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Distinct Aspects of Left Ventricular Mechanical Function Are
Differentially Associated With Cardiovascular Outcomes and
All-Cause Mortality in the Community

Susan Cheng, MD, MPH; Elizabeth L. McCabe, MS; Martin G. Larson, ScD; Allison A. Merz, BA; Ewa Osypiuk, MD; Birgitta T. Lehman, RDCS;
Plamen Stantchev, MD; Jayashri Aragam, MD; Scott D. Solomon, MD; Emelia J. Benjamin, MD, ScM; Ramachandran S. Vasan, MD

Background—There are few data relating novel measures of left ventricular (LV) mechanical function to cardiovascular disease
(CVD) outcomes in the community. Whether distinct components of LV mechanical function provide information regarding risk for
different CVD outcomes is unclear.

Methods and Results—We used speckle tracking echocardiography to quantify distinct components of LV mechanical function
(measured as LV strain in multiple planes) in 2831 Framingham Offspring Study participants (mean age, 66 years; 57% women,
97% with LV fractional shortening >0.29). Participants were followed for 6.0£1.2 years for onset of 69 coronary heart disease
(CHD), 71 heart failure (HF), and 199 mortality events. Adjusting for CVD risk factors, longitudinal LV strain appeared associated
with incident CHD (hazards ratio [HR] per SD increment, 1.29; 95% confidence interval [Cl], 1.00-1.67; P=0.05), whereas
circumferential and radial strain were not (P>0.37 for both); however, the association of longitudinal strain with CHD was
nonsignificant after Bonferroni correction. By contrast, circumferential strain was a significant predictor of incident HF (HR per SD
increment, 1.79; 95% CI, 1.35-2.37; P<0.0001). Decrements in circumferential, radial, and longitudinal strain measures were
related to all-cause mortality (P<0.008 for all). Results remained similar in multivariable models adjusting additionally for the
conventional echocardiographic measures of LV mass and fractional shortening.

Conclusions—In our large, community-based sample, distinct components of LV mechanical function were associated with
specific CVD outcomes. Additional studies are needed to replicate these findings and investigate the prognostic and therapeutic
utility of these novel measures of LV mechanical function. (/ Am Heart Assoc. 2015;4:e002071 doi: 10.1161/
JAHA.115.002071)
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including heart failure (HF) and all-cause mortality." Although
EF is the predominant method for assessing LV systolic
function, it has several well-known limitations with respect to
characterizing subclinical disease. As a single value, EF
represents global pump function and may remain normal early
in the course of the myocardial disease processes, even in the
presence of regional impairment of LV function. Importantly, it
is well known that EF can remain preserved even in the

In the general population, asymptomatic left ventricular
(LV) systolic dysfunction, conventionally defined by a low
ejection fraction (EF), is associated with adverse outcomes,
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setting of overt clinical HF. Given the need for more-sensitive
measures of LV performance, advances in image analysis
have led to noninvasive methods for assessing cardiac
mechanical function in multiple planes.?® Numerous studies
have now demonstrated that speckle tracking analyses of LV
strain (ie, myocardial tissue deformation) applied to routine
echocardiography offer significant incremental prognostic
information over EF in patients with known cardiovascular
disease (CVD).*? However, there are few studies of LV strain
and outcomes in community-dwelling individuals free of
overt CVD.'®'" Furthermore, the degree to which distinct
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components of LV deformation in various planes provide
specific prognostic information regarding risk of individual
CVD outcomes (eg, coronary disease vs. HF) remains
unclear.'®'?

Echocardiographic speckle tracking analysis offers a
detailed characterization of LV deformation in systole—
including the extent to which the LV length shortens in the
long axis (longitudinal strain), the extent to which the LV
cavity circumference decreases in the short axis (circumfer-
ential strain), and the extent to which the LV walls thicken
(transverse and radial strains).'*'® The different LV strain
components (eg, longitudinal vs. circumferential) reflect
myofiber function in distinct orientations and at different
layers of the ventricle (eg, subendocardium vs. mesomy-
ocardium). Because marked alterations in a given LV strain
measure can reflect changes in myocardial tissue function
resulting from a certain type of myocardial stress, including
chronic ischemia (which preferentially affects the subendo-
cardium) and afterload stress (which preferentially affects
the mesomyocardium),’®'® a given LV strain measure may
tend to be associated with a different CVD outcome (eg,
ischemic vs. pump failure event) in the general population.
To test this hypothesis, we comprehensively characterized
LV mechanical strain components and prospectively evalu-
ated the extent to which baseline measures of these
components had varying associations with different CVD
events as well as with all-cause mortality in a large
community-based sample of middle-aged to older men and
women.

