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Abstract

Background—While age-associated changes in LV diastolic function are well-recognized, 

limited data exist characterizing measures of diastolic function in older adults, including both 

reference ranges reflecting the older adult population and prognostically relevant values for 

incident HF, as well as their associations with circulating biomarkers of heart failure (HF) risk.

Methods—Among 5,801 elderly participants in the Atherosclerosis Risk in Communities (ARIC) 

study (age range 67–90, mean age 76 ± 5, 42% male, 21% black), we determined the continuous 

association of diastolic measures (TDI e’, E/e’, and left atrial size) with concomitant NT-proBNP 

and subsequent HF hospitalization or death. We also determined sex-specific 10th and 90th 

percentile limits for these measures using quantile regression in 401 participants free of prevalent 

cardiovascular disease and risk factors.

Results—Each measure of diastolic function was robustly associated with NT-proBNP and 

incident HF or death. ARIC-based reference limits for TDI e’ (4.6 and 5.2 cm/sec for septal and 

lateral TDI e’, respectively) were substantially lower than guideline cutpoints (7 and 10 cm/sec, 
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respectively), while E/e’ and LA size demonstrated good agreement with guideline cutpoints. TDI 

e’ was non-linearly associated with incident HF or death, with inflection points for risk supportive 

of ARIC-based limits. ARIC-based limits for diastolic function improved risk discrimination over 

guideline-based cutpoints based on the IDI (p<0.001) and continuous NRI (p<0.001), reclassifying 

42% of the study population as having normal diastolic function. We replicate these findings in the 

Copenhagen City Heart Study. Using these limits, 46% had normal diastolic function and were at 

low risk of HF hospitalization or death (1%/year over a mean 1.7 year follow-up), 49% had 1 or 2 

abnormal measures and were at intermediate risk (2.4%/year), and all 3 diastolic measures were 

abnormal in 5% who were at high risk (7.5%/year).

Conclusions—Our findings suggest that LV longitudinal relaxation velocity declines as a part of 

healthy aging and is largely prognostically benign. The use of age-based normative values when 

considering an elderly population improves the risk discrimination of diastolic measures for 

incident HF or death.
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Introduction

The prevalence of heart failure (HF) increases exponentially with age, disproportionately 

burdening the elderly who are projected to account for 20% of the U.S. population by 

2030.1,2,3 HF with preserved left ventricular ejection fraction (LVEF; HFpEF), which 

comprises half of HF cases overall,4,5 accounts for up to 80% of prevalent HF in the 

elderly.6 Left ventricular (LV) diastolic dysfunction, occurring in parallel with age and 

accelerated by common CV risk factors, is the primary pathophysiologic abnormality 

underlying HFpEF although abnormalities of LV systolic deformation have also been 

implicated.7 Echocardiographic measures of diastolic dysfunction detected in asymptomatic 

persons are significant, and robust, predictors of incident HF and mortality.8,9,10 Age-related 

changes in cardiac structure and function are well recognized, and have made the clinical 

determination of abnormal LV diastolic function particularly challenging in the elderly. 

These age-associated changes include smaller LV size, greater ejection fraction (LVEF), 

lower tissue Doppler relaxation velocities (TDI e’), and greater left atrial (LA) size, and – 

while related to age-associated increases in CV risk factors – are also observed in older 

adults free of CV risk factors.11,12,13,14,15,16,17,18 Surprisingly few data exist regarding 

normative values of echocardiographic measures of LV diastolic function in older adults, 

their association with circulating biomarkers of HF risk, and their prognostic relevance for 

incident HF in older adults. Indeed, existing estimates are based predominantly on data from 

younger populations and current guideline recommendations specifically cite the need for 

more data in the elderly.19,20

We studied community dwelling adults, aged 65 to 90 years old, participating in the 

Atherosclerosis Risk in Communities (ARIC) study who underwent comprehensive 

echocardiography at the fifth study visit. We determined normative values for diastolic 

measures in older adults based on their distribution in a subgroup of participants who were 

free of prevalent CV disease or major CV risk factors, including hypertension, diabetes, 
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obesity, chronic kidney disease, and active smoking. We then assessed the association of 

these measures with circulating NT-proBNP levels and with incident HF or mortality in the 

overall ARIC sample, and validate our findings in independent samples.

Methods

Study Population

ARIC is a prospective epidemiologic cohort study whose design and methods have been 

previously described.21 Between 1987 and 1989, 15,792 middle-aged subjects were enrolled 

in 4 communities in the United States: Forsyth County, NC, Jackson, MS, suburban 

Minneapolis, MN, and Washington County, MD. Between 2011 and 2013, 6,538 participants 

returned for a fifth study visit that included standardized comprehensive echocardiography 

in addition to anthropometrics, interviewer-administered questionnaires, and laboratory 

testing. The study protocol was approved by institutional review boards at each field center, 

and all participants provided written informed consent. This analysis included 5,801 

participants with echocardiographic data at Visit 5 who were free of prevalent HF.

