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Abstract

Background: Heart failure with preserved ejection fraction (HFpEF) is the fastest growing form 

of HF and is associated with high morbidity and mortality. The primary chronic symptom in 

HFpEF is exercise intolerance, associated with reduced quality of life (QoL). Emerging evidence 

implicates left atrial (LA) dysfunction as an important pathophysiologic mechanism. Here we 

extend prior observations by relating LA dysfunction to peak oxygen uptake (peak VO2), physical 

function (distance walked in six minutes, 6MWD) and QoL (Kansas City Cardiomyopathy 

Questionnaire, KCCQ).

Methods: We compared 75 older, obese, HFpEF patients to 53 healthy age-matched controls. LA 

strain was assessed by magnetic resonance cine imaging using feature tracking. LA function was 

defined according to its three distinct phases, with the LA serving as a reservoir during systole, as 

a conduit during early diastole, and as a booster pump at the end of diastole. LA stiffness index 

was calculated as the ratio of early mitral inflow velocity-to-early annular tissue velocity (E/e’, by 

Doppler ultrasound) and LA reservoir strain.

Results: HFpEF had decreased reservoir strain (16.4±4.4% vs. 18.2±3.5%, p=0.018), lower 

conduit strain (7.7±3.3% vs. 9.1±3.4%, p=0.028), and increased stiffness index (0.86±0.39 vs. 

0.53±0.18, p<0.001), as well as decreased peak VO2, 6MWD, and lower QoL. Increased LA 

stiffness was independently associated with impaired peak VO2 (β=9.0±1.6, p<0.001), 6MWD 
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(β=117±22, p=0.003), and KCCQ score (β=−23±5, p=0.001), even after adjusting for clinical 

covariates.

Conclusion: LA stiffness is independently associated with impaired exercise tolerance and QoL 

and may be an important therapeutic target in obese HFpEF.

Registration:  NCT00959660
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INTRODUCTION

Heart failure (HF) with preserved ejection fraction (HFpEF) is the fastest growing form of 

HF and is associated with high morbidity and mortality.1, 2 The primary chronic symptom 

in HFpEF is exercise intolerance, manifested as severe exertional dyspnea and fatigue, 

and measured objectively as decreased peak oxygen uptake (peak VO2).3–8 However, the 

physiological mechanisms underpinning the decreased peak VO2 in HFpEF patients remain 

incompletely understood.

Emerging evidence implicates left atrial (LA) dysfunction as an important pathophysiologic 

mechanism driving exercise intolerance in HFpEF, with impaired LA reservoir and pump 

function, and increased LA stiffness, associated with abnormal exercise hemodynamics and 

peak oxygen uptake.9–12 While highly informative, prior investigations did not examine 

associations between LA function and measures of physical function (i.e. six minute walk 

distance, [6MWD]) or quality of life (QOL), and focused on patients who had modestly 

elevated body mass index (BMI). Excess adipose tissue is, however, a key driver of HFpEF, 

with many deleterious consequences that adversely impact cardiac, vascular, and skeletal 

musclefunction.13–18 Indeed, >80% of HFpEF patients are overweight/obese.19, 20

Accordingly, we conducted an analysis leveraging an existing database of cardiac 

magnetic resonance (CMRI) images and transthoracic echocardiography, collected in a 

well-phenotyped cohort of older, obese, HFpEF patients and healthy age-matched controls, 

to assess LA function. We hypothesized that measures of LA mechanical function (strain 

and stiffness) would be impaired in older, obese HFpEF compared to healthy age-match 

controls, and related to peak VO2, 6MWD, and quality of life.