Methods

Study Sample

The study design and sampling of the Framingham Offspring
Study and the Framingham Omni Study have been
described.?% %2 Offspring Study participants who attended
examination cycle 8 (2005-2008) and Omni Study partici-
pants who attended examination cycle 3 (2007-2008)
underwent a standardized medical history and examination
(N=3319) and 3185 underwent routine echocardiography with
digital image acquisition. A total of 3120 individuals had
echocardiographic images deemed appropriate for speckle-
tracking analyses based on the following criteria: <1 segment
of dropout for any of the predefined views (apical 2-chamber,
apical 4-chamber, or parasternal short axis at the level of the
mid-ventricle) and absence of arrhythmia during image
capture. Of this sample, 2861 had no history of previous
CVD (coronary heart disease [CHD], HF, or cerebrovascular
event) at the time of examination. After excluding 30
individuals who were missing data on key clinical covariates,
the final sample comprised 2831 men and women. All study

protocols were approved by the Institutional Review Board of
Boston University Medical Campus, and all participants
provided written informed consent.

Conventional Echocardiography

All echocardiographic M-mode and 2-dimensional (2D) images
were acquired according to a standardized protocol using a
Hewlett-Packard 5500 machine (Philips Healthcare, Andover,
MA). We applied the leading-edge technique to M-mode
images for measures of end-diastolic LV septal wall thickness
(SWT), posterior wall thickness (PWT), LV end-diastolic
diameter (LVDD), and LV end-systolic diameter (LVSD). The
average of M-mode measurements from >3 cardiac cycles
was used to derive final measures. We calculated LV mass
according to a previously validated formula®®: 0.8 [1.04
(LVDD+SWT+PWT)3—(LVDD)*J+0.6. Fractional shortening (FS)
was calculated as the difference between LVDD and LVSD,
divided by LVDD.

Speckle-Tracking Echocardiography

We used an offline speckle-tracking software package (2D
Cardiac Performance Analysis [CPA] v1.1; TomTec Imaging
Systems, UnterschleiBheim, Germany) to analyze LV defor-
mation in each of the predefined 2D views (apical 2-chamber
[A2C], apical 4-chamber [A4C], and mid-ventricular paraster-
nal short-axis [SAX]) according to a standardized protocol.?*
The TomTec 2D CPA v.1.1 analysis package allows for strain
measurements to be made using an established speckle-
tracking algorithm that has been validated with sonomicrom-
etry as well as cardiac magnetic resonance imaging (MRI)
previously.?>?° The primary measurements of interest
included the following LV peak systolic strains: global average
longitudinal strain (average of longitudinal strain in the A2C
and A4C views) and global average circumferential strain (in
the SAX view). Secondary measurements of interest included
global average transverse strain (average of transverse strain
in the A2C and A4C views) and radial strain (in the SAX view).
Herein, we use the term “transverse” strain to refer to radial
strain measured in the apical (A2C and A4C) views and
“radial” strain to refer to radial strain measured in the SAX
view. For the present study, measurements in the 3 views
were each performed by 3 separate technicians, where each
technician was assigned to perform measurements for only 1
specific view; intraobserver reproducibility for each technician
was assessed over the duration of the measurement period
(12 months) with average coefficients of variation (CVs) <6%
for global longitudinal and circumferential strain, and <9% for
global transverse and radial strain. Before the start of
measurements, interobserver reproducibility was also
assessed, with average CVs of <4% for global longitudinal
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and circumferential strain, and <8% for global transverse and
radial strain.?*

Follow-up and Outcomes

All Framingham participants are followed routinely for CVD
events and death. Each suspected CVD event is adjudicated
by a panel of 3 physicians who review data from examinations
at the Framingham Heart Study, hospitalization records, and
physician office visit records.?® Here, we specified 3 primary
outcomes of interest: new-onset CHD (comprising fatal or
nonfatal myocardial infarction [MI], coronary insufficiency,
and angina pectoris); HF (defined by published criteria®’); and
all-cause mortality.

Statistical Analyses

We used means with SDs or percent frequencies to describe
clinical and echocardiographic characteristics in the total
sample. We assessed the cumulative incidence of each
outcome by tertile of strain measure and used Fine-Gray
estimators to account for competing risks in analyses of CHD
and HF.?® We used multivariable-adjusted proportional haz-
ards regression (Cox) models to quantify associations
between each outcome and each LV mechanical function
(strain) measure. We adjusted for (1) age, sex, and race/
ethnicity and (2) additionally for body mass index, systolic and
diastolic blood pressure, anti-hypertensive treatment, total/
HDL (high-density lipoprotein) cholesterol ratio, diabetes, and
smoking status. For each outcome, we used multiplicative
interaction terms (between covariates and survival time) to
confirm that the assumption of proportionality of hazards was
satisfied. To account for multiple testing performed with 2
primary strain predictors and 3 primary outcomes, we used a
Bonferroni-corrected statistical significance threshold of
P<0.008=(0.05/6).

