak strains in all planes (P < 0.001). However, women 

and men were similar regarding segmental synchrony (we had 80% power to detect gender 

difference if the true partial correlation was 0.053). Greater body mass index was associated 

with worse radial strain (β –1.26, P < 0.001) as well as worse longitudinal (β 0.06, P < 
0.0001) and segmental (β 0.05, P < 0.0001) synchrony. Greater diastolic blood pressure and 

presence of diabetes were related to worse longitudinal strain (P ≤0.002 for both) as well as 

worse longitudinal synchrony (P < 0.001 for both). Notably, systolic blood pressure was not 

significantly associated with any LV mechanical function measure, whereas antihypertensive 

therapy was associated with better circumferential strain (β –1.07, P < 0.0001). All 

associations of higher heart rate and presence of CVD with LV mechanical function 

measures remained significant in multivariable analyses (Table 2 and Supplemental Tables 5 

and 6). Log C-reactive protein remained unassociated with measures of mechanical LV 

function in these models. Results of secondary clinical correlates analyses are reported in the 

Supplementary material online.
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Overall, the clinical correlates included in multivariable analyses accounted for a relatively 

small portion of the variability in LV mechanical function measures: 19.0% for longitudinal 

strain, 3.9% for transverse strain, 11.5% for circumferential strain, 5.3% for radial strain, 

8.3% for longitudinal synchrony, and 4.0% for transverse synchrony.

Heritability

The heritability (h2) of longitudinal strain was 16.0% (P = 0.002), transverse strain was 

14.5% (P = 0.006), and circumferential strain was 29.7% (P < 0.0001). The remaining 

measures of LV mechanical function did not have significant heritability: radial strain (P = 

0.27), longitudinal synchrony (P = 0.18), and transverse synchrony (P = 0.50).

Association with parental heart failure

In 1437 individuals with available HF data on both parents, participants with compared to 

without parental HF appeared to have worse longitudinal and circumferential strain (Figure 

1). Accordingly, in age- and gender-adjusted linear regression analyses, parental HF was 

significantly associated with worse longitudinal strain (β 0.21, P = 0.011) and 

circumferential strain (β 0.26, P = 0.006), but not with any other LV mechanical function 

measures (P > 0.10). In multivariable analyses adjusting for the significant clinical 

covariates identified above, the association of parental HF with longitudinal strain was no 

longer statistically significant (P = 0.15). However, the relationship of parental HF to 

circumferential strain remained statistically significant: β 0.23, P = 0.01. In the subset of 

individuals with parental HF data available, inclusion of parental HF in the fully adjusted 

multivariable model predicting abnormal circumferential strain (defined as greater than 

−20%)15 improved the C statistic from 0.80 to 0.83; however, this difference was not 

statistically significant in the sample size studied (P = 0.31).

Discussion

In a large community-based sample, we observed that variation in LV mechanical function is 

associated with key clinical characteristics including gender, heart rate, and prevalent CVD. 

However, clinical covariates accounted for only a modest proportion of the variation in 

measures of LV mechanical function. Therefore, we assessed the heritability of these 

measures and observed that circumferential, longitudinal, and transverse strains were among 

the most heritable of these traits. Furthermore, parental HF was associated with worse global 

circumferential strain in offspring who were free of HF. Together, our data indicate that 

certain aspects of LV mechanical function are determined by genetic as well as non-genetic 

factors, and suggest that offspring who are genetically predisposed to develop HF in later 

life (by virtue of parental history of the condition) demonstrate pre-clinical abnormalities of 

LV mechanical function.

Previous studies investigating the clinical correlates of LV mechanical function have 

predominantly evaluated modest sized referral samples, or used methods that provide 

information on myocardial mechanical function in only a single plane. Extending previous 

work, we analysed measures of LV mechanical function comprehensively, i.e. using data 

acquired from several sonographic views in a large sample of men and women living in the 
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community. We identified certain clinical characteristics that were associated with LV 

mechanical function in some but not all planes; a select few clinical covariates were 

associated with mechanical function across all the longitudinal, transverse, circumferential, 

and radial planes investigated.