To define a subset of low risk participants free of prevalent cardiovascular disease or risk 

factors (referred to as the ‘low risk reference subgroup’), we excluded participants with: (1) 

prevalent CV disease including coronary heart disease (CHD; includes myocardial infarction 

history or regional wall motion abnormality on echocardiography), prior HF hospitalization 

or self-report, atrial fibrillation, moderate or greater valvular disease, (2) hypertension, (3) 

diabetes, (4) Visit 5 body mass index (BMI) of >30 or <18.5 kg/m2, (5) chronic kidney 

disease defined as an eGFR <60 ml/min/1.73 m2 at Visit 5, (6) QRS duration ≥120 msec at 

Visit 5, or (7) active smoking.

Prevalent hypertension and diabetes were based on blood pressure and glucose measured 

from study Visits 1 through 5, self-report, and medication use. ARIC participants undergo 

surveillance for incident coronary heart disease (CHD) events (including definite or probable 

MI, or coronary revascularization) as previously described in detail.22 Prevalent HF was 

based on hospitalization ICD codes prior to 200523 with additional physician adjudication 

since 2005 as previously described.24 Atrial fibrillation was ascertained based on ECGs at 5 

study visits and hospital discharge records as previously described.25

For incident HF and death post-Visit 5, incident HF was based on HF hospitalization or HF 

death according to ICD codes (code 410 in any position) obtained by ARIC surveillance of 

hospital discharges.23 Deaths were ascertained by ARIC surveillance or the National Death 

Index.22

Echocardiography

Design and methods of echocardiography in ARIC Visit 5 have been previously described in 

detail.26 Briefly, studies were acquired in participants attending Visit 5 at all 4 Field Centers 

by certified study sonographers using uniform imaging equipment and following a 

standardized image acquisition protocol. Quantitative measures were performed by blinded 

analysts at a dedicated core laboratory based on the recommendations of the American 
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Society of Echocardiography.19,20 Reproducibility metrics were excellent, as previously 

reported.26

Statistical Methods

Echocardiographic measures of LV diastolic function were described in the low risk 

reference subgroup overall and stratified by sex. As empiric estimates of distribution limits 

can vary substantially in small to moderate sized samples, we used quantile regression 

(STATA qreg) to define 10th, 50th, and 90th percentile limits with associated 95% confidence 

limits in the low risk reference subgroup overall and stratified by sex. Self-reported race was 

not significantly associated with reference limits for any echocardiographic measure in 

quantile regression equations adjusting for sex and race. The resulting 10th and 90th 

percentile limits were considered reference limits for these measures in the overall ARIC 

sample.

Among ARIC participants attending Visit 5 and free of prevalent HF, atrial fibrillation at the 

time of echocardiography, or moderate or greater valvular disease (analysis set n=5,356), the 

cross-sectional continuous association of TDI e’, E/e’, LA width, and LAVi with log-

transformed NT-proBNP levels was assessed using restricted cubic splines. The number of 

knots that minimized model AIC was selected (3 to 6 knots assessed). Four knots were used 

for TDI e’, and three knots were used for E/e’ ratio, LA width, and LAVi. In the overall 

ARIC sample free of prevalent HF (n=5,801), the continuous association between incidence 

rates of HF hospitalization or all-cause mortality and TDI e’, E/e’, LA width, and LAVi were 

assessed by Poisson regression models. The association of abnormal values, based on either 

ARIC reference limits or guideline-based cutpoints, with incident HF hospitalization or all-

cause mortality was assessed by multivariable Cox proportional hazard models adjusting for 

age, sex, and race. For cubic splines of incident rates associated with LV functional 

measures, three knots resulted in the lowest model AIC (3 to 6 knots were assessed).

ARIC-based reference limits were appreciably different from guideline recommendations 

for TDI e’. We therefore assessed the association of abnormal values of septal and lateral 

TDI e’ based on either ARIC reference limits or guideline-based cutpoints with incidence of 

HF hospitalization or death in patients ≥65 years of age in two independent samples with 

prevalent cardiovascular disease: the echocardiographic sub-studies of the ENGAGE AF-

TIMI 48 trial of patients with atrial fibrillation,27 and the TOPCAT trial of patients with HF 

with preserved ejection fraction.28 Cox proportional hazard models were adjusted for age, 

sex, and race in analysis of the TOPCAT echo study, and were adjusted for age and sex in 

the analysis of the ENGAGE AF-TIMI 48 echo study. As an additional confirmatory 

analysis, we attempted to identify thresholds of TDI e’ to distinguish normal versus 

abnormal levels in ARIC and in these two independent samples on the basis the ability of a 

given cut-point to identify patients at increased risk of incident HF hospitalization or death 

(“optimal cutpoint” analysis). Using a method similar to a one-step CART analysis,29 a 

sequence of candidate thresholds was considered: TDI e’septal 1 cm/sec increments between 

3 and 10 cm/sec; TDI e’lateral 1 cm/sec increments between 3 and 11 cm/sec. The threshold 

associated with the most significant hazard ratio was selected. All event rates and hazard 

ratios using ARIC-based limits presented in the Tables and Figures are based on the 10th 
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percentile distribution limits from the low risk subgroup of participants free of 

cardiovascular disease or risk factors.