In secondary analyses, we repeated analyses with
additional adjustment for LV mass, LV mass-to-volume
ratio, fractional shortening, and heart rate. We used
Harrell’s C statistic to quantify the incremental discrimina-
tory ability to predict outcomes by adding strain measures
to standard covariates.?’ Additionally, for incident HF, we
repeated multivariable analyses with adjustment for interim
Ml as a time-varying covariate. For all models, we tested
the linearity assumption of associations with strain using
restricted cubic splines. Spline knots were selected based
on tertile cutpoints in addition to the lower (5th) and upper
(95th) percentile threshold values for each strain measure.
We also tested for modification of strain effects by age and
sex.

All analyses were performed using SAS software (version
9.3; SAS Institute Inc., Cary, NC). The authors have full access

to, and take full responsibility for, the integrity of the data. All
authors read and agreed to the manuscript as written.

Results

Clinical and echocardiographic characteristics of our study
sample are shown in Table 1. The vast majority (97%) of
individuals had “normal” LV systolic function (FS of >0.29).
There were modest to moderate correlations between LV
mass, FS, and individual LV strain components (Table 2);
notable correlations were between longitudinal and transverse
strains  (r=—0.50), circumferential and radial strains
(r=—0.48), and fractional shortening and circumferential
strain (r=—0.46). During follow-up (mean, 6.04+-1.2) years,
there were 69 incident CHD events, 71 HF events, and 199
deaths; there were 170 incident CVD events overall. Among
deaths, 14 were attributable to CHD, 8 to cerebrovascular
disease, and 13 to other CVD causes, with the remaining 164
deaths not attributable to a CVD cause.

Table 1. Sample Characteristics

Total Sample (N=2831)
Clinical variables
Age, y 66+9
Women, n (%) 1613 (57)
Nonwhite race/ethnicity, n (%) 259 (9)
Body mass index, kg/m? 28.3+55
Systolic blood pressure, mm Hg 128417
Diastolic blood pressure, mm Hg 74+10
Anti-hypertensive treatment, n (%) 1415 (50)
Hypertension, n (%) 1679 (59)
Diabetes, n (%) 365 (13)
Current smoker, n (%) 236 (8)
Total/HDL cholesterol ratio 3.48+1.06
Conventional echocardiographic measures*
LV mass, g 166447
LV end-diastolic diameter, cm 4.840.5
LV end-systolic diameter, cm 3.0+0.4
LV fractional shortening, % 379454
Advanced echocardiographic measures
LV longitudinal strain, % —20.7+3.3
LV transverse strain, % 29.7+7.1
LV circumferential strain, % —32.1+5.8
LV radial strain, % 441+16.8

All values are shown as mean=SD or percent frequency. HDL indicates high-density
lipoprotein; LV, left ventricular.
*Conventional echocardiographic measures were available for N=2549.
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Table 2. Age- and Sex-Adjusted Pearson Correlations Between Conventional and Advanced Left Ventricular (LV) Measures

LV Fractional Shortening Longitudinal Strain Transverse Strain Circumferential Strain Radial Strain
LV mass —0.03, ~=0.14 0.11, A<0.0001 —0.05, ~=0.03 0.07, ~=0.001 —0.08, ~=0.0002
LV fractional shortening —0.20, A<0.0001 0.18, A<0.0001 —0.46, £<0.0001 0.18, A<0.0001
Longitudinal strain —0.50, /0.0001 0.31, /A<0.0001 —0.17, /40.0001
Transverse strain —0.26, /40.0001 0.13, A<0.0001
Circumferential strain —0.48, /A0.0001

Relations of LV Strain With Incident CHD

Based on the predefined Bonferroni-adjusted
threshold, none of the strain measures was

associated with CHD. Notably, there were no observed
associations between transverse, circumferential (Figure 1),
significance or radial strain with incidence of CHD (Table 3; P>0.30 for all).
significantly Nevertheless, we observed several potentially interesting
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Figure 1. Cumulative incidence of coronary heart disease, heart failure, and all-cause mortality are shown by tertiles of longitudinal strain (A
through C) and circumferential strain (D through F). Incidence estimates for coronary heart disease and heart failure are adjusted for competing
risk of mortality.
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Table 3. Associations of Cardiovascular Outcomes and Death With LV Strain Measures*

