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Abstract

Background—Impairment in left ventricular (LV) systolic function has been described in heart
failure with preserved ejection fraction (HFpEF), but its prognostic relevance is not known. We
determined whether LV longitudinal strain (LS) is predictive of cardiovascular (CV) outcomes in
HFpEF beyond clinical and conventional echocardiographic measures.

Methods and Results—LS was assessed by 2D speckle-tracking echocardiography at baseline
in 447 HFpEF patients enrolled in the Treatment Of Preserved Cardiac Function Heart Failure
with an Aldosterone Antagonist (TOPCAT) trial. At a median follow-up of 2.6 (IQR 1.5-3.9)
years, 115 patients experienced the primary composite outcome of CV death, HF hospitalization,
or aborted cardiac arrest. Impaired LS, defined as an absolute LS<15.8%, was present in 52% of
patients and was predictive of the composite outcome (adjusted HR 2.14, 95% CI 1.26-3.66;
p=0.005), CV death alone (adjusted HR 3.20, 95% CI 1.44-7.12; p=0.004), and HF hospitalization
alone (adjusted HR 2.23, 95% CI 1.16-4.28; p=0.016) after adjusting for clinical and conventional
echocardiographic variables. LS was the strongest echocardiographic predictor of the composite
outcome. Exploratory analysis in a subset of 131 patients with follow-up LS assessed after 12-18
months demonstrated a trend towards improvement in LS associated with spironolactone in
patients enrolled in the Americas but not in Russia or Georgia.
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Conclusions—Impaired LV systolic function is a powerful predictor of HF hospitalization, CV
death, or aborted cardiac arrest in HFpEF, independent of clinical predictors. Impaired LS
represents a novel imaging biomarker to identify HFpEF patients at particularly high risk for CV
morbidity and mortality.

Clinical Trial Registration Information—Clinicaltrials.gov. Identifier NCT00094302.
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Introduction

Methods

Heart failure with preserved ejection fraction (HFpEF) is common, increasing in
prevalence,12 and associated with rates of HF re-hospitalization and functional decline
similar to patients with HF with reduced EF,34 and a higher risk of death compared to age-
matched controls.>6 Abnormal LV diastolic performance is an important pathophysiologic
abnormality underlying HFpEF,” but demonstrates limited specificity® and sensitivity.%10
During systole, the LV shortens in the longitudinal and circumferential planes and thickens
in the radial plane. In patients with HFpEF, measures of systolic function are frequently
abnormal when assessed by mitral annular systolic excursion1:12 and velocity12:13.14.15
midwall fractional shortening!#16, and longitudinal strain.17:18:19 Strain imaging in
particular allows for quantitative assessment of myocardial deformation,2° appears to be a
less load-dependent index of systolic function than LVEF,2! and is associated with clinical
outcomes in HFrEF and LV dysfunction post-myocardial infarction. 22:23.24.25 |_imited data
are available regarding both the prognostic relevance of systolic dysfunction in HFpEF
beyond clinical and conventional echocardiographic predictors, and the impact of treatment
with an aldosterone antagonist on LV deformation. We hypothesized that worse LV
longitudinal strain (LS) is associated with heightened risk for HF hospitalization and
cardiovascular (CV) death in HFpEF, will provide incremental prognostic information
beyond clinical and conventional echocardiographic measures, and will improve with
aldosterone antagonist therapy.

Patient population

As previously described in detail 28 TOPCAT was a multicenter, international, randomized,
double blind placebo-controlled trial testing the aldosterone antagonist spironolactone to
reduce cardiovascular morbidity and mortality in 3,445 adults at least 50 years old with
signs and symptoms of HF and an LVVEF =45% per local site reading. Randomization was
stratified by the presence of either one of the following inclusion criteria: at least one
hospitalization in the prior 12 months for which HF was a major component of the
hospitalization or, if no qualifying hospitalization, a B-type natriuretic peptide (BNP) in the
prior 60 days =100 pg/ml or N-terminal pro-BNP (NT-proBNP) =360 pg/ml. All patients
provided written informed consent and the study was approved by the local Institutional
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Review Board. Detailed baseline demographics and clinical characteristics of the trial
population?” and the primary trial results28 have been previously published.