To assess the potential clinical impact of employing reference values for diastolic measures 

derived from ARIC, we compared the prevalence of abnormal diastolic measures using these 

thresholds compared to guideline-based thresholds,20 and their associated event rates. We 

then determined the reclassification characteristics of these ARIC-based thresholds and their 

incremental value relative to guideline-based thresholds using the continuous net 

reclassification improvement (NRI) and integrated discrimination improvement (IDI) at 2 

years using time-to-event data.30 We then sought to replicate these findings in an 

independent, elderly, population-based study. Reclassification characteristics and 

incremental value metrics of classification based on ARIC thresholds relative to guideline 

cutpoints were therefore evaluated in participants ≥65 years of age in the echocardiographic 

substudy of the 4th examination of Copenhagen City Heart Study (2001–2003; 

n=563).31,32,33 As TDI e’ was assessed by color TDI in the Copenhagen City Heart Study 

but by spectral pulsed TDI in ARIC, we converted TDI e’ values to those equivalent to 

spectral pulsed TDI using a validated equation.34 Continuous NRI and IDI at 8.6 years was 

calculated using time-to-event data.

A two-sided P value of <0.05 was considered statistically significant. All analyses were 

performed with STATA 13 (College Station, TX) and R version 3.2.0.

Results

Clinical characteristics of the study population are shown in Table 1. Of the 5,801 

participants included in this analysis, 401 (7%) were included in the low risk reference 

subgroup. The mean age of the low risk reference subgroup was 74.7 ± 4.6, 34% were male, 

and 7% were black. Compared to the larger population of participants in the risk factor sub-

group, the low risk reference subgroup was younger, more likely female, less likely black, 

and had lower median levels of high sensitivity C-reactive protein, NT-proBNP, and high 

sensitivity troponin-T. By design, the prevalence of CV risk factors was lower, as were blood 

pressure and heart rate, while eGFR was higher.

The lower reference limits for TDI e’septal and e’lateral, based on our low risk reference sub-

group, were 4.6 and 5.2 cm/s respectively (Table 2). Limits for TDI e’septal velocity tended 

to be similar between the sexes, while limits for TDI e’lateral tended to be lower in women 

compared to men (5.1 and 5.4 cm/sec, respectively). Reference limits for E/e’septal and E/

e’lateral were 14.4 and 12.7 respectively, and tended to be higher in women compared to men. 

Reference limits for LA width were 3.7 and 4.0 cm in women and men respectively, while 

the upper reference limit for LAVi was 30 ml/m2 and was similar between sexes. Among the 

broader ARIC study sample free of prevalent HF, TDI e’ (septal or lateral) was abnormally 

low in 29%, E/e’ ratio was abnormally high in 31%, and LAVi was abnormally enlarged in 

23% using these reference limits. Only modest differences in the prevalence abnormal 

measures were noted by sex and race (Supplemental Tables 1 and 2).
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All diastolic measures were robustly associated with NT-proBNP levels in cross-sectional 

analysis (all p<0.0001; Figure 1) and with incident HF hospitalization or death (all p≤0.003; 

Figure 2). Although they explained a small proportion of population-level variability of NT-

proBNP (Supplemental Figure 1), these measures were highly significantly associated with 

NT-proBNP levels, with approximately two-fold differences in geometric mean NT-proBNP 

values for patients with lower versus higher measures of diastolic dysfunction (Figure 1). 

Both septal and lateral TDI e’ demonstrated non-linear associations with NT-proBNP 

(Figure 1, panels A and B) and with incident HF hospitalization and death (Figure 2, panels 

A and B), with a steeper risk in incidence rates noted for e’septal and e’lateral values below 

approximately 5.4 and 6.4 cm/sec respectively. While E/e’septal and E/e’lateral were 

statistically non-linearly associated with NT-proBNP (Figure 1, panels C and D), both 

demonstrated linear association with outcomes, such that higher values were associated with 

higher incidence rates without evidence of a threshold (Figure 2, panels C and D). Larger 

LA size was monotonically associated with higher NT-proBNP levels and higher risk of HF 

hospitalization or death, although this association with outcomes was linear for LA width 

(Figure 2, panel E) and non-linear for LAVi (Figure 2, panel F). Sex did not significantly 

modify the association of diastolic measures with incident HF or death (Supplemental Table 

1), while the risk associated with abnormal TDI e’ and E/e’ tended to be higher in black 

compared to white participants (Supplemental Table 2).