Women compared with men had consistently better global strains across all planes of LV 

mechanical function analysed. This finding is concordant with results from smaller 

studies19,20 and consistent with studies of conventionally measured LV function, which have 

reported higher FS and EF in women compared with men, particularly in older age 

groups.21,22 These results are probably related to the consistently noted gender-based 

differences in LV remodelling, for which women compared with men tend to have 

proportionately smaller LV cavity size and steeper increases in LV wall thickness with 

ageing.22 The degree to which hormonal, neurohormonal, and/or vascular factors contribute 

to the sexual dimorphism seen in analyses of both structure and mechanical function of the 

left ventricle is not yet known. Of note, there were no significant gender-based differences in 

segmental synchrony in fully adjusted analyses, despite adequate statistical power to detect 

modest differences between the men and women.

Higher heart rate was associated with worse LV strain in all planes. Smaller studies have 

shown similar results for speckle-tracking-based longitudinal strain in adults23 and Doppler-

derived strain in children.24 Epidemiological studies have related higher resting heart rates to 

adverse cardiovascular outcomes, including coronary heart disease, cardiovascular mortality, 

and all-cause mortality.25–28 Whereas lower resting heart rate is considered a sign of 

physical fitness, higher resting heart rate may be a marker of autonomic dysfunction that 

could promote inefficient cardiac function even at rates lower than those typically associated 

with inducible cardiomyopathy.29

Previous studies have shown that speckle-tracking strain measures are sensitive for detecting 

myocardial ischaemia in the setting of suspected or known CVD.23,24 Thus, as expected, 

prevalent CVD was associated with worse LV strain in all planes as well as worse segmental 

synchrony in our community cohort. In analyses adjusting for prevalent CVD, certain 

cardiovascular risk factors were also related to select measures of mechanical function. 

Older age was associated with worse circumferential strain and segmental synchrony, 

consistent with data from cardiac magnetic resonance (CMR) studies;25 however, age was 

not related to longitudinal strain, suggesting that ageing-related myocardial changes may 

affect circumferential mesocardial fibre shortening more than longitudinal endocardial fibre 

shortening. In contrast, elevated diastolic blood pressure, diabetes, and 

hypercholesterolaemia were associated primarily with worse strain exclusively in the 

longitudinal plane; the additional relationship of diastolic blood pressure and diabetes to 

decreased longitudinal synchrony may suggest a greater propensity of these factors to 

influence longitudinal compared with mesocardial fibre function. These results are also 

concordant with CMR data indicating no significant relationships of diabetes or 

hypercholesterolaemia to circumferential strain.26 The relationship of antihypertensive 

therapy to better circumferential strain, however, suggests the possibility that circumferential 

fibre shortening can be responsive in a compensatory manner to elevated blood pressure 

severe enough to require treatment or to more chronic longstanding hypertensive stress.
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Speckle-tracking echocardiography provides detailed information regarding LV mechanical 

function in systole— including the extent to which the LV shortens in the long axis 

(longitudinal strain), the LV cavity size decreases in circumference (circumferential strain), 

and the LV walls thicken (transverse and radial strains). Therefore, the components of LV 

deformation, as represented by strains measured in distinct planes, may reflect changes in 

myocardial tissue function resulting from different types of stress on the myocardium. 

Accordingly, we observed that distinct LV strain components (e.g. longitudinal vs. 

circumferential) were differentially associated with individual CVD risk factors. Notably, we 

observed a greater number of clinical correlates for strain measured in some planes 

compared with others. This finding may be related to transverse and radial strains 

representing aggregate rather than specific aspects of deformation in the endocardial, 

mesocardial, and epicardial layers of the myocardium. Further work is needed to investigate 

the unique relationships of individual risk factors to different aspects of LV mechanical 

function.