The design and baseline findings of the TOPCAT echocardiographic sub-study, including
reproducibility metrics for conventional echocardiographic measures, have been previously
described in detail.2? Strain analysis was performed on digitally acquired images in DICOM
format with acceptable quality. Of 935 patients in the TOPCAT echo study, 663 (71%) were
in DICOM format. Of those in DICOM format, 447 (67%) had adequate image quality for
deformational analysis of LS by B-mode speckle tracking and are included in this report
(Figure 1). Unacceptable image quality was defined as missing view, lack of a full cardiac
cycle, more than 2 segment dropout, or significant foreshortening of the left ventricle. To
determine whether LS values among the HFpEF patients studied differed significantly from
elderly persons without HFpEF, we compared HFpEF patients aged 65-91 to matched
community dwelling persons enrolled in the Atherosclerosis Risk in Communities (ARIC)
study.39 ARIC is a prospective epidemiologic cohort study that originally enrolled 15,792
middle-aged subjects in 4 communities in the United States between 1987 and 1989.
Between 2011 and 2013, 6,538 participants returned for a fifth study visit that included
comprehensive echocardiography.3! The same echocardiography core laboratory served
both the TOPCAT and ARIC studies.

Echocardiographic Methods

Outcomes

Quantitative measures on all study echocardiograms were performed according to the
American Society of Echocardiography recommendations by dedicated analysts at the core
laboratory, blinded to clinical information and randomized treatment assignment as
previously described for both the TOPCAT and ARIC studies.2%:31.32.33 Djgitally acquired
baseline echocardiography images in DICOM format with acceptable image quality were
uploaded to TomTec software (Munich, Germany) for deformational analyses (2D Cardiac
Performance Analysis) as previously described.1® For deformation analysis, endocardial
borders were traced at the end-diastolic frame in apical views, with end-diastole defined by
the QRS complex or as the frame after mitral valve closure.1® The software tracks speckles
along the endocardial border throughout the cardiac cycle. Peak LS was computed
automatically, generating regional data from 6 segments and an average value for each view.
For patients in sinus rhythm analyses were performed on a single cardiac cycle, while for
patients in atrial fibrillation strain values were calculated as the average of 3 cardiac cycles.
Peak average LS was measured in the apical 4 and apical 2 chamber views (in 6 segments
from each view) and averaged. All strain measures were performed by a single reader at the
echocardiography core laboratory. Intra-observer variability in our laboratory for LS,
performed in 40 studies, is as follows: coefficient of variation: 8%, bias 0.40+1.48%,
correlation coefficient: 0.71.

Clinical outcomes included CV death, HF hospitalization, and aborted sudden death during
the follow-up period. All events were reported by the primary site investigator and
independently adjudicated by the Clinical Endpoints Center. Definitions of these endpoints
have been previously published.26
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Statistical Analysis

LS is a negative value, but for ease of interpretation we have expressed LS as an absolute
value. Abnormal LS was defined as a peak systolic absolute LS value <15.8%, which
represents 2 standard deviations below the mean value for a healthy population of similar
age as previously described.1® Strain values were compared between an equal number of
patients with HFpEF in TOPCAT and community dwelling elderly persons without HF from
the ARIC cohort by k:k matching for age (within 2 years), gender and race (white, black, or
other). Matching was performed using a coarsened exact matching algorithm (STATA CEM
command). Between group comparisons were made using a two-sample T-test. Comparisons
were also made after additionally matching for history of hypertension, diabetes, coronary
disease, BMI =30 kg/m?, and eGFR category (0-30, 30-60, 60-90, >90 mL/min per 1.73
m?).

