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Background-—The utility of longitudinal, circumferential, and radial strain and strain rate in determining prognosis in chronic heart
failure is not well established.

Methods and Results-—In 416 patients with chronic systolic heart failure, we performed speckle-tracking analyses of left
ventricular longitudinal, circumferential, and radial strain and strain rate on archived echocardiography images (30 frames per
second). Cox regression models were used to determine the associations between strain and strain rate and risk of all-cause
mortality, cardiac transplantation, and ventricular-assist device placement. The area under the time-dependent ROC curve (AUC)
was also calculated at 1 year and 5 years. Over a maximum follow-up of 8.9 years, there were 138 events (33.2%). In unadjusted
models, all strain and strain rate parameters were associated with adverse outcomes (P<0.001). In multivariable models, all
parameters with the exception of radial strain rate (P=0.11) remained independently associated, with patients in the lowest tertile
of strain or strain rate parameter having a �2-fold increased risk of adverse outcomes compared with the reference group
(P<0.05). Addition of strain to ejection fraction (EF) led to a significantly improved AUC at 1 year (0.697 versus 0.633, P=0.032)
and 5 years (0.700 versus 0.638, P=0.001). In contrast, strain rate did not provide incremental prognostic value to EF alone.

Conclusions-—Longitudinal and circumferential strain and strain rate, and radial strain are associated with chronic heart failure
prognosis. Strain provides incremental value to EF in the prediction of adverse outcomes, and with additional study may be a
clinically relevant prognostic tool. ( J Am Heart Assoc. 2013;2:e000550 doi: 10.1161/JAHA.113.000550)
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H eart failure (HF) is a major cause of morbidity and
mortality in the United States, representing a leading

cause of death and hospitalization. As such, accurate
assessment of cardiac function is critical in order to gauge
prognosis and guide therapy, particularly in chronic systolic
HF. Left ventricular (LV) ejection fraction (EF) is an established
predictor of adverse cardiovascular outcomes in these
patients,1,2 but its prognostic utility across the full spectrum
of HF is limited.3–5 As such, there is an important need to

determine the value of novel quantitative imaging measures of
cardiac function and mechanics in order to improve upon the
identification of HF patients at increased risk of adverse
outcomes.

Speckle-tracking is an emerging technology that enables
the noninvasive characterization of regional myocardial strain
and strain rate in longitudinal, circumferential, and radial
dimensions.6,7 Strain is defined as the change in length of a
tissue normalized to its original length ([L�L0]/L0), and strain
rate describes the rate at which this change occurs,
representing the time-derivative of strain. These measure-
ments are independent of ultrasound scanline angle and are
readily derived using semi-automated methods.8 Longitudinal
strain represents shortening and lengthening of the suben-
docardial and subepicardial myocardium, which is believed to
be more sensitive to early changes such as those induced by
subendocardial ischemia.7 Short-axis function is a composite
action of both longitudinal and circumferential fibers, and is
characterized by fibers that thicken and thin in the radial
direction, and shorten and lengthen in the circumferential
direction. These measures are all highly quantitative and
provide insight into regional and global cardiac function.
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Previous work has shown global longitudinal and circum-
ferential strain or strain rate to be a reproducible and
important indicator of prognosis in patients specifically with
acute systolic HF, postmyocardial infarction, and ischemic
cardiomyopathy.9–12 However, the predictive value of strain
and strain rate parameters in all 3 dimensions including
longitudinal, circumferential, and radial, as well as the
incremental value of these parameters beyond EF, is less
well established across a broad spectrum of ambulatory
patients with chronic heart failure. In addition, the relation-
ships between strain and strain rate parameters and the
relationships with echocardiographic measures of LV remod-
eling and function have not been fully characterized in chronic
systolic HF.

The purpose of this study was to comprehensively evaluate
the utility of strain and strain rate as a quantitative measure
and risk predictor in a broad cohort of chronic heart failure.
We carefully examined the relationships between strain and
strain rate parameters and conventional measures of cardiac
size and function (EF, LV mass, end-diastolic volume [EDV],
end-systolic volume [ESV], end-systolic elastance [Ees],
effective arterial elastance [Ea], ventricular-arterial coupling
[Ea/Ees]). Furthermore, we hypothesized that strain analyses
would provide incremental value in assessing prognosis
beyond EF in this population.