METHODS

Study population

The design and conduct of the Study of the effect of Caloric Restriction and Exercise 

Training in Patients with Heart Failure and a Normal Ejection Fraction (SECRET) has 

been previously described (NCT00959660).3 Briefly, inclusion criteria were: age ≥60 

years, left ventricular (LV) ejection fraction ≥50%, obesity as defined by a body mass 

index ≥30 kg/m2, and signs and symptoms of HF as assessed by an HF clinical score 

≥3 on the National Health and Nutrition Examination Survey.21 Exclusion criteria were: 
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contraindications to CMRI, creatinine ≥2.5 mg/dL, and other significant disease that could 

explain the patients’ symptoms, including significant ischemic or valvular heart disease, 

uncontrolled hypertension, and significant anemia.6, 22, 23 Healthy age-matched controls 

had no medical complaints or chronic medical conditions, took no medications, and had 

normal screening tests, including electrocardiogram, echocardiogram (with normal LV 

filling pattern), and cardiopulmonary exercise testing.6, 22, 24 All study participants provided 

written informed consent at the time of enrollment. The study protocol was approved by the 

Wake Forest University Health Sciences Institutional Review Board.

Echocardiography

Transthoracic echocardiography was performed with all participants resting in a semi-

recumbent position for at least 15 minutes. Doppler ultrasound was used to assess LV 

filling patterns, mitral septal annular velocity, and pulse-wave velocity in accordance with 

the American Society of Echocardiography recommendations,24 as previously described.3 

All Doppler values represent the average of three cardiac cycles. The ratio of early mitral 

filling velocity-to-early diastolic annular tissue velocity (E/e’) was calculated as a surrogate 

measure of LV filling pressures.24 LA diameter was measured at the widest region of the LA 

in the 4-chamber view in end-diastole.

Cardiac magnetic resonance imaging

For assessment of cardiac morphology and function, cine steady-state free precession images 

were acquired using a 1.5T Siemens Avanto scanner, using electrocardiogram-gating and 

a phased array surface coil (Siemens Healthineers). Typical imaging parameters included: 

flip angle 76°, repetition/echo time: 40–50/1.1–1.2 ms, slice thickness: 7–8 mm, with 25 

cardiac phases. LV mass and volumes were assessed from a series of multi-slice, multi-phase 

gradient-echo sequences positioned perpendicular to the LV long axis, spanning the apex to 

base, as previously described.3, 25 LV longitudinal strain and LA strain were assessed from 

a single long axis 4-chamber image, using commercially available feature tracking software 

(CVI42 V5.3.0, Circle Cardiovacsular Imaging Inc.; Calgary, AB, Canada), as previously 

described by our group.25, 26 Briefly, the endocardial and epicardial borders of the LV and 

LA were manually delineated at LV end-diastole and end-systole, respectively. The feature 

tracking algorithm was then applied across the remainder of the cardiac phases. For LA 

strain, the cardiac cycle was divided into three distinct phases: (1) the reservoir phase, when 

the LA is passively filled by pulmonary venous flux; (2) the conduit phase, when there is 

passive filling of the LV along the transmitral pressure gradient; and (3) the booster phase, 

which represents LA systole, during which the LV is actively filled. LA strain rates were 

calculated as the time derivative of LA deformation across the cardiac cycle. Single-point 

LA stiffness index was defined by the ratio between Doppler-derived E/e’ and peak LA 

reservoir strain, such that higher LA stiffness index reflects a higher E/e’-to-LA reservoir 

strain ratio.10, 27–30

Measures of physical function and quality of life

Cardiopulmonary exercise testing was performed on a treadmill using either the Naughton 

protocol or the modified Bruce protocol, depending on the participants’ self-reported 

exercise tolerance, as previously described.3, 31 Participants were instructed to exercise 

Singleton et al. Page 3

J Card Fail. Author manuscript; available in PMC 2023 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to volitional fatigue during a symptom-limited exhaustive test with continuous metabolic 

gas exchange monitoring (Medgraphics Ultima, Medical Graphics Corp., St. Paul, 

Minnesota).3, 22, 31 Peak aerobic oxygen consumption (VO2) was determined from the 

average oxygen consumption during the last thirty seconds of peak exercise. Six-minute 

walk distance (6MWD) was measured according to guideline recommendations.32 Quality 

of life was assessed using the Kansas City Cardiomyopathy Questionnaire (KCCQ).33

Statistical analyses

Characteristics of study participants were compared between those with HFpEF and the 

healthy controls. Continuous variables are reported as mean ± standard deviation and 

compared using two-sided t-tests. Categorical variables are reported as frequency and 

percentages and compared using chi-square tests. All variables were tested for normality 

with histograms and quantile-quantile plots. LA measures were compared using analysis of 

covariance with age, sex, BMI, and race as covariates due to differences between HFpEF 

and healthy control groups. Bivariate associations between LA measures and functional 

status were initially explored in an unadjusted general linear regression. To control for 

potential confounders, subsequent multivariate models adjusted for age, sex, BMI, and race. 