One hundred forty-seven events occurred over a median follow-up of 610 days (25th to 75th 

percentile range 469–762 days). Abnormal E/e’, LA dimension, and LAVi were significantly 

associated with incident death or HF hospitalization when classified using either ARIC-

based reference limits or guideline cutpoints (Table 3). In contrast, abnormal TDI e’septal and 

e’lateral were only significantly associated with incident death or HF when defined using 

ARIC-based reference limits, and were not associated with these outcomes when defined 

using guideline-based cutpoints. Similarly, in two independent samples, one with HFpEF 

and the other with atrial fibrillation, abnormal TDI e’septal was only significantly associated 

with incident HF hospitalization or death when defined using ARIC-based reference limits, 

and not when defined using guideline-based cutpoints (Table 4). TDI e’lateral was not 

significantly associated with the composite endpoint in these other studies. Given the large 

difference in ARIC-based reference limits for TDI e’ compared to guideline 

recommendations (Figure 3, panel A), we explored the optimal cutpoint values for these 

measures for predicting death or HF hospitalization (‘optimal cutpoint’ analysis in Table 4). 

The cutpoints for septal and lateral TDI e’ more closely approximated the ARIC-based 

limits than the guideline cutpoints.

Applying reference limits derived from the 10th percentile limits in our low risk reference 

sub-group to the larger study sample free of prevalent HF, 46% had normal diastolic 

measures, 31% had 1 abnormal measure, 18% had 2 abnormal measures, and 5% had 3 

abnormal measures (Figure 3, panel B). Participants with normal diastolic measures 

demonstrated the lowest event rates, those with 3 abnormal measures demonstrated the 

highest event rates, while those with 1 or 2 abnormal measures demonstrated intermediate 

event rates (Figure 3, panel B). In contrast, guideline-based cutpoints classified the majority 

of participants as having 1 abnormality, and only 4% as having normal diastolic function. 

When compared to classification based on guideline-recommended cutpoints, ARIC-based 
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reference limits reclassified 2,419 participants (42.4% of the total study sample) from having 

one abnormality to having normal diastolic function (Table 5). These participants 

reclassified to normal diastolic function experienced incident HF hospitalization or death at 

a rate similar to those classified as normal by both classifications (1.0 [95% CI 0.7–1.3] 

versus 0.9 [0.3–2.8] events per 100 person-years respectively, p=0.84), and significantly 

lower than those who were not reclassified (2.2 [1.6–3.1] events per 100 person-years, 

p=0.001). Compared to guideline cutpoints, classification employing ARIC reference limits 

improved the continuous NRI (17.0% [95% CI 9.3–24.3%], p<0.001) and IDI (0.3% [95% 

CI 0.1 – 0.9%], p<0.001), but did not statistically improve the c-statistic (0.639 versus 0.657 

respectively, p=0.22).

Reclassification metrics of ARIC-based versus guideline cutpoints were assessed in an 

independent population-based study sample of 563 participants ≥65 years of age in the 

Copenhagen City Heart Study,31,32,33 This population has a mean age of 74.2±6.2 years, 

65% were women, all were white, and experienced 274 incident HF hospitalizations or death 

over a mean follow-up of 8.6±3.3 years. Compared to classification based on guideline 

cutpoints, ARIC-based reference limits reclassified 289 (51% of the total study population) 

from having one abnormal diastolic measure to normal diastolic function (Table 6). 

Participants reclassified to normal diastolic function demonstrated event rates similar to 

those with normal diastolic function by both classification criteria (5.1 [95% CI 4.3–6.1] 

versus 5.0 [3.5–7.1] events per 100 person-years respectively, p=0.89), and a significantly 

lower event rate than those not reclassified (8.5 [6.3–11.5] events per 100 person-years, 

p=0.002). Furthermore, in the Copenhagen City Heart Study sample, classification 

employing ARIC reference limits improved the continuous NRI (11.0% [95% CI 2.2–

19.8%], p=0.016) and IDI (0.7% [95% CI 0.0 – 2.5%], p=0.032) compared to classification 

based on guideline cutpoints. Overall annualized event rates in the Copenhagen City Heart 

Study were higher than in ARIC due to the significantly longer follow-up period (1.7 years 

in ARIC versus 8.6 years in the Copenhagen City Heart Study) and significant age-related 

increase in mortality in this age range (mean age 75 years at baseline in both studies).