In our study, clinical covariates overall accounted for <20% of the interindividual variation 

in measures of LV mechanical function, suggesting the potential influence of genetic factors. 

In heritability analyses, we observed that additive genetic factors accounted for 16, 15, and 

30% of the unexplained variation in global longitudinal, transverse, and circumferential 

strains, respectively. Although numerous studies report similar estimates for heritability of 

LV structural traits,7,27–31 particularly LV mass, there are no data on the heritability of LV 

function to our knowledge. Based on sensitive and detailed measures of LV function, our 

results indicate that certain aspects of LV mechanical function are dependent on genetic as 

well as acquired attributes.

In the subset of individuals with available parental history, having at least one parent with 

HF was associated with having significantly worse global circumferential strain. Notably, 

circumferential strain was the most heritable strain measure studied. We observed a modest, 

non-significant increase in the C statistic from the addition of parental HF to models for 

abnormal circumferential strain, suggesting that parental HF may be more important for 

understanding potential underlying biological pathways to subclinical LV dysfunction rather 

than serving as a marker for risk prediction per se. Because this trait reflects shortening 

around the circumference of the LV, the finding is consistent with reports of parental HF in 

association with LV systolic dysfunction defined as FS <0.2910 and eccentric LV 

geometry.11 Among individuals with normal FS and normal LV geometry, worse 

circumferential strain could represent an impaired ability to compensate for decrements in 

other aspects of LV mechanical function (e.g. longitudinal strain) that tend to decline with 

chronic exposure to traditional risk factors.32 The potential ability of myocardial function in 

different planes to serve complementary and, when required, compensatory roles has been 

referred to as planar heterogeneity and planar compensation, respectively. Importantly, 

previous investigators have observed that asymptomatic carriers of sarcomeric mutations 

associated with dilated cardiomyopathy had worse circumferential strain compared with 

normal controls, despite normal LV size and EF, on echocardiography.33 Similarly, 

decrements in global circumferential strain in our large community-based study sample may 

signal a predisposition for the future development of more overt cardiac dysfunction. The 

extent to which variation in circumferential strain may represent a risk marker specifically 
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for HF with reduced or preserved EF, whether it signals greater risk for HF in earlier or later 

adulthood, and whether it may serve as a method for screening individuals at risk for HF 

warrants additional detailed and prospective investigation in the community setting. Further 

studies are also needed to evaluate the extent to which screening and targeting interventions 

for abnormal circumferential strain could represent an effective strategy for HF prevention.

Study limitations and strengths

Several limitations of the current study merit consideration. We analysed parental HF as a 

surrogate for genetic predisposition for HF, and data were unavailable to perform pre-HF 

strain measures for parents of the offspring participants studied. Although we were able to 

examine the association of left atrial diameter with myocardial strain, comprehensive 

measures of diastolic function were not available for the current analyses. Our myocardial 

data did not include measurement of longitudinal post-systolic shortening, which may 

provide additional information regarding systolic performance and reserve.34 In addition, 

biomarkers of cardiac stress such as natriuretic peptides were not available for the present 

study and warrant investigation in future large studies of myocardial strain. Given the lack of 

data on persons receiving treatment for active cancer in our cohort, the potential associations 

of chemotherapy with strain measures could not be assessed. Because our study sample 

included middle-age to older men and women, who were exclusively Caucasian of 

predominantly European ancestry, the extent to which our results may apply to other age or 

racial/ethnic groups remains unknown. Given the observational design of our study, 

conclusions regarding causality and directionality of reported associations cannot be made 

from our results. Notwithstanding these limitations, ours is the largest study to date of both 

clinical correlates and heritability of strain measures in a community-based cohort. 

Additional large studies are needed to validate our findings and further clarify the extent to 

which both clinical and genetic factors influence variation in myocardial strain.