Finally, separate multivariate linear regressions were used to identify LA measures that 

were significant predictors of physical function and quality of life outcomes, all including 

conventional factors of age, sex, BMI, and LV mass. Two-sided p-values below 0.05 were 

considered statistically significant. All statistical analyses were conducted at Wake Forest 

School of Medicine using SAS version 9.4 (Cary, NC).

RESULTS

Patient characteristics

Of the 100 participants with HFpEF included in the parent trial,3 nineteen did not undergo 

cardiac MRI due claustrophobia (n=11), stent/pacemaker contraindication (n=3), or scanner 

related weight/circumference limitations (n=5). Of the 81 MRI’s that were completed, data 

from 6 participants were excluded due to poor image/data quality. Compared to controls, 

study participants with HFpEF were predominantly female, less frequently of white race, 

and had higher weight and BMI (Table 1). Heart failure symptoms were consistent with 

New York Heart Association functional class II and III. Participants with HFpEF also had 

higher LV mass, relative wall thickness, diastolic dysfunction on echocardiogram, and larger 

LA diameter. Finally, peak VO2, 6MWD, and quality of life were significantly reduced in 

HFpEF compared to controls.

Left Atrial Function

As illustrated in Figure 1, compared to controls, HFpEF participants had significantly lower 

LA reservoir strain and strain rate, lower LA conduit strain and strain rate, and higher LA 

stiffness index (0.86±0.39 vs. 0.53±0.18, P<0.001); all of which, except for LA reservoir 

strain rate (P = 0.09), remained significant after controlling for age, sex, BMI and ethnicity 

(Table 2). Differences also remained after adjusting LA reservoir and conduit strain for 

additional LV variables known to influence LA function, such as LV longitudinal strain 
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(Table 2). In contrast, neither LA booster strain nor LA booster strain rate were different 

between HFpEF and controls.

Relationships Between Left Atrial Function, Functional Capacity and Quality of Life

Our group has previously reported on the significant relationship between peak VO2 and 

E/e’ in this patient cohort.25 Here, we extend these prior observations, by also showing 

significant relationships between peak VO2 and LA reservoir strain and strain rate, LA 

conduit strain rate, and LA stiffness index (Table 3). In addition, lower 6MWD was 

associated with higher E/e’, lower LA reservoir strain and strain rate, lower LA conduit 

strain and strain rate, and higher LA stiffness index. Moreover, a lower KCCQ score was 

associated with higher E/e’ and LA stiffness index. Importantly, many of these relationships 

remained after adjusting for age, sex, BMI, and race (Table 3). Further adjustment for LA 

size did not make a major difference.

The predictive utility of measures of LA strain for the three functional measures of interest 

are provided in Table 4. Age, sex, and BMI were strong predictors of peak VO2 and 6MWD, 

while only BMI was predictive for quality of life. LA reservoir strain was not a significant 

predictor for any outcome; however, E/e’ and LA stiffness index (a composite of both LA 

reservoir strain and E/e’) were significant independent predictors of peak VO2, 6MWD, and 

quality of life.

DISCUSSION

The major novel finding of this investigation is that LA stiffness index is independently 

predictive of peak VO2, 6MWD and quality of life. Together, the data suggest that impaired 

LA function, particularly increased LA stiffness, may be an important pathophysiologic 

contributor to exercise intolerance in HFpEF, representing a potential therapeutic target to 

improve quality of life.