Methods

Study Population
The Penn Heart Failure Study (PHFS) is a prospective cohort
study of outpatients with primarily chronic systolic heart
failure recruited from referral centers at the University of
Pennsylvania (Philadelphia, PA), University of Wisconsin
(Madison, WI), and Case Western (Cleveland, OH).13,14 The
primary inclusion criterion was a clinical diagnosis of heart
failure. Participants were excluded only if they had a non-
cardiac condition resulting in an expected mortality of
<6 months as judged by the treating physician, or if they
were unable or unwilling to provide informed consent. This
substudy consisted of subjects recruited from the University
of Pennsylvania between 2003 and 2009 that were represen-
tative of this clinical site.

At time of study entry, detailed clinical data were obtained
using a standardized questionnaire administered to the
patient and treating physician, with verification via medical
records. Two-dimensional (2D) transthoracic echocardiogra-
phy was performed according to standard protocol and
digitally archived in all patients at an ICAEL-accredited
laboratory typically within 60 days of study entry.

Follow-up events including all-cause mortality, cardiac
transplantation, and ventricular assist device (VAD) placement

were prospectively ascertained every 6 months through direct
patient contact and verified through death certificates,
medical records, and contact with patients’ family members
by dedicated research personnel.

All participants provided written, informed consent, and
the PHFS protocol was approved by the Institutional Review
Board.

Transthoracic Echocardiography
All 2D transthoracic echocardiograms were digitally archived
according to a standardized protocol. Echocardiographic
parameters including M-mode, 2D, and Doppler images were
subsequently analyzed by the core laboratory at the Hospital
of the University of Pennsylvania using dedicated, commer-
cially available software (TomTec Imaging Systems). Apical
4-chamber LV end diastolic (EDV) and end systolic (ESV)
volumes were obtained using Simpson’s method of discs as
recommended by the American Society of Echocardiogra-
phy.15 LV mass was estimated at end-diastole by digitizing the
endocardial and epicardial surfaces of the LV short axis to
obtain short axis myocardial areas. LV mass was calculated
using the area-length method (5/6 short axis myocardial
area9LV cavity length9myocardial density (1.055)). LV
volumes and mass were indexed to body surface area, which
was determined using the Dubois formula (0.202479height
(m)0.7259weight(kg)0.425).

Stroke volume (SV) was measured using the difference
between EDV and ESV. Ejection fraction was thus calculated
as SV divided by the EDV. End systolic pressure (ESP) was
estimated as 0.90 9 systolic pressure, obtained by manual
blood pressure (BP) cuff measurement.16 Effective arterial
elastance (Ea) was defined as the ratio of ESP/SV.17 End
systolic elastance (Ees) was determined using a modified
single-beat algorithm described by Chen et al using arm-cuff
pressures, stroke volumes (EDV-ESV), and several timing
intervals (isovolumic contraction time, pre-ejection period,
ejection time, total systolic period).16 We computed the Ea/
Ees ratio, an index of ventricular-vascular coupling. All
measurements were made by research personnel blinded to
patient characteristics and outcomes.

For end-diastolic volumes, the intra-observer coefficients
of variation (CV) for this measurement in our core lab are 4.5%
to 6.3%. The intra- and interobserver CV for Ees,sb are 8.2%
and 9.8%, and for Ea are 7.9% and 8.6%, respectively.

Strain and Strain Rate Analysis
Longitudinal, circumferential, and radial strain and strain rate
measurements were performed on digitally archived images
using dedicated, commercially available software (TomTec
Imaging System). The LV endocardial border was manually
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traced at the end-systolic frame of 1 cardiac cycle from the
parasternal short-axis view at the midpapillary level and apical
4-chamber view. In individual segments with poor tracking,
the borders were manually readjusted. Peak longitudinal,
circumferential, and radial strain and strain rate values were
computed automatically. As per standard conventions, a
greater degree of myocardial shortening is reflected by more
negative longitudinal and circumferential strain and strain rate
values and more positive radial strain and strain rate values.