To assess the prognostic relevance of baseline strain, the primary outcome was the
composite of HF hospitalization, aborted sudden death, or CV death. Secondary endpoints
assessed included CV death and HF hospitalization individually. The association of LS with
the outcome variables of interest was assessed by time-to-event analysis using univariable
and 2 multivariable Cox proportional hazards models adjusting for increasing number of
covariates. Model 1 was developed from an initial set of 31 candidate variable predictors for
the primary outcome in the echocardiography study as previously described in detail.34
Model 1 adjusted for age, gender, race, randomized treatment assignment (spironolactone
versus placebo), randomization strata (qualifying hospitalization or elevated natriuretic
peptide level), enrollment region (Americas versus Russia/Georgia), history of atrial
fibrillation, core lab LVVEF, heart rate, New York Heart Association class, history of stroke,
creatinine, and hematocrit, in addition to LV mass which is prognostically relevant in the
TOPCAT echo study34 and LV end-systolic volume index (LVESVi) as LV size may
influence wall stress and strain. Septal E/E’, also prognostically relevant in this
population,34 was additionally adjusted for in Model 2 given the prevalence of missing
values for this variable. Based on event rates3®:36 and prevalence of abnormal LS from
previous HFpEF randomized trials, we anticipated 80% power to detect a hazard ratio of 1.6
associated with abnormal LS for the primary outcome. We had 80% power to detect a
hazard ratio of 1.7 with the observed number of events and prevalence of abnormal LS in
this study. The flexible continuous relationship of LS with the primary outcome and its
components (HF hospitalization and CV death) was further assessed via a Cox model using
restricted cubic splines. The relationship between LS and total HF hospitalizations during
the follow-up period was assessed using a negative binomial model for recurrent events. The
incremental value of LS when added to the clinical variables, LV mass, LVESVi, and E/E’
ratio was assessed by comparing the C-statistic of the predictive models without versus with
LS, with all C-statistics obtained via leave-one-out cross validation. All analyses were
performed using STATA version 12. Continuous net reclassification improvement (NRI)
and integrated discrimination improvement (IDI) associated with echo variables was
assessed for the primary composite endpoint, HF hospitalization, and CV death at 3 years
using time-to-event data.3” While LVEF criteria for HFpEF vary, 38 an LVEF >55% is
uniformly considered normal. Therefore, given the association of LS with LVEF, we
performed a sensitivity analysis restricted to 354 patients with core lab LVEF=55%. To
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assess the association of LS with outcomes after adjustment for natriuretic peptide level, we
performed an additional analysis in 259 patients in whom data on either BNP or NT-proBNP
was available, regardless of TOPCAT randomization strata (prior HF hospitalization or
biomarker criteria).2% In this analysis, the Z score of the log-transformed BNP or NT-
proBNP level was further included in multivariable Models 1 and 2 above. As differences in
event rates were noted between patients enrolled in the Americas compared to Russia and
Georgia,3® we also performed a sensitivity analysis stratified by region of enrollment
(Americas [n=340] versus Russia/Georgia [n=107]).

For the association of baseline strain with outcomes, the primary analysis was performed
using raw data, even when some patients had missing values. A sensitivity analysis was
performed using multiple imputation for missing data. Given the arbitrary missing value
pattern of the TOPCAT echo data, we employed multiple imputation by chained equations,
an iterative imputation procedure (STATA mi impute chained). Imputation was performed
for each echocardiographic measure with any missing data and was based on linear
regression using 30 baseline clinical variables and 18 echocardiographic measures as
predictor variables as previously described®* and was derived over 40 imputations.

LS measures were available both at baseline and at 12 (n=99) or 18 (n=32) months after
randomization in 131 patients (Figure 1). Given the marked regional differences in patient
characteristics and treatment effect noted in TOPCAT,39 we assessed the relationship
between randomization to spironolactone and change in LS separately by geographic region
(Americas vs Russia/Georgia) using linear regression adjusting for the baseline LS value.
Additional analysis was performed adjusting for treatment strata and baseline characteristics
that were unbalanced between treatment groups.

As compared to the 2,998 patients in TOPCAT without strain data, the 447 patients with
strain data were older, less frequently white, and less frequently enrolled in Russia or
Georgia (24% vs 52% respectively; Supplemental Table 1). Co-morbidities such as diabetes,
atrial fibrillation, prior coronary revascularization, and stroke were more prevalent.
Similarly, compared to the 488 patients within the TOPCAT echocardiography study
without strain measures, patients with strain data were less likely to be enrolled in Russia or
Georgia, more frequently female, and more likely to have a history of atrial fibrillation
(Supplemental Table 2). No significant differences in LV structure were noted, although
LVEF was statistically higher (60£8 vs 59+8% among those with vs without adequate
quality respectively) and LA volume larger (61+£27 vs 5622 ml).