Left atrial structure and function are increasingly recognized as important pathophysiologic 

markers of disease severity. Strain analysis provides direct insight into the deformation 

patterns of myocardial tissue, with increased reproducibility and reduced variability 

compared with other imaging metrics.34, 35 LA function has a distinct tri-phasic pattern, 

beginning with passive filling of the atrium (reservoir phase, mitral valve closed), 

followed by passive emptying of the atrium into the LV (conduit phase, mitral valve 

open), and concluding with active emptying of the atrium (booster phase, subsequent 

to atrial depolarization). Consistent with prior observations,9, 10 summarized in a recent 

meta-analysis,36 LA reservoir and conduit strain were reduced in patients with HFpEF 

compared with controls. This is important, given that LA reservoir strain is predictive of 

both all-cause mortality and major adverse cardiovascular events; namely hospitalization for 

HF.37, 38 LA strain, in particular, has strong prognostic value in patients with HFpEF, and 

outperforms LV and right ventricular longitudinal strain in this regard.11 The data herein 

extend prior observations, by showing for the first time that LA reservoir and conduit strain 

are related to measures of physical function and quality of life, with LA stiffness index 

being independently predictive of these primary outcomes. While others have found LA 

function to be related to peak VO2
9, 11 and 6MWD39 among individuals without HF, to our 
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knowledge, this is the first study to relate LA function with measures of physical function 

(i.e. 6MWD) in older, obese individuals with HF; providing novel insight into the potential 

role of LA function during activities of daily living.

Like other indices of cardiac function, however, LA strain is susceptible to hemodynamic 

loading conditions, and therefore needs to the considered in the context of cardiac filling 

pressures. That E/e’— a well-established surrogate measure40 of LV filling pressure— 

was markedly elevated in our HFpEF participants, compared to controls, underscores the 

importance of this variable. Indeed, not only was LA reservoir strain significantly reduced 

in our obese HFpEF participants, but was so despite markedly higher driving pressures (i.e. 

increased LA stiffness). A similar observation was also made when considering LA conduit 

strain in the context of elevated atrial driving pressure. Indeed, the LA and LV are intimately 

related, with shared anatomy (i.e basal annulus) and interdependence (i.e. “in series”). As 

such, LA function is inherently influenced by LV systole, creating a tethering effect to 

augment/facilitate LA passive filling (i.e. reservoir phase), and LV diastole, which ultimately 

contributes to transmitral filling during the passive ‘conduit’ phase of the cardiac cycle. 

That neither LV global longitudinal strain, nor early diastolic LV relaxation rate (i.e. strain 

rate), significantly influenced our interpretation of results, further highlights the independent 

contribution of LA dysfunction.

The exact mechanism causing LA dysfunction/stiffness in older patients with obese 

HFpEF remains incompletely understood, but is likely multifactorial. HFpEF is indeed 

associated with a clustering of cardiovascular risk factors, including diabetes mellitus, 

obesity and hypertension, each of which being important drivers of oxidative stress 

and inflammation,41–43 key constituents leading to myocardial fibrosis44–47— perhaps 

disproportionately so in the thin walled LA. HFpEF is also associated with chronic 

neurohormonal activation, another key constituent driving adverse cardiac remodeling.48–50 

Finally, HFpEF predominately affects older individuals, with cardiovascular aging being 

associated with mitochondrial dysfunction, increased production of reactive oxygen species, 

decreased adrenergic signal sensitivity, reduced intracellular calcium reuptake, direct DNA 

toxicity, maladaptive gene expression, genomic instability and epigenetic changes that can 

adversely affect LA morphology and function.51–56 We therefore interpret the association 

between LA stiffness and exercise intolerance to reflect a complex interaction between a rise 

in cardiac output (needed to support oxygen delivery during activities of daily living), and 

the ensuing disproportionate rise in cardiac filling pressures that often accompanies HFpEF. 

In this way, the adverse hemodynamic response to everyday activities of daily living may 

also be directly associated with reduced quality of life.

The finding that LA dysfunction and LA stiffness are independent predictors of exercise 

intolerance and reduced quality of life in HFpEF has several important implications. 