Coronary Heart Disease Heart Failure Death
Independent Variables HR (95% CI) P Value HR (95% Cl) P Value HR (95% Cl) P Value
Model 1
Longitudinal strain (SD=3.3%) 1.37 (1.06-1.76) 0.01 1.45 (1.14-1.84) 0.003 1.31 (1.14-1.52) 0.0002
Transverse strain (SD=7.1%) 1.02 (0.80-1.29) 0.89 0.73 (0.57-0.93) 0.01 0.93 (0.81-1.07) 0.32
Circumferential strain (SD=5.8%) 1.10 (0.85-1.42) 0.48 1.70 (1.29-2.25) 0.0002 1.30 (1.12-1.52) 0.0007
Radial strain (SD=16.8%) 0.87 (0.67-1.13) 0.30 0.64 (0.46-0.88) 0.007 0.73 (0.61-0.87) 0.0003
Model 2
Longitudinal strain 1.29 (1.00-1.67) 0.05 1.36 (1.07-1.73) 0.01 1.34 (1.15-1.55) 0.0002
Transverse strain 1.03 (0.82-1.29) 0.81 0.76 (0.60-0.96) 0.02 0.93 (0.80-1.06) 0.28
Circumferential strain 1.12 (0.87-1.44) 0.40 1.79 (1.35-2.37) <0.0001 1.29 (1.11-1.51) 0.0009
Radial strain 0.89 (0.68-1.15) 0.37 0.69 (0.50-0.94) 0.02 0.71 (0.60-0.85) 0.0001
Model 3
Longitudinal strain 1.29 (0.97-1.71) 0.09 1.30 (0.99-1.70) 0.06 1.35 (1.14-1.60) 0.0005
Transverse strain 1.04 (0.81-1.33) 0.77 0.80 (0.61-1.04) 0.09 0.96 (0.82-1.12) 0.57
Circumferential strain 1.11 (0.82-1.50) 0.49 1.61 (1.15-2.26) 0.006 1.21 (1.01-1.46) 0.04
Radial strain 0.94 (0.72-1.24) 0.68 0.86 (0.63-1.16) 0.32 0.77 (0.64-0.92) 0.005

Model 1 is adjusted for age, sex, and race/ethnicity (N=2748 for longitudinal and transverse strain, 2459 for circumferential and radial strain models). Model 2 is adjusted for age, sex,
race/ethnicity, body mass index, systolic blood pressure, diastolic blood pressure, anti-hypertensive treatment, total/HDL cholesterol, diabetes, and smoking status (N=2748 for
longitudinal and transverse strain, 2459 for circumferential and radial strain models). Model 3 (secondary analysis) is adjusted for age, sex, race/ethnicity, body mass index, systolic blood
pressure, diastolic blood pressure, anti-hypertensive treatment, total/HDL cholesterol, diabetes, smoking status, LV mass, and LV fractional shortening (N=2485 for longitudinal and
transverse strain, 2289 for circumferential and radial strain models). Cl indicates confidence interval; CVD, cardiovascular disease; HDL, high-density lipoprotein; HR, hazards ratio; LV, left

ventricular.

*Risk estimates are per 1 SD change in the strain value. There were 68 coronary heart disease events in 2554 persons at risk in Models 1 and 2 and 2311 persons at risk in Model 3, 70
heart failure events in 2671 persons at risk in Models 1 and 2 and 2410 persons at risk in Model 3, and 191 deaths among 2748 persons at risk (free of hard CVD at baseline) in Models 1
and 2 and 2485 persons at risk in Model 3 for longitudinal and transverse strain models. There were 60 coronary heart disease events in 2291 persons at risk in Models 1 and 2 and 2132
persons at risk in Model 3, 52 heart failure events in 2385 persons at risk in Models 1 and 2 and 2217 persons at risk in Model 3, and 163 deaths among 2459 persons at risk (free of hard
CVD at baseline) in Models 1 and 2 and 2289 persons at risk in Model 3 for circumferential and radial strain models.

findings. Individuals with worse (less negative) longitudinal
strain demonstrated increased incidence of CHD (Figure 1). In
Cox models adjusting for age, sex, race/ethnicity, and
standard CVD risk factors (Table 3), worse (less negative)
longitudinal strain also appeared associated with increased
incidence of CHD (P=0.01 and 0.05, respectively), although
these associations did not meet the Bonferroni threshold for
statistical significance. Results were similar in models addi-
tionally adjusting for LV mass-to-volume ratio (data not
shown). The association between longitudinal strain and
incident CHD remained similar in magnitude in models
additionally adjusting for both LV mass and fractional
shortening (hazards ratio [HR] per SD increment, 1.29; 95%
confidence interval [CI], 0.97-1.71; P=0.09).