Baseline Correlates of LS

In the 447 TOPCAT patients in this analysis, the mean LS was 15.6+3.5% and was
abnormal (absolute LS <15.8%) in 52% (Figure 2). There was a moderate correlation
between LS and LVEF (r=0.55) in the entire cohort, and a large majority of patients with
LVEF <55% demonstrated an abnormal LS. However, 66% of patients with abnormal LS
had an LVEF >55%. In this group, the correlation between LS and LVEF (r=0.33) was more
modest. Worse LS at baseline was associated with male gender, a higher prevalence of prior
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myocardial infarction, coronary revascularization, and history of atrial fibrillation, and with
higher heart rate (Table 1). Worse LS was also associated with greater LV size, LV wall
thickness, mass, and relative wall thickness (Table 2), worse LV longitudinal systolic
function assessed by the TDI S*, and elevated LV filling pressure, reflected in higher E/E’
ratio and greater LA size. Although not related to pulmonary pressure, worse LS was related
to worse RV function by fractional area change and greater RV end-systolic area.

LS in HFpEF and Matched Persons without HF

269 TOPCAT patients aged 65 to 91 years old were matched 1:1 with age-, gender-, and
race-matched community-dwelling elderly individuals who were free of HF. E’ velocity did
not differ between HFpEF and matched controls, while HFpEF patients demonstrated
significantly lower LS, in addition to significantly higher E/e’ ratio and LVMi (Figure 3).
LS remained significantly lower in HFpEF patients even when compared to community-
based controls matched additionally for history of hypertension, diabetes, coronary disease,
obesity, and eGFR level (15.843.4 vs 18.1+2.1%, p<0.0001; n=215 in each group).

LS and Incident Cardiovascular Events

Over a median follow-up of 2.6 (IQR 1.5-3.9) years, 115 patients (26%) experienced the
primary composite endpoint. HF hospitalization occurred in 78 (17%) and CV death
occurred in 54 (12%). LS was associated with greater risk for the primary composite
outcome, HF hospitalization alone, and CV death alone in unadjusted and fully adjusted
analyses (Table 3). The relationship between LS and these clinical outcomes was nonlinear,
with a linear relationship between LS and worse outcomes noted with values within the
normal range which plateaued in the range of abnormal LS (Figure 4a). After adjusting for
demographic, clinical, and conventional echocardiographic measures, abnormal LS was
associated with a doubling of risk for the primary endpoint and each 1% absolute reduction
in LS was associated with a 14% higher risk (Table 3). Per standard deviation change, LS
was the strongest echocardiographic predictor of the primary outcome in multivariable
adjusted models (Figure 4b). LS appeared to be more robustly predictive of CV death
compared to HF hospitalization, with abnormal LS associated with a three-fold higher risk
of CV death and a doubling of risk for HF hospitalization after multivariable adjustment.
Impaired LS was also robustly associated with a greater number of HF hospitalizations in
unadjusted and adjusted analysis. Similar findings were noted in analysis restricted to the
354 patients with LVEF>55% (Supplemental Table 3), in a sensitivity analysis stratified by
region of enrollment (Americas vs Russia and Georgia; Supplemental Table 4), and in an
analysis using multiple imputation to account for missing data (Supplemental Table 5).

Natriuetic peptide level was available in 259 patients, which was BNP in 207 patients
(median 238, IQR 143-420 pg/ml) and NT-proBNP in 52 patients (median 802, IQR 431-
1556 pg/ml). After log-transformation and standardization, natriuretic peptide level was
modestly but significantly correlated with LS (r=0.22, p=<0.001). Among this subset of
patients, LS remained significantly predictive of the primary composite endpoint after
adjusting for natriuretic peptide level in addition to demographics, clinical predictors,
LVEF, and LV mass index, whether modeled continously (HR 1.13 per 1% absolute
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decrease, 95% CI 1.03-1.24; p=0.013) or dichotomously (HR 2.15, 95% CI 1.13-
4.10;p=0.022; Supplemental Table 6).