Intra-observer CV for longitudinal strain and strain rate are
10.5% and 9.9%, for circumferential strain and strain rate
13.0%, and for radial strain and strain rate 24.2% and 18.8%,
respectively. Of the patients with analyzable volumes, 3% did
not have analyzable longitudinal strain in the 4-chamber view
and 7.7% did not have analyzable radial or circumferential
strain in the short-axis view. The following criteria were used
to exclude images from analyses secondary to inadequate
image quality: (1) significant foreshortening of the 4-chamber,
ie, when the maximum length of the LV was not displayed or
when the apex was out of sector; (2) lack of visualization of a
substantial portion of the LV endocardium/myocardium due
to undergaining or artifact; (3) oblique short axis views rather
than circular, ie, when the LV minor axes were too dissimilar.
All measurements were quantified from digital images
archived at 30 frames per second and made by a single
observer blinded to all other patient characteristics or
outcomes.

Laboratory Analyses
N-terminal pro-hormone of brain natriuretic peptide (NT-
proBNP) was measured from banked plasma obtained at the
time of study entry by a standard electrochemiluminesence
immunoassay (Elecsys proBNP, Roche Diagnostics), as previ-
ously described.18 The assay range was 20 to 5000 pg/mL.
The intra- and interassay CV were 2.9% and 6.1%, respectively.

Statistical Methods
Baseline characteristics were summarized for all participants
using standard descriptive statistics. Echocardiographic
parameters were evaluated according to New York Heart
Association (NYHA) functional classification using Kruskal-
Wallis rank sum tests, and the relationship between echocar-
diographic parameters and NT-proBNP was assessed using
Spearman rank correlation. Cox regression models were used
to determine the association of strain and strain rate
parameters and EF with risk of the combined outcome of
all-cause death, cardiac transplantation, or VAD placement. To
facilitate the comparison of associations across echocardio-
graphic parameters, each parameter was categorized accord-
ing to tertiles of its distribution. In our study, the first tertile

represented better strain and strain rate values whereas the
third tertile represented worse strain and strain rate values
with respect to adverse outcomes. Adjustment variables were
selected based on clinical rationale and included age, gender,
race, heart failure etiology, height, weight, heart rate,
estimated glomerular filtration rate (GFR), and medication
use, including angiotensin converting enzyme inhibitors (ACE-
I), angiotensin receptor blockers (ARB), aldosterone antago-
nists, and beta-blockers. Age exhibited nonproportional
hazards and was adjusted for using a time-varying covariate,
which was obtained by interacting age with the natural log of
time. We also explored the effects of EF on our multivariable
association models.

Time-dependent receiver operating characteristic (ROC)
curves were used to quantify the ability of strain and strain
rate parameters in combination with EF to discriminate
participants with respect to the combined outcome.19 Cox
regression models were used to determine a composite
marker for EF, longitudinal strain, circumferential strain, and
radial strain, and a composite marker for EF, longitudinal
strain rate, circumferential strain rate, and radial strain rate.20

A leave-one-out jackknife approach was used such that the
value of the composite marker for each participant was
calculated as a weighted combination of ejection fraction and
strain parameters, with weights determined by Cox regression
coefficients, which were estimated from a model fit to the
data for all other participants. The jackknife approach
ameliorates the potential for bias when applying a prognostic
score to the same dataset from which it was derived, and
avoids arbitrarily splitting the data into derivation and
validation cohorts. The area under the ROC curve (AUC) was
calculated at 1 and 5 years to quantify both short- and long-
term prognostic accuracy. Bootstrap resampling was used to
compute standard error estimates upon which to base
confidence intervals for the AUC and 1-sided Wald tests of
whether the difference between the AUC for a composite
marker and that for EF was equal to 0. Estimates of the AUC
and the difference between 2 AUCs were obtained for each
resampled dataset, and the standard deviation of the
estimates across 1000 resampled datasets was used as the
standard error. All analyses were completed using R 3.0.0 (R
Development Core Team), including the survivalROC exten-
sion package.21

Results

Baseline Characteristics
Baseline clinical and echocardiographic characteristics of the
416 patients who comprised this subcohort analysis are
summarized in Table 1. The median age was 56 years and the
majority of the participants were male (61%) and Caucasian
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(72%). The etiology of heart failure was ischemic in 24% of
patients, and 45% had NYHA class III or IV heart failure. The
median value for LVEF was 26% (interquartile range [IQR] 20%,
36%), for EDV 115 mL/m2 (IQR 88, 150 mL/m2), and for ESV
85 mL/m2 (IQR 58, 118 mL/m2).