First, it suggests that LA strain and the single point LA stiffness index, may be able to 

differentiate between cardiac and non-cardiac dyspnea. Second, when considered together 

with the growing body of evidence from others, LA strain/stiffness may serve as a potential 

HFpEF-clinical biomarker. In this regard, it is interesting to consider whether LA strain/

stiffness can serve as an early predictor of future heart failure progression, independent of 

changes in LA size.57, 58 Prior data from our group in women with ischemic syndrome 
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would indeed support this. 25 However, it should be acknowledged that E/e’ alone is strongly 

associated related to peak VO2, and is likely the primary driver of the relationship between 

LA stiffness and peak VO2. Whether elevated cardiac filling pressures is the result or cause 

of LA dysfunction remains unknown. Nevertheless, these data suggest LA stiffness and its 

derivatives contribute to exercise intolerance and thus represent potential therapeutic targets.

The strengths of our study include formal assessment of peak VO2, 6MWD, and quality 

of life in a comparatively-large and rigorously-phenotyped study population that included 

both patients with obese HFpEF and healthy age-matched controls. Nevertheless, our 

findings should be interpreted in the context of their limitations. Some of the between-group 

differences in measures of LA function may be partly related to demographic differences, 

including a higher proportion of the HFpEF patients being women, a lower proportion being 

of white race, and higher weight and BMI. However, differences in LA function between 

HFpEF patients and healthy controls remained, even after controlling for demographic 

covariates. Several of the between-group differences in measures of LA function did 

not reach statistical significance—this may be related to an inadequate sample size. The 

moderate sample size also prevented sex-specific interaction from being assessed Moreover, 

the poor acoustic windows associated with an obese HFpEF phenotype drove our decision 

to assess LA strain by MRI, providing excellent spatial resolution and confidence in the 

data. That LA strain and E/e’ were not collected during the same study visit is, however, 

a limitation. Finally, the cross-sectional nature of the study does not allow for assessment 

of causality, nor the longitudinal relationship between temporal changes in LA function, 

exercise tolerance, and quality of life.

CONCLUSIONS

In conclusion, older, obese patients with HFpEF have impaired LA function with increased 

LA stiffness. These differences independently predict decreased peak VO2, functional 

capacity, and quality of life. Together, these data highlight the importance of assessing LA 

function and contribute to a growing body of evidence identifying LA stiffness as a potential 

therapeutic target in HFpEF.
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FIGURE 1. 
Impaired left atrial function in HFpEF compared to controls. (A) High resolution long-axis 

magnetic resonance cine images illustrating left atrial strain color maps across each phase 

of the cardiac cycle. (B) Strain curves from a representative control participant (black line) 

and HFpEF participant (red line). Note that peak reservoir strain is reduced in the HFpEF 

participant compared to the control participant, together with reduced reservoir and conduit 

strain rates. (C) Summary data (unadjusted) showing key group differences in left atrial 

mechanics between HFpEF (red bars) and controls (black bars).
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Table 1:

Baseline Characteristics of HFpEF and Healthy Control Groups

Characteristic HFpEF (n=75) Healthy Controls (n=53) p-value

Participant Characteristics

Age (years) 67± 5 69 ± 7 0.042

Women n (%) 65 (87%) 32 (60%) 0.003

White n (%) 40 (53%) 50 (94%) <0.001

Body Weight (kg) 101.5 ± 15.1 74.1 ± 14.8 <0.001

BSA (m2) 2.0 ± 0.2 1.8 ± 0.2 <0.001

BMI (kg/m2) 38.5 ± 5.0 25.9 ± 4.6 <0.001

NYHA class II 48 (65%) n/a

NYHA class III 26 (35%) n/a

Systolic BP (mmHg) 134 ± 14 124 ± 11 <0.001

Diastolic BP (mmHg) 77 ± 8 75 ± 6 0.14

Echocardiogram Measures

Ejection fraction (%) 61 ± 6 59 ± 5 0.041

Relative wall thickness (mm) 0.56 ± 0.11 0.39 ± 0.05 <0.001

Diastolic filling pattern

 Normal n (%) 0 (0%) 53 (100%) <0.001

 Impaired Relaxation n (%) 67 (89%) 0 (0%) <0.001

 Pseudonormal n (%) 8 (13%) 0 (0%) 0.018

 Restrictive n (%) 0 (0%) 0 (0%) n/a

E/e’ ratio 12.9 ± 3.7 9.2 ± 1.9 <0.001

LA diameter (cm) 4.0 ± 0.5 3.4 ± 0.5 <0.001

CMRI Measures

LV EDV (mL) 117.3±31.3 113.9±25.4 0.70

LV EDV index (mL/m2) 57.3±14.1 61.7±11.6 0.044

LV Mass (g) 96.3±20.3 93.8±18.7 0.51

LV Mass index (g/m2) 43.2±9.8 44.0±7.4 0.53

LV Mass/Volume (g/mL) 0.78±0.17 0.74±0.19 0.25

Medical History

History of atrial fibrillation n (%) 1 (<1%) n/a ---

History of diabetes mellitus n (%) 26 (35%) n/a ---

History of hypertension n (%) 71 (96%) n/a ---

Current medications

 ACE-inhibitors n (%) 26 (35%) n/a ---

 Diuretics n (%) 54 (73%) n/a ---

 Beta-blockers n (%) 30 (41%) n/a ---

 Calcium Antagonists n (%) 24 (32%) n/a ---
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Characteristic HFpEF (n=75) Healthy Controls (n=53) p-value

 Nitrates n (%) 6 (8%) n/a ---

 ARBs n (%) 25 (34%) n/a ---

Physical Function

Peak VO2 (ml/kg/min) 14.7 ± 2.5 25.3 ± 7.1 <0.001

Peak VO2 (ml/min) 1479 ± 309 1865 ± 605 <0.001

Exercise Workload (METs) 4.9 ± 1.1 11.1 ± 3.1 <0.001

6-minute walk distance (meters) 420 ± 64 563 ± 71 <0.001

Quality of Life

KCCQ Score 63 ± 15 98 ± 2 <0.001

Values shown as means ± standard deviation or frequency (%). Abbreviations: ESA, body surface area; body mass index; NYHA, New York Heart 
Association; LV, left ventricle; E, E-wave velocity; e’, early mitral annulus velocity (septal); EP, blood pressure; ACE, angiotensin-converting 
enzyme; ARE angiotensin receptor blocker; n/a, not applicable.
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Table 2:

Left atrial strain and strain rate with adjustments for left ventricular function

Mean ± SD Adjusted Mean ± SE

HFpEF Healthy Controls p-value HFpEF Healthy Controls p-value

LA reservoir strain (%) 16.4±4.4 18.2±3.5 0.018 16.0±0.6 18.8±0.8 0.025

LA reservoir strain rate (s−1) 0.88±0.30 1.01±0.35 0.022 0.86±0.05 1.03±0.06 0.09

LA conduit strain (%) 7.7±3.3 9.1±3.4 0.028 7.4±0.5 9.5±0.6 0.024

LA conduit strain rate (s−1) −0.77±0.32 −0.92±0.30 0.010 −0.75±0.05 −0.95±0.06 0.031

LA booster strain (%) 8.7±3.2 9.1±3.3 0.50 8.6±0.5 9.3±0.6 0.52

LA booster strain rate (s−1) −1.15±0.46 −1.14±0.50 0.88 −1.12±0.07 −1.19±0.10 0.67

LA Stiffness Index (a.u.) 0.86±0.39 0.53±0.18 <0.001 0.86±0.05 0.53±0.07 0.001

Select LA Strain Metrics Indexed to LV function 

LA reservoir Strain/ LV Longitudinal strain −0.84±0.25 −1.02±0.31 <0.001 −0.84±0.04 −1.02±0.06 0.034

Peak LA reservoir strain rate/Peak LV 
longitudinal strain rate −0.05±0.02 −0.06±0.03 0.009 −0.05±0.01 0.06±0.01 0.13

LA reservoir strain/E/e’ 1.37±0.52 2.08±0.66 <0.001 1.42±0.08 2.01±0.12 <0.001

LA Stiffness Index/LV Longitudinal Strain −0.05±0.03 −0.03±0.01 <0.001 −0.05±0.01 0.03±0.01 0.018