Incremental Value of LS in Predicting Risk of Incident Cardiovascular Events

Among the 330 patients with complete data for LS, LV mass, and E/E*, the majority (53%)
of patients with abnormal LS also had LVH and elevated E/E*, with an additional 30%
demonstrating only elevated E/E* (Figure 5a). Abnormal LS, in the absence of abnormalities
in LV mass or E/E*, was present in only 6%. A similar pattern was noted among patients
with LVEF =55% (Supplemental Figure). Greater number of abnormal measures (LS, LV
mass, E/E*) predicted higher risk of the primary outcome (Figure 5b).

For prediction of the primary endpoint, addition of LS resulted in marginally significant
improvement in the cross-validated C statistic beyond clinical predictors alone and in
combination with measures of LV structure (LVMi and LVESVi), but not beyond these
measures in addition to E/E* (Table 4). The IDI and NRI demonstrated incremental value of
LS beyond these clinical and echocardiographic measures, again of marginal statistical
significance. No significant improvement in risk prediction with LS was noted for incident
HF hospitalization. In contrast, for prediction of CV death, LS did significantly improve the
IDI and NRI beyond clinical variables and echocardiographic measures of LV structure and
filling pressure. A net improvement in predicted risk of 37.2% (95% CI 7.9-54.1%, p =
0.012) for CV death at 3 years was noted, with an IDI of 7.9% (95% CI 1.2-17.2%, p =
0.024). Similar findings were noted in analysis restricted to the 249 patients with LVEF
>55% (Supplemental Table 7).

LS and Treatment with Spironolactone

Of the 131 patients with LS at baseline and 12 or 18 months post-randomization, 64 were
enrolled in the Americas and 67 were enrolled in Russia or Georgia. No significant
difference was noted in the number of participant experiencing an interval HF
hospitalization between the baseline and follow-up echo study by treatment arm in either
region (Americas: 3 vs 2, and Russia/Georgia: 2 vs 0 in the placebo and spironolactone
groups respectively). In the Americas, the 30 patients randomized to spironolactone were
well matched to the 34 randomized to placebo with the exception of older age, more
frequent white race, higher heart rate, and smaller LVEDVi in the placebo arm
(Supplemental Table 8). Baseline LS was significantly higher in the spironolactone arm than
the placebo arm, and demonstrated greater improvement at follow-up (Figure 6) which was
of marginal significance in unadjusted analysis (p=0.09) and significant after adjustment for
randomization strata and baseline characteristics differing between treatment arms (p=0.04).
In contrast, no difference in change in LS was noted in Russia or Georgia between
treatment-arms.

Discussion

There are three key novel findings of this analysis. First, among patients with HFpEF
enrolled in the TOPCAT trial, LV longitudinal strain was worse than in community dwelling
persons without HF matched for demographics and comorbidities, and was associated with a
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higher risk of the composite endpoint of HF hospitalization, CV death, or aborted sudden
death, CV death alone, and HF hospitalization alone after adjusting for clinical and
conventional echocardiographic measures. Second, a greater number of abnormalities in LS,
filling pressure (E/e’), and LVVH was associated with higher rates of the primary endpoint,
CV death alone, and HF hospitalization alone. Furthermore, the addition of LS to other
clinical and echocardiographic measures provided marginal incremental value in risk
prediction for the primary outcome, and greater incremental value for the prediction of CV
death. Similar findings were observed when restricting the population to those with LVEF
>55% and after further adjustment for natriuretic peptide level. Third, among the subgroup
of patients with LS measured at randomization and after 12—18 months, treatment with
spironolactone was associated with a trend towards improvement in LS in the Americas, but
not in Russia/Georgia. These findings suggest that systolic longitudinal dysfunction is
important in prognosis of patients with HFpEF, and may also be relevant to disease
pathophysiology.