The median values for longitudinal, circumferential, and
radial strain were �8.2% (IQR �10.8%, �5.7%), �11.1% (IQR
�16.8%, �7.1%), and 14.9% (IQR 9.4%, 22.4%), respectively.
These were substantially worse compared with the mean
reference values in normal, healthy controls, which were
�19.7% (95% CI �20.4, �18.9) for longitudinal; �23.3% (95%
CI �24.6, �22.1) for circumferential, and 47.3% (95% CI 43.6,
51) for radial.22,23 In our cohort, median values for strain rate
were �0.48 1/s (IQR �0.65, �0.34 1/s) for longitudinal,
�0.70 1/s (IQR �1.08, �0.49 1/s) for circumferential, and
0.88 1/s (IQR 0.58, 1.22 1/s) for radial.

The Relationships Between Strain, Strain Rate,
and Parameters of Heart Failure Severity
Worsening of each individual strain and strain rate parameter
was associated with higher NYHA class (P<0.001) and greater
NT-proBNP levels (P<0.001; Table 2). Strain and strain rate
correlated strongly with LV volumes, but more modestly with
LV mass (Figure 1). Interestingly, strain and strain rate were
associated weakly with measures of load (Ea), and more
strongly with measures of chamber elastance and contractility
(Ees,sb). The correlations between these conventional mea-
sures of cardiac remodeling and function and strain and strain
rate parameters were similar in all dimensions. In comparison,
EF demonstrated strong correlations with LV volumes and
mass, a modest correlation with arterial load (Ea), and lack of
correlation with Ees,sb. Strain, strain rate, and EF all
demonstrated moderate correlations with ventricular-arterial
coupling, as assessed by Ea/Ees,sb.

Table 1. Baseline Characteristics; All Summaries Presented
as Median (25th and 75th percentile) Unless Otherwise Noted
as n (%)

Entire Cohort (n=416)

Demographic Characteristics

Age, y 56 (45, 65)

Male, n (%) 254 (61)

Race, n (%)

Caucasian 301 (72)

African American 98 (24)

Other 17 (4)

Medical History and Risk Factors

History of hypertension, n (%) 207 (50)

History of diabetes, n (%) 115 (28)

Tobacco use, n (%)

Never 171 (41)

Former 211 (51)

Current 34 (8)

Heart Failure Characteristics

NYHA functional classification, n (%)

I 57 (14)

II 170 (41)

III 143 (34)

IV 46 (11)

Ischemic etiology, n (%) 101 (24)

Cardiac resynchronization therapy, n (%) 97 (23)

Defibrillator, n (%) 166 (40)

Medication Use

ACE inhibitor or ARB, n (%) 353 (85)

Aldosterone antagonist, n (%) 152 (37)

Beta-blocker, n (%) 355 (85)

Diuretics, n (%) 333 (80)

Clinical Measurements

Body surface area, m2 2.0 (1.8, 2.2)

Systolic blood pressure, mm Hg 108 (96, 124)

Diastolic blood pressure, mm Hg 68 (60, 76)

Heart rate, beats/min 74 (64, 84)

eGFR, mL/min per 1.73 m2 69 (51, 85)

Echocardiogram Measurements

Longitudinal strain, % �8.2 (�10.8, �5.7)

Circumferential strain, % �11.1 (�16.8, �7.1)

Radial strain, % 14.9 (9.4, 22.4)

Longitudinal strain rate, 1/s �0.48 (�0.65, �0.34)

Circumferential strain rate, 1/s �0.70 (�1.08, �0.49)

Continued

Table 1. Continued

Entire Cohort (n=416)

Radial strain rate, 1/s 0.88 (0.58, 1.22)

Ejection fraction, % 26 (20, 36)

LV end-diastole volume/BSA, mL/m2 115 (88, 150)

LV end-systole volume/BSA, mL/m2 85 (58, 118)

LV mass/BSA, g/m2 129 (104, 156)

Effective arterial elastance (Ea), mm Hg/mL 1.63 (1.26, 2.12)