In summary, our study of clinical correlates and heritability of LV mechanical function 

represents the largest to date in a community-based sample. We have shown significant 

associations of LV strain measures with select clinical traits including gender, heart rate, and 

prevalent CVD. Other risk factors were differentially associated with strain assessed in 

various imaging planes, suggesting planar heterogeneity in the impact of these risk factors. 

We also observed that heritable factors contribute equivalent or greater variability in 

longitudinal, transverse, and circumferential strain than the standard clinical factors that we 

evaluated. Furthermore, parental history of HF was significantly associated with worse 

circumferential strain, raising the possibility that impaired circumferential strain may reflect 

a familial predisposition to the eventual development of symptomatic cardiac dysfunction. 

Additional prospective investigations of multiethnic samples are warranted to investigate the 

mechanisms underlying our cross-sectional observations and to elucidate the potential 

implications of these findings for the prognosis and management of HF risk in the 

community.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Myocardial strain in individuals with and without parental heart failure (HF). Values of 

longitudinal and circumferential strain are shown as unadjusted means ± standard errors.
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Table 1

Sample characteristics

Total sample (n =2816)

Clinical variables

Age, years 67 ± 9

Women, n (%) 1530 (54)

Body mass index, kg/m2 28.3 ± 5.4

Systolic blood pressure, mmHg 128 ± 17

Diastolic blood pressure, mmHg 73 ± 10

Pulse pressure, mmHg 55 ± 16

Mean arterial pressure, mmHg 92 ± 10

Antihypertensive treatment, n (%) 1502 (53)

Hypertension, n (%) 1760 (63)

Diabetes, n (%) 384 (14)

Current smoker, n (%) 251 (9)

Total/HDL cholesterol ratio 3.48 ± 1.06

Triglycerides, mg/dL* 102 (74, 141)

C-reactive protein, mg/dL* 1.52 (0.76, 3.21)

Prevalent cardiovascular disease, n (%) 436 (15)

Heart rate, b.p.m. 62 ± 10

Advanced echocardiographic measures

LV longitudinal strain, % −20.5 ± 3.5

LV transverse strain, % 29.5 ± 7.3

LV circumferential strain, % −31.8 ± 6.0

LV radial strain, % 43.3 ± 16.8

Longitudinal segmental synchrony, ms* 56.8 (43.3, 78.7)

Transverse segmental synchrony, ms* 91.6 (63.9, 133.3)

Values are shown as mean ± standard deviation or percentage frequency.

*
Median (25th, 75th percentiles).
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Table 2

Multivariable-adjusted clinical correlates of left ventricular strain measures*

Predictor variables

Longitudinal strain, % Circumferential strain, %

Estimated β (SE) P-value Estimated β (SE) P-value

Age, years −0.42 (0.12) 0.0006

Female gender −1.92 (0.13) <0.0001 −2.87 (0.24) <0.0001

Body mass index, kg/m2

SBP, mmHg

DBP, mmHg 0.20 (0.06) 0.002

Antihypertensive therapy −1.07 (0.25) <0.0001

Diabetes 0.70 (0.18) 0.0001

Total/HDL cholesterol ratio 0.34 (0.06) <0.0001

Log triglycerides

Current smoker

Heart rate, b.p.m. 0.76 (0.06) <0.0001 1.25 (0.12) <0.0001

Prevalent CVD 1.69 (0.17) <0.0001 2.75 (0.35) <0.0001

Log C-reactive protein

Model R2 0.190 0.115

CVD, cardiovascular disease; DBP, diastolic blood pressure; SBP, systolic blood pressure.

*
In multivariable analyses, covariates included in model selection were determined using the Schwarz Bayesian criterion. Beta coefficients 

represent the estimated change in the dependent variable (strain measure) per 1 – SD change in the independent (continuous) variable or presence 
vs. absence of the independent (categorical) variable.
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