Age-related changes in cardiac structure and function are well recognized. While several
studies have explored the prevalence of LV systolic dysfunction in HFpEF, most have been
limited in their ability to evaluate strain as a discriminating feature of HFpEF due to
differences in age and comorbidity status in the control group.17:1940 To our knowledge,
this study is the largest to compare well-phenotyped elderly HFpEF patients with elderly
persons in the community matched for key demographic feature and for comorbidities. LS,
in addition to E/e’ ratio and LV mass index, were significantly lower in the HFpEF patients
while e’ velocity was not. These findings confirm that, unlike e’, the observed impairments
in LS are not just related to age and co-morbidities and highlight the importance of
appropriate control groups in HFpEF studies. Systolic and diastolic dysfunction are inter-
related due to abnormalities in myocyte calcium cycling, which has been implicated in
hypertension-associated diastolic dysfunction and is detectable using strain imaging.4!
Therefore, it is not surprising that systolic and diastolic dysfunction are both present in
HFpEF, and that strain allows for the detection of abnormalities in the absence of an overt
reduction in LVEF. Several studies have demonstrated abnormalities of LV longitudinal
function among asymptomatic patients with common HFpEF risk factors such as
hypertension*2 and diabetes,*3 often in concert with augmentation of LV circumferential
deformation which may help preserve LVEF. Therefore, impaired longitudinal function is a
more sensitive marked of impaired systolic performance that LVEF. In addition, strain
appears to be a less load-dependent measure of LV systolic function compared to LVEF21
and — when measured using speckle-tracking — is independent of angle of incidence, unlike
tissue Doppler based measures of LV longitudinal function.

To our knowledge, ours is the largest study to evaluate the prognostic utility of LS in HFpEF
and the only study to demonstrate an independent relationship between LS and the
composite of CV death, HF hospitalization, and aborted sudden death, in addition to CV
death alone, HF hospitalization alone, and the total number of HF hospitalizations after
adjusting for relevant demographic, clinical, laboratory, and conventional echocardiographic
measures. While we did not account for multiple testing as these outcome measures are not
independent of each other, all associations described in Table 3 would have remained
significant at a Bonferroni-adjusted level of significance of p<0.013 accounting for four
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potential outcome measures, with the exception of the adjusted association of LS with
incident HF hospitalization. In two small studies of <100 patients with HFpEF, LS was a
significant univariate predictor of the composite endpoint of HF hospitalization or CV
death.#044 Neither study assessed the association of LS with the components of the
composite or the incremental prognostic value of LS. In one study** the independent
prognostic relevance of LS was not assessed while in the other4? LS was not a significant
independent predictor of outcomes. The reasons our results differ from that of Pellicori et al
are unclear but may relate to the smaller sample size and shorter follow-up in that study or to
differences in the HFpEF populations studied. Our findings of the prognostic importance of
systolic dysfunction in HFpEF is concordant a prior study employing a different measure of
systolic function — stress-corrected midwall fractional shortening — in an age-adjusted
analysis.16

The risk associated with lower absolute LS was nonlinear. Patients with abnormal LS (LS
<15.8%) were at the highest risk of all outcomes assessed, but the risk per 1% lower LS was
greater at LS values within the normal range, where LVEF also tended to be well within the
normal range. As noted in previous studies, LS was significantly correlated with LVEF,
which may raise concern that LS is simply a more sensitive reflector of LVEF. While there
is a lack of consensus on the LVEF criteria for HFpEF, an LVEF =55% is uniformly
accepted as normal.”38 TOPCAT entry required a site-reported LVEF >45% and the large
majority of patients with LVEF <55% demonstrated impaired LS. However the majority of
patients with impaired LS had an LVEF =55%, and 43% of patients with LVEF =55% had
abnormal LS. Importantly, the unadjusted and adjusted association of LS with CV outcomes,
and metrics for incremental value, were similar in the subgroup of patients with LVEF 55%,
clearly demonstrating that LS provides functional and prognostic information distinct from
LVEF.