End systolic elastance (Eessb), mm Hg/mL 0.85 (0.61, 1.27)

Ventricular-arterial coupling (Ea/Eessb) 1.92 (1.47, 2.50)

ACE indicates angiotensin converting enzyme; ARB, angiotensin receptor blockers; BSA,
body surface area; eGFR, estimated glomerular filtration rate; LV, left ventricular; NYHA,
New York Heart Association.
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Strain and Strain Rate as Predictors of Adverse
Clinical Outcomes
Over amaximum follow-up of 8.9 years andmedian follow-up of
4 years, there were 138 adverse events: 80 deaths, 46
transplants, and 12 VAD placements. In unadjusted models,
all strain and strain rate parameters were associated with
adverse clinical outcomes (Table 3). The likelihood of event-
free survival decreased steadily from the first to the third tertile
for each parameter (Figure 2). In particular, patients in the
lowest, or worst, tertile of longitudinal strain had a markedly

increased risk of adverse outcomes compared with the patients
in the highest tertile (HR=3.9, 95% CI 2.5 to 6.1, P<0.001).
Minimally adjusted models considering age, gender, and race
had no substantive impact on the significance of associations
for all strain and strain rate parameters. In fully adjusted
models, all parameters with the exception of radial strain rate
(P=0.11) remained significantly associated with adverse out-
comes. Patients in the lowest tertile of each strain or strain rate
parameter had a �2-fold increased risk of adverse outcomes
compared with the reference group (P<0.05 for all). This was
similar to the hazard ratio seen for the lowest tertile of EF when
comparedwith the reference group. Consideration for degree of
mitral regurgitation did not affect this association. Inclusion of
EF in our models resulted in risk estimates that were
attenuated, but tended in the same direction (Table 3).

We then sought to evaluate the additive ability of strain or
strain rate to identify those patients who subsequently
experienced an adverse outcome (cardiac transplantation,
VAD placement, or death). Alone, EF exhibited modest
predictive accuracy (AUC 0.633 [95% CI 0.561 to 0.706] at
1 year and 0.638 [95% CI 0.578 to 0.698] at 5 years).
Addition of strain parameters to EF led to a significantly
improved AUC at both 1 year (0.697 [95% CI 0.622 to 0.771],
P=0.032 versus EF alone) and 5 years (0.700 [95% CI 0.636
to 0.764], P=0.014) (Figure 3). In contrast, strain rate
parameters did not provide incremental value to EF at 1 year
(0.666 [95% CI 0.588 to 0.744], P=0.16 versus EF alone) or at
5 years (0.668 [95% CI 0.602 to 0.734], P=0.13).

Discussion
Our objectives in this study were to define the relationships
between strain and strain rate parameters and conventional

Table 2. Summary Statistics for Echocardiography-Derived Parameters by NYHA Functional Classification, Presented as Median
(25th, 75th percentile), and Spearman Rank Correlation With NT-proBNP

Echocardiographic
Parameter

NYHA Functional Classification* Correlation With
NT-proBNP**
(n=293)I (n=57) II (n=170) III (n=143) IV (n=46)

Longitudinal strain, % �10.9 (�13.0, �9.1) �8.8 (�11.3, �6.8) �6.8 (�9.1, �4.9) �6.1 (�7.8, �4.2) 0.53

Circumferential strain, % �16.4 (�19.7, �12.4) �12.3 (�17.5, �7.7) �9.3 (�14.1, �6.4) �7.7 (�9.5, �5.3) 0.46

Radial strain, % 22.2 (16.8, 27.9) 16.1 (11.4, 23.8) 12.1 (7.9, 17.5) 9.6 (5.5, 16.0) �0.43

Longitudinal SR, 1/s �0.63 (�0.71, �0.51) �0.51 (�0.70, �0.39) �0.41 (�0.54, �0.32) �0.39 (�0.55, �0.29) 0.45

Circumferential SR, 1/s �1.00 (�1.36, �0.72) �0.77 (�1.17, �0.51) �0.61 (�0.87, �0.44) �0.52 (�0.71, �0.41) 0.44

Radial SR, 1/s 1.15 (0.84, 1.48) 0.94 (0.64, 1.24) 0.74 (0.52, 1.02) 0.68 (0.44, 1.08) �0.41