Discussion

This analysis is one of the largest, to our knowledge, to provide normative data on routinely 

clinically reported measures of LV diastolic function among older adults, to apply these 

reference limits to a large, bi-racial cohort of elderly community-dwelling persons, and to 

relate these measures to prognostically relevant biomarkers and clinical outcomes. Each 

measure of LV diastolic function was robustly associated with circulating NT-proBNP levels 

and incident HF hospitalization or death. Reference limits for E/e’ and LA size in the elderly 

are generally in agreement with existing guideline recommendations, while limits for TDI e’ 

are substantially lower than existing guideline recommendations. TDI e’ demonstrated a 

non-linear association with NT-proBNP and incident HF hospitalization or death, with 

inflection points for risk supportive of ARIC-based reference limits. When compared to 

existing guideline-based cutpoints, ARIC-based reference limits for diastolic function 

improved risk discrimination and reclassified over one-third of the study population as 

having normal diastolic function. These participants demonstrated a low risk of HF 

hospitalization or death.
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Age-related decline in LV longitudinal relaxation velocities, reflective of early diastolic 

relaxation, are well recognized based on data from cross-sectional studies (Supplemental 

Table 3). Indeed, while ARIC-based reference limits for E/e’ and LAVi were similar to 

guideline cutpoints, the reference limits for TDI septal and lateral e’ from the ARIC low risk 

reference group (4.6 and 5.2 cm/sec, respectively) were appreciably lower than guideline 

recommendations (7 and 10 cm/sec, respectively).20 These ARIC-based reference limits 

classified TDI e’ as abnormal in 28% of the overall study sample free of prevalent HF, 

compared to 95% by guideline-based cutpoints. ARIC-based limits for TDI e’ were similar 

to values from healthy populations of similar age (Supplemental Table 3),35,36,37 including 

persons >60 years of age in the NORRE study38 and 65–75 years of age in the LOLIPOP 

study.39 Compared to younger cohorts, these limits derived from our low risk reference 

subgroup of participants suggest that decline in LV longitudinal relaxation velocities (TDI 

e’) occurs as a part of healthy aging. Future longitudinal studies with serial echocardiograms 

over time will be necessary to define the factors influencing decline in longitudinal 

relaxation velocities with age. Importantly, three of our findings also suggest that much of 

these age-related changes in TDI e’ are prognostically benign, as opposed to reflecting 

malignant cardiac senescence. First, our low risk reference subgroup of 401 participants - 

from whom these limits were derived - demonstrated a very low incidence of HF 

hospitalization or death during the follow-up period (incidence rate 0.4 [95% CI 0.1–1.3] per 

100 person-years). Second, among the full sample of 5,801 ARIC participants free of 

prevalent HF, the ARIC-based reference limits for TDI e’ identified values below which 

lower e’ was associated with a higher incidence of death or HF hospitalization. In contrast, 

abnormal TDI e’ was not robustly associated with incident events at values defined by 

guideline-based cutpoints. Similar findings were noted when comparing ARIC-based 

reference limits to guideline cutpoints for abnormal TDI e’ in elderly patients with HFpEF 

in the TOPCAT echocardiographic substudy and elderly patients with atrial fibrillation in the 

ENGAGE-TIMI-48 echocardiographic substudy. Finally, these thresholds for risk were not 

unique to ARIC, with similar thresholds identified in elderly patients in the TOPCAT and 

ENGAGE-TIMI-48 echocardiographic substudies. Taken together, we believe these findings 

argue for the use of age-based normative values in interpreting diastolic measures in the 

elderly. We propose the use of the sex-specific ARIC-based limits specified in Table 3 in 

persons ≥65 years of age.

Compared to existing guideline-based cutpoints, the application of age-appropriate reference 

limits allowed for reclassification of a large proportion of the population from having 1 to 0 

abnormal diastolic measures. This large group of participants with normal diastolic measures 

by ARIC-based limits had a low event rate, demonstrating that age-appropriate reference 

limits allow for the identification of elderly persons with normal diastolic function who are 

at low risk for incident HF. Furthermore, we replicated these findings in an independent, 

elderly, community-based cohort with longitudinal follow-up. These are among the first 

prognostic data to support the recently revised diastolic function guidelines whereby <2 

abnormal measures is considered normal, 2 abnormal measures is indeterminate, and >2 

abnormal measures is consistent with diastolic dysfunction.20 Furthermore, the application 

of age-appropriate limits in the elderly helps reframe and refine this classification schema 

such that those without any abnormality in TDI e’, E/e’, or LA size are at low risk (1% per 
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year over a mean 1.7 year follow-up), those with >2 abnormal diastolic measures are at high 

risk (7.5% per year), and those with 1–2 abnormal diastolic measures are at intermediate risk 

(2.4% per year).