The association of LS with clinical outcomes after adjusting for measures of LV structure
and filling pressure is important as the majority of patients with abnormal LS also had
elevated E/E’ with or without concomitant LVH, a finding which persisted in the subgroup
of patients with LVEF >55%. Both LVH and elevated filling pressure are known prognostic
markers in HFpEF.10:34 Incidence rates of the composite endpoint, CV death, and HF
hospitalization increased in a stepwise fashion with greater number of abnormalities in these
measures, suggesting that together they are useful to discriminate risk among HFpEF
patients and identify those patients at higher risk for inclusion in therapeutic trials.

The incremental value of LS beyond relevant clinical, laboratory, and conventional
echocardiographic measures was particularly robust in predicting CV death while LS
demonstrated only margin incremental value in predicting the composite outcome and was
not incremental in predicting HF hospitalization. The continuous NRI quantifies the
predictive strength of the novel biomarker beyond, and accounting for correlations with, the
existing predictors, with values above 60 considered strong, those around 40 considered
intermediate, and values <20 considered weak.® LS was associated with an NRI of
approximately 40 for CV death, which compares favorably with established techniques such
as PET myocardial perfusion imaging for predicting CV death (continuous NRI 0.5446),
conventional echocardiography for predicting incident HF (continuous NRI 0.3247), and
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NT-proBNP for predicting incident CVD (continuous NRI 0.20%8) when compared to
clinical models. Concordant with the NRI, LS also significantly improved the IDI, which
represents the absolute change in the difference in the mean predicted probabilities of
patients experiencing versus not experiencing events. Other echocardiographic risk factors
in TOPCAT, such as LVMi and E/E’ ratio, demonstrated greater incremental value in
predicting HF hospitalization compared to CV death, highlighting the complementary
information provided by LS.3 Indeed, the poorer performance of clinical characteristics
alone or in combination with conventional echocardiographic measures in predicting CV
death relative to HF hospitalization (C statistic: 0.64 vs 0.71 respectively [clinical variables
only], 0.66 vs 0.74 respectively [clinical + conventional echo]; Table 4) may partially
explain the greater incremental value of LS for CV death.

Spironolactone has been associated with improvement in LV filling pressure (E/e’ ratio) and
LV mass in HFpEF,49:50.51 however its impact on LV deformation in HFpEF has not been
previously evaluated. Prior trials in patients with HF risk factors, including hypertension
with exertional intolerance,>2 obesity,>3 and metabolic syndrome,>* have demonstrated
significant improvements in LS associated with spironolactone therapy. Patients in those
studies tended to demonstrate a higher baseline LS, with a larger magnitude of effect of
spironolactone on LS compared to our study. This may reflect more advanced, and less
reversible, myocardial dysfunction and fibrosis in HFpEF, or between study differences in
strain software and assessment. In our study, spironolactone was associated with a trend
toward improvement in LS in the Americas, but not in Russia or Georgia. Marked regional
differences have been noted in the TOPCAT trial in patient characteristics and, importantly,
in spironolactone treatment effect on blood pressure, serum potassium, serum creatinine, and
clinical endpoints.3 The etiology is unclear, but our finding of a marginal treatment effect
on spironolactone in the Americas only is consistent with these other measures of
spironolactone treatment effect.

Several limitations of this analysis should be noted. Strain analysis was only feasible in 48%
of TOPCAT echocardiographic studies, due to non-DICOM imaging format, missing views,
and poor image quality. This limited our power to assess associations and incremental value,
particularly in multivariable analyses. In addition, as a portion of studies were
echocardiograms obtained for clinical purposes and not according to protocol, certain
conventional measures, particularly Doppler measures, were missing in a proportion of
patients. This affected sample size for multivariable analyses adjusting for conventional
echocardiographic measures, particularly E/E’. However, a sensitivity analysis using
multiple imputation to account for missing data produced similar findings to the primary
analysis (Supplemental Table 5). Given the limited number of patients with complete data
necessary for assessment of incremental value of LS, we performed leave-one-out cross
validation to determine model C statistics to obviate the risk of model over fitting. Finally,
follow-up strain data was only available in a small subset of study participants and limited
our power to detect a treatment effect related to spironolactone.
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Conclusions