Ejection fraction, % 36 (27, 42) 28 (22, 36) 24 (18, 32) 20 (18, 27) �0.40

NT-proBNP indicates N-terminal pro-hormone of brain natriuretic peptide; NYHA, New York Heart Association; SR, strain rate.
*All P values from Kruskal-Wallis rank sum test <0.001.
**All P values <0.001.
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Figure 1. Spearman rank correlation between echocardiogram
measurements: Relationships between quantitative parameters of
cardiac size and function and strain and strain rate. Blue hue
indicates positive correlation; red hue indicates negative correlation.
Darker shading indicates more extreme correlations. Ea indicates
effective arterial elastance; EDV, end-diastolic volume; Ees, end-
systolic elastance; ESV, end-systolic volume; LV, left ventricular.
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Table 3. Associations Between Echocardiography-Derived Parameters and Risk of All-Cause Mortality, Cardiac Transplantation, or
Ventricular Assist Device Placement; Cut-Points for Each Parameter Defined by Tertiles of its Distribution

Echocardiographic Parameter

Unadjusted Minimally Adjusted Fully Adjusted Fully Adjusted+LVEF

HR (95% CI) P Value HR (95% CI) P Value HR (95% CI) P Value HR (95% CI) P Value

Longitudinal Strain <0.001 <0.001 0.009 0.14

Tertile 1 Referent Referent Referent Referent

<�9.6%

Tertile 2 1.9 (1.2, 3.1) 1.6 (0.94, 2.6) 1.1 (0.64, 1.9) 0.97 (0.55, 1.7)

≥�9.6% to <�6.5%

Tertile 3 3.9 (2.5, 6.1) 3.1 (1.9, 5.0) 1.9 (1.1, 3.2) 1.5 (0.79, 2.7)

≥�6.5%

Circumferential Strain <0.001 <0.001 0.007 0.19

Tertile 1 Referent Referent Referent Referent

<�14.7%

Tertile 2 1.9 (1.2, 3.1) 1.7 (1.1, 2.8) 1.7 (1.0, 2.8) 1.4 (0.81, 2.6)

≥�14.7% to <�8.3%

Tertile 3 3.1 (2.0, 4.8) 2.8 (1.8, 4.4) 2.2 (1.4, 3.7) 1.8 (0.95, 3.4)

≥�8.3%

Radial Strain <0.001 <0.001 0.014 0.18

Tertile 1 Referent Referent Referent Referent

≥19.4%

Tertile 2 1.6 (1.0, 2.6) 1.7 (1.0, 2.8) 1.5 (0.93, 2.5) 1.3 (0.79, 2.3)

≥11.3% to <19.4%

Tertile 3 2.9 (1.9, 4.4) 2.7 (1.7, 4.2) 2.0 (1.3, 3.3) 1.6 (0.97, 2.8)

<11.3%

Longitudinal SR <0.001 <0.001 0.022 0.27

Tertile 1 Referent Referent Referent Referent

<�0.59 1/s

Tertile 2 2.1 (1.3, 3.4) 1.9 (1.2, 3.1) 1.8 (1.0, 3.0) 1.5 (0.85, 2.6)

≥�0.59 to <�0.39 1/s

Tertile 3 3.3 (2.1, 5.2) 2.6 (1.6, 4.2) 2.0 (1.2, 3.4) 1.6 (0.90, 2.9)

≥�0.39 1/s

Circumferential SR <0.001 <0.001 0.006 0.14

Tertile 1 Referent Referent Referent Referent

<�0.92 1/s

Tertile 2 1.9 (1.2, 3.1) 1.8 (1.1, 2.9) 1.9 (1.1, 3.2) 1.6 (0.92, 2.9)

≥�0.92 to <�0.55 1/s

Tertile 3 3.1 (1.9, 4.8) 2.8 (1.8, 4.4) 2.3 (1.4, 3.8) 1.9 (1.0, 3.6)

≥�0.55 1/s

Radial SR <0.001 0.003 0.11 0.53

Tertile 1 Referent Referent Referent Referent

≥1.10 1/s

Tertile 2 1.5 (0.95, 2.4) 1.3 (0.82, 2.1) 1.1 (0.69, 1.8) 0.97 (0.58, 1.6)