Race was not significantly associated with reference limits for any echocardiographic 

measure in quantile regression analysis, suggesting that these sex-specific ARIC-based 

reference limits are appropriate for both black and white older adults. The risk of incident 

HF or death associated with abnormally low e’ and high E/e’ tended to be greater in blacks 

compared to whites. These findings may help explain the higher incidence of HF in blacks 

compared to white, Hispanic, and Asian Americans.40,41

Several limitations of this analysis should be recognized. Given the small number of black 

participants in the low risk reference sub-group, we were unable to determine reference 

limits separately by race. However, we found no association of self-reported race 

independent of sex with reference limits for any echocardiographic measure in quantile 

regression equations. Measurement error may exist in our assessment of risk factors, leading 

to misclassification. However, the use of data collected serially over five visits to classify 

risk factors mitigates this limitation. Alterations in LV diastolic function have been observed 

in overweight persons (BMI 25–30 kg/m2),42 who were included in our low risk reference 

reference group and may have influenced our ARIC-based reference limits. However, very 

similar reference limits were observed when restricting the low risk reference sample to the 

206 participants with a BMI of 18–25 kg/m2 (Supplemental Table 4) arguing against an 

appreciable impact of including overweight participants. Follow-up time after 

echocardiography at ARIC Visit 5 was relatively short, and may have limited our power to 

assess the prognostic performance of various reference limits for diastolic measures. Data 

regarding HF diagnosed and managed exclusively in the outpatient setting (i.e. with no 

hospitalization event) was not uniformly available and, consistent with prior studies of HF in 

this cohort,23,43 only incident HF hospitalizations were considered.

Conclusions

In a large bi-racial cohort of community dwelling older adults free of HF, LV diastolic 

measures are robustly associated with NT-proBNP and with incident HF hospitalization or 

death. Compared to guideline cutpoints, ARIC-based reference limits were appreciably 

lower for TDI e’, which was non-linearly association with incident outcomes with greater 

associations at values below the ARIC-based reference limit. Using these limits, 46% had 

normal diastolic measures and were at low risk of HF hospitalization or death (1%/year at 

1.7 year follow-up), 49% had 1 or 2 abnormal measures and were at intermediate risk (2.4%/

year), and all 3 diastolic measures were abnormal in 5% who were at high risk (7.5%/year). 

These findings suggest that a decline in LV longitudinal relaxation velocity occurs as a part 

of healthy aging and is largely prognostically benign, and support the use of age-based 

normative values when considering an elderly population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Perspective

What is new?

• Age-associated changes in LV diastolic function are well-recognized, but 

limited data exist regarding normative values in the elderly and their 

association with incident HF.

• We relate diastolic measures (TDI e’, E/e’, and left atrial size) to risk of HF 

hospitalization or death in 5,801 elderly participants in the Atherosclerosis 

Risk in Communities study, and defined sex-specific 10th-percentile limits in 

401 participants free of cardiovascular disease or risk factors.

• Each diastolic measure was robustly associated with incident HF 

hospitalization or death.

• Reference limits for E/e’ and LA size were generally in agreement with 

existing guidelines, while limits for TDI e’ were substantially lower.

What are the clinical implications?

• Compared to guideline cutpoints, ARIC-based limits improved risk 

discrimination, and reclassified over one-third of the study population as 

having normal diastolic function.

• Using these limits, 46% had normal diastolic measures and were at low risk 

(1%/year), 49% had 1 or 2 abnormal measures and were at intermediate risk 

(2.4%/year), and 5% had all 3 diastolic measures abnormal and were at high 

risk (7.5%/year).

• These findings suggest that a decline in LV longitudinal relaxation velocity 

occurs as a part of healthy aging and is largely prognostically benign, and 

support the use of age-based normative values when considering an elderly 

population.
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Figure 1. 
Restricted cubic splines demonstrating the continuous relationship between LV diastolic 

measures (TDI e’septal [panel A], TDI e’lateral [panel B], E/e’septal ratio [panel C], E/e’lateral 

ratio [panel D], LA A-P dimension [panel E], and LAVi [panel F]) and NT-proBNP levels 

assessed concomitantly at Visit 5 among ARIC participants without prevalent heart failure at 

Visit 5. Y-axis shows geometric mean values of NT-proBNP.
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Figure 2. 
Restricted cubic splines demonstrating the continuous relationship between LV diastolic 

measures (TDI e’septal [panel A], TDI e’latera [panel B], E/e’septal ratio [panel C], E/e’lateral 

ratio [panel D], LA A-P dimension [panel E], and LAVi [panel F]) and incident HF 

hospitalization or death post-Visit 5.
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Figure 3. 
Classification of diastolic measures in the overall ARIC study sample free of prevalent HF 

using ARIC-based reference limits compared to guideline-based cutpoints. Panel A: 

Prevalence of abnormal diastolic measures (TDI e’, E/e’, LAVi) by ARIC-based reference 

limits and guideline-based cutpoints in the overall study sample. Panel B: Prevalence of 

participant categories based on number of abnormal diastolic measures (TDI e’, E/e’, LAVi) 

and associated rates of incident HF hospitalization or death using either ARIC-based 

reference limits or guideline-based cutpoints.
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Table 1

Clinical characteristics of participants in the low risk reference sub-group and the larger ARIC sample with 

CV risk factors but no prevalent HF.