Systolic function reflected in LV longitudinal strain is impaired in HFpEF and is
independently associated with risk of the composite endpoint of HF hospitalization, CV
death, or aborted sudden death, as well as CV death alone, HF hospitalization alone, and
total number of HF hospitalizations. LV LS provides incremental prognostic information for
the composite endpoint and CV death alone beyond clinical, laboratory, and conventional
echocardiographic risk markers. LV LS is a novel marker of heightened risk of CV
morbidity and mortality in HFpEF, and may be important in the pathophysiology of this
syndrome.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Consort diagram of the study population. *Unacceptable image quality was defined as

missing view, lack of a full cardiac cycle, more than 2 segment dropout, or significant
foreshortening of the left ventricle.

Circulation. Author manuscript; available in PMC 2016 August 04.

Page 16



1duosnuel Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Shah et al. Page 17

.15

7 Overall (N=447):
Mean1S.D.: -15.6 +3.5

= Normal LS (N=216)
Mean#S.D.: -18.5 1.7

Abnormal LS (N=231)
Mean#S.D.: -12.8 12.3

2
‘@
c
Q
a
Yo}
8-
O -
-25 15.8 -15
Longitudinal Strain (%)
Figure 2.

Distribution of LV LS in the TOPCAT Echo study.
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matched community dwelling persons without HF from the ARIC study.
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(A) Restricted cubic spline analysis demonstrating the unadjusted hazard ratio (black line)
and 95% confidence limits (grey lines) for the primary composite endpoint of HF
hospitalization, aborted cardiac arrest, or CV death (n=447; reference value: —20%). (B)
Forest plot demonstrating the hazard ratio for the primary outcome, per standard deviation
change in echocardiographic risk factors in HFpEF in multivariable adjusted models in the
TOPCAT echocardiography study. Caption: For panel A, hazard ratios (HR) are per 1%
absolute increase in LS. Histograms demonstrate the distribution of LS in the study
population. Fully adjusted analysis (Model 2) is adjusted for age, gender, race,
randomization strata (prior HF hospitalization or biomarker criteria), region of enrollment
(Americas versus Russia or Georgia), randomized treatment assignment, core lab LVEF,
history of atrial fibrillation, heart rate, New York Heart Association class, history of stroke,
creatinine, hematocrit, LV mass, LVESVi, and E/E’ ratio. Values presented are a linear
approximation. For panel B, risk associated with negative LVEF and e’ are shown.
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Covariates in multivariable model are the same as in panel (A) with the exception of LV
mass, LVESVi, and E/E’ ratio. See text for further details.
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Figure 5.
Venn diagram demonstrating the overlap between abnormal LS, LVH, and elevated E/E’

patients among patients will all 3 measures available (n=330). Panel (B) shows the event
rates (per 100 person-years) among the 330 participants with all three measures of the
primary composite endpoint (CV death, HF hospitalization, aborted cardiac arrest; 87 total
events), CV death alone (32 total events), and of HF hospitalization alone (47 total events)
based on the number of abnormal echo findings (abnormal LS, LVH, and elevated E/E’).

Circulation. Author manuscript; available in PMC 2016 August 04.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Shah et al.

18

16

14

Longitudinal Strain (%)

12

10

Figure 6.

Change in LS value from randomization to follow-up (12-18 months) by treatment arm
(spironolactone versus placebo) among patients enrolled in (A) the Americas and (B) Russia
and Georgia. P for interaction between randomized treatment assignment and change in LS
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Russia/Georgia (n = 67)
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Baseline Adjusted -0.5(-1.9-1.0) P=0.52
Fully Adjusted -0.3(-1.8—-1.2) P=0.70
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by region=0.09. Baseline-adjusted analysis is based on an ANCOVA. Fully adjusted

analysis adjusted for baseline characteristics that differed significantly between treatment
arms by region. In the Americas, the multivariable model adjusted for randomization strata
(prior hospitalization or natriuretic peptide level), age, race, heart rate, and LVEDVi. In
Russia and Georgia, the multivariable model adjusted for randomization strata, history of

hypertension, and the presence of significant valvular disease.
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