LA conduit strain/E/e’ 0.65±0.33 1.02±0.41 <0.001 0.66±0.05 1.00±0.07 0.001

Peak LA conduit strain rate/E/e’ −0.07±0.03 −0.10±0.04 <0.001 −0.07±0.01 −0.10±0.01 0.002

LA conduit strain/eCSRd 8.22±3.97 8.19±2.98 0.96 7.96±0.56 8.59±0.77 0.59

Peak LA Conduit Strain Rate/eCRSd −0.83±0.36 −0.86±0.38 0.71 −0.83±0.06 −0.88±0.08 0.68

LA conduit strain/eLSRd 9.53±6.65 10.19±3.40 0.53 9.32±0.85 10.53±1.21 0.50

Peak LA Conduit Strain Rate/eLRSd −0.94±0.70 −1.04±0.29 0.35 −0.92±0.09 −1.09±0.12 0.35

Values shown as mean±SD or LSmeans±SE adjusted for age, sex, BMI, and race as indicated. Abbreviations: LV: left ventricle; LA: left atrium. LA 
Stiffness index calculated as E/e’/LA reservoir strain;. eCSRd, early diastolic circumferential strain rate; eLSRd, early diastolic longitudinal strain 
rate.
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Table 3:

Associations of Cardiac Measures with Functional Capacity and QoL

Peak VO2 6 Minute Walk Distance KCCQ Score

Parameter Estimate p-value Parameter Estimate p-value Parameter 
Estimate p-value

E/e’ −1.0±0.2 <0.001 −13±2 <0.001 −3±0.5 <0.001

LA reservoir strain 0.4±0.2 0.015 5±2 0.015 1±0.5 0.13

LA reservoir strain rate 6.3±1.9 0.001 86±26 0.001 7±6.5 0.28

LA conduit strain 0.3±0.2 0.09 6±2 0.016 0.7±0.6 0.28

LA conduit strain rate −4.2±2.0 0.034 89±26 0.001 −11.3±6.2 0.07

LA booster strain 0.3±0.2 0.20 2±3 0.58 0.6±0.7 0.38

LA booster strain rate 0.2±1.4 0.89 14±19 0.44 −1.1±4.7 0.82

LA Stiffness index (E/e’/LA 
reservoir strain) −9.0±1.6 <0.001 −117±22 <0.001 −23.2±5.0 <0.001

Adjusted for age, sex, BMI, and race

E/e’ −0.3±0.1 0.002 −4±2 0.012 −1.4±0.4 0.002

LA reservoir strain 0.2±0.1 0.028 3±1 0.05 0.8±0.4 0.05

LA reservoir strain rate 2.5±1.1 0.022 39±17 0.022 2.8±5.3 0.59

LA conduit strain 0.1±0.1 0.48 2±2 0.28 0.6±0.5 0.23

LA conduit strain rate −1.0±1.2 0.42 −40±18 0.025 −8.9±5.0 0.08

LA booster strain 0.2±0.1 0.030 3±2 0.15 0.7±0.5 0.19

LA booster strain rate −0.6±0.8 0.40 −1±12 0.93 −5.6±3.7 0.13

LA Stiffness index (E/e’/LA 
reservoir strain) −3.5±1.0 <0.001 −49±16 0.003 −14.1±4.2 0.001

Data presented as parameter estimate ± SE. Abbreviations: LV: left ventricle; LA: left atrium.
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Table 4.

Predictors of Outcomes

Peak VO2 6 Minute Walk Distance KCCQ Score

Parameter Estimate p-value Parameter Estimate p-value Parameter Estimate p-value

E/e’ −0.4±0.1 0.002 −5±2 0.011 −1.3±0.5 0.005

Reservoir Strain (%) 0.2±0.1 0.07 2±1 0.11 0.5±0.4 0.21

LA Stiffness Index −3.6±1.0 <0.001 −50±16 0.002 13.5±4.3 0.002

Data presented as parameter estimate ± SE. LV mass estimates are presented per 10 unit change in LV mass. Results of 3 different linear regression 
models each adjusted for conventional predictors (age, sex, BMI, and left ventricular mass).
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