Low Risk Reference Subgroup
(n=401)

HF Risk Factors but No Prevalent HF
(n=5,400)

P value

Age (years) 74.7 ± 4.6 76.0 ± 5.1 <0.001

Male 136 (34 %) 2277 (42 %) 0.001

Black 28 (7 %) 1216 (23 %) <0.001

Field Center <0.001

  Forsyth County, NC 116 (28.9%) 1240 (23.0%)

  Jackson, MS 25 (6.2%) 1104 (20.4%)

  Minneapolis, MN 161 (40.1%) 1588 (29.4%)

  Washington County, MD 99 (24.7%) 1468 (27.2%)

Hypertension 0 4795 (89 %)

Diabetes 0 2120 (39 %) -

Obesity 0 1948 (36 %) -

Chronic Kidney Disease 0 1553 (29 %) -

Atrial Fibrillation 0 414 (8 %) -

Current Smoking 0 336 (6 %) -

Any Prior Smoking 217 (54 %) 3319 (61 %) 0.004

BMI (kg/m2) 24.9 ± 2.7 28.8 ± 5.6 <0.001

Systolic blood pressure (mmHg) 121 ± 11 131 ± 18 <0.001

Diastolic blood pressure (mmHg) 64 ± 8 67 ± 11 <0.001

Heart rate (bpm) 60 ± 8 63 ± 11 <0.001

LV Ejection Fraction (%) 66.3 ± 4.8 65.4 ± 6.4 0.007

NT-proBNP (ng/ml) 90 [54, 153] 131 [68, 256] <0.001

hs-Troponin T (ng/ml) 7 [5, 10] 11 [7, 16] <0.001

hs-C reactive protein 1.3 [0.7, 2.5] 2.0 [1.0, 4.2] <0.001

eGFR 77.5 ± 9.9 69.6 ± 17.2 <0.001
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Table 2

Percentile limits for the distribution of measures of LV diastolic function among the low risk reference sub-

group (n=401).

10%-ile (95% CI) 50%-ile (95% CI) 90%-ile (95% CI)

TDI e’septal(cm/sec)

Overall 4.6 (4.5 – 4.7) 6.0 (5.8 – 6.2) 8.1 (7.8 – 8.4)

Female 4.5 (4.3 – 4.7) 5.9 (5.7 – 6.1) 8.4 (8.0 – 8.8)

Male 4.6 (4.4 – 4.8) 6.1 (5.8 – 6.4) 7.8 (7.3 – 8.3)

TDI e’lateral(cm/sec)

Overall 5.2 (5.0 – 5.4) 7.3 (7.1 – 7.5) 9.9 (9.5 – 10.3)

Female 5.1 (4.8 – 5.4) 7.2 (6.9 – 7.5) 9.9 (9.4 – 10.4)

Male 5.4 (5.0 – 5.8) 7.7 (7.3 – 8.1) 9.9 (9.2 – 10.6)

E/e’septal

Overall 7.2 (6.9 – 7.5) 10.5 (10.1 – 10.9) 14.4 (13.6 – 15.2)

Female 7.3 (6.9 – 7.7) 11.0 (10.6 – 11.4) 15.1 (14.2 – 16.0)

Male 7.2 (6.6 – 7.8) 9.7 (9.1 – 10.3) 13.3 (12.0 – 14.6)

E/e’lateral

Overall 6.1 (5.8 – 6.4) 8.7 (8.3 – 9.1) 12.7 (12.0 – 13.4)

Female 6.3 (5.9 – 6.7) 9.1 (8.7 – 9.5) 13.3 (12.5 – 14.1)

Male 5.4 (4.9 – 5.9) 8.0 (7.4 – 8.6) 11.5 (10.4 – 12.6)

LA A-P dimension (cm)

Overall 2.78 (2.70 – 2.86) 3.25 (3.19 – 3.31) 3.83 (3.76 – 3.90)

Female 2.72 (2.65 – 2.79) 3.18 (3.12 – 3.24) 3.69 (3.61 – 3.77)

Male 2.99 (2.89 – 3.09) 3.42 (3.33 – 3.51) 3.96 (3.85 – 4.07)

LAVi (ml/m2)

Overall 15.2 (14.4 – 16.0) 22.0 (21.4 – 22.6) 30.2 (29.2 – 31.3)

Female 15.0 (13.9 – 16.1) 21.5 (20.7 – 22.3) 29.9 (28.2 – 31.5)

Male 16.5 (14.9 – 18.1) 23.7 (22.6 – 24.8) 31.1 (28.8 – 33.4)

10th-, 50th-, and 90th-percentile values with associated 95% confidence intervals are derived from quantile regression models in the low risk 
reference sub-group, overall and separately by sex. Race was not significantly associated with percentile limits independently of sex.

Circulation. Author manuscript; available in PMC 2018 January 31.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Shah et al. Page 20

Ta
b

le
 3

A
ss

oc
ia

tio
n 

of
 a

bn
or

m
al

 m
ea

su
re

s 
of

 L
V

 d
ia

st
ol

ic
 f

un
ct

io
n 

w
ith

 d
ea

th
 o

r 
in

ci
de

nt
 H

F 
ho

sp
ita

liz
at

io
n,

 u
si

ng
 A

R
IC

-b
as

e 
re

fe
re

nc
e 

va
lu

es
 v

er
su

s 
gu

id
el

in
e-

ba
se

d 
cu

tp
oi

nt
s.