≥0.68 to <1.10 1/s

Continued
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echocardiographic measures of cardiac size, function, and
ventricular-arterial coupling, and to assess the prognostic
utility of longitudinal, circumferential, and radial strain and
strain rate. In a diverse cohort of 416 patients with chronic
systolic heart failure, worse strain and strain rate correlated
strongly with higher NYHA class, greater NT-proBNP levels,
and increased chamber size. Strain in all 3 dimensions
(longitudinal, circumferential, and radial) and strain rate in 2
dimensions (longitudinal and circumferential) were indepen-
dently associated with an increased risk of adverse cardio-
vascular outcomes, in our multivariable models adjusted for
clinical variables. Furthermore, strain in combination with EF
added incremental value in the prediction of adverse clinical
outcomes while strain rate did not. These findings provide
further clarity to the relationships between myocardial
deformation parameters and clinical outcomes in chronic
heart failure.

Prior studies in patients with acute heart failure or
postmyocardial infarction have shown global longitudinal
strain and strain rate and global circumferential strain and
strain rate to be prognostic of adverse outcomes.10,11 The
VALIANT study included 603 patients who were postmyocar-
dial infarction with LV dysfunction or heart failure and
demonstrated independent associations between longitudinal
and circumferential strain and strain rate with adverse
outcomes.10 However, only longitudinal strain rate provided
incremental value to the prediction of all-cause mortality. We
postulate that the differences in study population (acute
myocardial infarction), analytic approach (whereby the incre-
mental value of each strain parameter was evaluated individ-
ually), and duration of follow-up time (20 months) used in
their study may account for the discrepancies with our
findings. Motoki, et al studied a cohort of 194 outpatients

with chronic systolic heart failure and found global longitu-
dinal strain, but not global circumferential strain, to be
prognostic of adverse events with incremental predictive
value over the EF.9 Again, the inconsistencies with our
findings may be explained by differences in study populations
including cohort size (416 versus 194 patients), heart failure
etiology (24% versus 41% ischemic), and duration of follow-up
time (maximum 8.9 versus 5 years).

To our knowledge, this is the first study to evaluate radial,
in conjunction with longitudinal and circumferential, strain
and strain rate in patients with systolic heart failure. Our
results indicate that parameters in the radial dimension had
greater CVs and were least robustly associated with out-
comes. This is consistent with reports in animal and human
models, which have shown measures in the radial dimension
to have greater CVs24 and be less sensitive than those in the
longitudinal or circumferential dimension for the detection of
myocardial ischemia.25,26 The poor reliability of radial speckle
tracking has been postulated to be secondary to: (1) a smaller
area of analyses; (2) poor tracking of the endocardial border
secondary to respiratory artifacts; (3) larger deformation in
the radial direction which results in a greater degree of
variability. It may be that radial thickening, secondary to cross
fiber shortening of muscle fibers oriented in orthogonal
direction at the inner and outer surfaces of the myocardium,
is more directly assessed by longitudinal or circumferential
strain.27

Interestingly, we found longitudinal and circumferential
strain and strain rate to be highly correlated with end systolic
elastance (Ees,sb), suggesting that these measures reflect
chamber elastance and contractility. We also found that strain
and strain rate correlated poorly with Ea, an index of total
arterial load. This finding provides human data to support the

Table 3. Continued

Echocardiographic Parameter

Unadjusted Minimally Adjusted Fully Adjusted Fully Adjusted+LVEF

HR (95% CI) P Value HR (95% CI) P Value HR (95% CI) P Value HR (95% CI) P Value

Tertile 3 2.3 (1.5, 3.5) 2.1 (1.3, 3.2) 1.6 (0.98, 2.5) 1.2 (0.73, 2.0)

<0.68 1/s

Ejection Fraction <0.001 0.003 0.031

Tertile 1 Referent Referent Referent

≥32%

Tertile 2 2.2 (1.4, 3.6) 1.8 (1.1, 2.9) 1.8 (1.0, 3.1)

≥22% to <32%

Tertile 3 2.8 (1.7, 4.3) 2.3 (1.4, 3.7) 2.0 (1.2, 3.3)