A
R

IC
-b

as
ed

G
ui

de
lin

e-
ba

se
d

C
ut

of
f

P
er

ce
nt

A
bn

or
m

al
H

R
 (

95
%

 C
I)

P
va

lu
e

C
ut

of
f

P
er

ce
nt

A
bn

or
m

al
H

R
 (

95
%

 C
I)

P
va

lu
e

T
D

I 
e’

se
pt

al
 (

cm
/s

ec
)

<
4.

5 
(F

),
 <

4.
6 

(M
)

21
%

1.
66

 (
1.

20
–2

.2
9)

0.
00

2
<

7
82

%
1.

11
 (

0.
74

–1
.6

8)
0.

61

T
D

I 
e’

la
te

ra
l (

cm
/s

ec
)

<
5.

1 
(F

, <
5.

4 
(M

)
18

%
1.

64
 (

1.
18

–2
.2

8)
0.

00
4

<
10

91
%

0.
80

 (
0.

49
–1

.3
0)

0.
37

E
/e

’ s
ep

ta
l r

at
io

>
15

.1
 (

F)
, >

13
.3

 (
M

)
25

%
2.

09
 (

1.
55

–2
.8

3)
<

0.
00

1
>

15
20

%
1.

94
 (

1.
41

–2
.6

7)
<

0.
00

1

E
/e

’ la
te

ra
l r

at
io

>
13

.3
 (

F)
, >

11
.5

 (
M

)
20

%
2.

09
 (

1.
53

–2
.8

5)
<

0.
00

1
>

13
17

%
2.

17
 (

1.
57

–3
.0

0)
<

0.
00

1

L
A

D
 (

cm
)

>
3.

7 
(F

),
 >

4.
0 

(M
)

28
%

2.
37

 (
1.

76
–3

.1
9)

<
0.

00
1

>
4.

0
16

%
2.

50
 (

1.
80

–3
.4

9)
<

0.
00

1

L
A

V
i (

m
l/m

2 )
>

 3
0 

(F
),

 >
31

 (
M

)
23

%
2.

31
 (

1.
70

–3
.1

3)
<

0.
00

1
>

34
14

%
2.

89
 (

2.
09

–3
.9

8)
<

0.
00

1

A
ll 

C
ox

 p
ro

po
rt

io
na

l h
az

ar
d 

m
od

el
s 

ad
ju

st
ed

 f
or

 a
ge

, s
ex

, a
nd

 r
ac

e.

Circulation. Author manuscript; available in PMC 2018 January 31.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Shah et al. Page 21

Table 4

Risk of death or HF hospitalization associated with abnormal septal and lateral TDI e’ based on ARIC-based 

versus guideline cutpoints, and results of analysis to identify optimal predictive cutpoints, in persons ≥65 years 

old in the general population (ARIC), with atrial fibrillation and cardiovascular risk factors but no HF 

(ENGAGE-TIMI 48), and with HFpEF (TOPCAT).

ARIC ENGAGE AF-TIMI 48 Echo
Sub-study

TOPCAT Echo Sub-study

Septal TDI e’ (cm/sec) <5.0 <4.0 <4.0

  N 5,784 588 348

  Events 177 93 120

  Risk using ARIC limits
  [<4.5 (F), <4.6 (M)]

1.66 (1.20–2.29), p=0.002 1.74 (1.06–2.86), p=0.028 2.03 (1.38–2.99), p<0.001

  Risk using Guideline limits
  [<7]

1.11 (0.74–1.68), p=0.61 1.05 (0.69–1.61), p=0.82 1.42 (0.93–2.18), p=0.10

  ‘Optimal cutpoint’ analysis <5.0 <4.0 <4.0

Lateral TDI e’ (cm/sec)

  N 5,774 590 344

  Events 177 94 114

  Risk using ARIC limits
  [<5.1 (F, <5.4 (M)]

1.64 (1.18–2.28), p=0.004 1.36 (0.75–2.45), p=0.31 1.16 (0.71–1.88), p=0.56

  Risk using Guideline limits
  [<10]

0.80 (0.49–1.30), p=0.61 1.01 (0.65–1.57), p=0.95 0.80 (0.52–1.23), p=0.30

  ‘Optimal cutpoint’ analysis <5.0 <5.0 <4.0

Outcomes: ARIC – incident HF or all cause mortality; ENGAGE-TIMI 48 – incident HF or all cause mortality; TOPCAT – HF hospitalization or 
all cause mortality. Risk presented as HR (95% CI) adjusted for age, sex, and race in ARIC and TOPCAT, and for age and sex in ENGAGE AF-
TIMI 48.
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