<22%

Minimally adjusted: Age (time-varying), gender, race, heart failure etiology. Fully adjusted: Age (time-varying), gender, race, heart failure etiology, height, weight, heart rate, estimated GFR,
ACE inhibitor or ARB use, aldosterone antagonist use, beta-blocker use. ACE indicates angiotensin converting enzyme; ARB, angiotensin receptor blockers; CI, confidence interval; GFR,
glomerular filtration rate; HR, hazard ratio; LVEF, left ventricular ejection fraction.
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hypothesis that strain may be a less load-dependent metric, in
comparison to other measures of cardiac function such as
EF,28 confirming the potential additive value of strain to
routine EF assessment. EF correlated weakly with Ees,sb, and
strongly with arterial load (Ea) providing additional data to
support our understanding of EF to be a highly load-
dependent measure that provides limited insight into con-
tractile function. However, we note that Ea evaluates largely
resistive load (ie, systemic vascular resistance) rather than
pulsatile arterial load,29 and these findings represent cross-
sectional analyses rather than intervention experiments. Prior
to concluding that strain is truly load independent, additional
measures of pulsatile load should be evaluated and acute-
loading experiments should be performed.

Our study raises important points regarding the utility of
strain in the management of chronic heart failure. Strain is an
easily derived and reproducible measure that provides added
value to existing tests, such as EF, and may also provide
insight into the pathophysiology and mechanics of heart
failure. We do note that in our multivariable association
models, addition of EF to strain or strain rate yielded risk
estimates that tended in the same direction, but the
significance of these relationships was attenuated. We note
that the lack of association between strain and strain rate,
when adjusted for EF, does not detract from our findings and
overall conclusions regarding the incremental value of these
parameters. Indeed, in our discrimination/prediction models,
inclusion of strain to EF yielded a statistically significant
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Figure 2. Kaplan-Meier survival estimates for all-cause death, cardiac transplantation, or ventricular assist device placement. Estimates
according to tertiles of longitudinal strain (A); circumferential strain (B); radial strain (C); longitudinal strain rate (D); circumferential strain rate (E);
and radial strain rate (F); all P<0.001 by log-rank test.
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increase in the AUC. They may suggest that the association
between strain and strain rate and clinical outcomes is not
independent of EF. However, this lack of significance may also
be related statistically to colinearity.

As such, this present study has broad and highly relevant
implications. Clinicians and researchers should be aware that
strain can be used to identify high-risk patients and, with
additional study, could be used to also guide chronic heart
failure management. Strain could also be used as part of the
selection criteria for specific advanced therapies or as a
sensitive cardiac endpoint in future heart failure clinical studies.

We acknowledge several limitations to our study. Of note,
the LV was foreshortened in the apical 2-chamber view,
limiting the accuracy of longitudinal strain from this view in
many of our studies. However, we observed close correlation
between apical 4-chamber and apical 2-chamber measure-
ments of longitudinal strain and strain rate for those images
that could be traced (R=0.74, P<0.001). All images analyzed
were archived at 30 frames per second, potentially limiting the
assessment of strain and in particular, strain rate. It is possible
that the predictive value of strain rate could have been
improved with analyses of images archived at higher temporal
resolution. Furthermore, we did not have measures of diastolic
strain or strain rate, but detailed characterization of sensitive
measures of diastolic function are additional measures that
will be explored in future studies. As the goal of our study was

to compare the incremental value of strain and strain rate to EF
alone, and not to create a risk prediction model based upon
multiple echocardiography parameters, we did not evaluate
the utility of strain and strain rate in comparison to additional
echocardiography measures that may also have had prognos-
tic significance. Although we used a jackknife approach to
avoid the potential for bias when applying a prognostic score
to the same dataset from which it was derived, we were unable
to perform independent validation of our findings on a
prospective sample. Finally, interventional and invasive studies
are needed to truly determine the load dependence or
independence of these measures as well as the correlation
between strain and strain rate and contractility.

In conclusion, longitudinal and circumferential strain and
strain rate, and radial strain are significantly associated with
prognosis in chronic systolic heart failure. Strain, but not
strain rate, adds incremental value to EF in the prediction of
adverse outcomes. These data suggest that comprehensive
evaluation of 2D strain in HF patients provides additive
prognostic information and may have a role in improving risk
stratification in chronic systolic heart failure.
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