Relations of LV Strain With Incident HF

Individuals with worse strain in longitudinal and circumferen-
tial planes were more likely to develop incident HF over the
follow-up period (Figure 1). In age-, sex-, and race/ethnicity-
adjusted analyses (Table 3), decrements in longitudinal (HR,

1.45; P=0.003), circumferential (HR, 1.70; P=0.0002), and
transverse (HR, 0.73; P=0.01) strains were associated with
incidence of HF. Adjusting for standard risk factors, relations
of incident HF remained significant for circumferential (HR,
1.79; P<0.0001) strain. These associations were similar in
analyses additionally adjusting for interim MI during follow-up
modeled as a time-varying covariate. In analyses adjusting for
LV mass and fractional shortening, the association of
circumferential strain with incident HF remained significant
(P=0.006; Table 3).

Relations of LV Strain With All-Cause Mortality

Presence of worse LV strain at baseline, particularly longitu-
dinal strain, was associated with higher risk for all-cause
mortality (Figure 1). Worse longitudinal strain was related to
increased risk for death in analyses adjusting for age, sex,
race/ethnicity, and traditional risk factors (HR, 1.34;
P=0.0002; Table 3), and additionally adjusting for LV mass
and fractional shortening (HR, 1.35; P=0.0005). Decrements
in circumferential and radial strain were also associated with
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Table 4. Multivariable-Adjusted Associations of Outcomes With LV Strain Measures*

Coronary Heart Disease Heart Failure Death
Independent Variables HR (95% Cl) P Value HR (95% Cl) P Value HR (95% Cl) P Value
Model 2: multivariable-adjusted model
Longitudinal strain 1.36 (1.03-1.79) 0.03 1.29 (0.99-1.69) 0.06 1.24 (1.05-1.46) 0.01
Transverse strain 1.02 (0.81-1.29) 0.87 0.79 (0.61-1.02) 0.07 0.99 (0.85-1.14) 0.85
Circumferential strain 1.14 (0.87-1.48) 0.34 1.59 (1.18-2.14) 0.002 1.21 (1.04-1.42) 0.02
Radial strain 0.90 (0.68-1.17) 0.43 0.82 (0.59-1.13) 0.22 0.76 (0.64-0.91) 0.002
Model 3: secondary analyses
Longitudinal strain 1.29 (0.96-1.74) 0.09 1.14 (0.86-1.50) 0.37 1.21 (1.02-1.44) 0.03
Transverse strain 1.04 (0.81-1.34) 0.75 0.84 (0.65-1.10) 0.21 1.00 (0.85-1.17) 0.97
Circumferential strain 1.11 (0.81-1.51) 0.53 1.41 (1.00-2.00) 0.05 1.11 (0.92-1.34) 0.27
Radial strain 0.95 (0.72-1.26) 0.72 0.98 (0.72-1.34) 0.92 0.82 (0.68-0.98) 0.03

Model 2 is adjusted for age, sex, race/ethnicity, body mass index, systolic blood pressure, diastolic blood pressure, anti-hypertensive treatment, total/HDL cholesterol, diabetes, smoking
status, and heart rate (N=2640). Model 3 is adjusted for age, sex, race/ethnicity, body mass index, systolic blood pressure, diastolic blood pressure, anti-hypertensive treatment, total/
HDL cholesterol, diabetes, smoking status, LV mass, LV fractional shortening, and heart rate (N=2485). Cl indicates confidence interval; CVD, cardiovascular disease; HDL, high-density

lipoprotein; HR, hazards ratio; LV, left ventricular.

*Risk estimates are per 1 SD change in the strain value. There were 64 coronary heart disease events in 2455 persons at risk in Model 2 and 2311 persons at risk in Model 3, 62 heart
failure events in 2564 persons at risk in Model 2 and 2410 persons at risk in Model 3, and 175 deaths among 2640 persons at risk (free of hard CVD at baseline) in Model 2 and 2485
persons at risk in Model 3 for longitudinal and transverse strain models. There were 59 coronary heart disease events in 2250 persons at risk in Model 2 and 2132 persons at risk in Model
3, 49 heart failure events in 2343 persons at risk in Model 2 and 2217 persons at risk in Model 3, and 159 deaths among 2416 persons at risk (free of hard CVD at baseline) in Model 2

and 2289 persons at risk in Model 3 for circumferential and radial strain models.

mortality in models adjusting for age, sex, race/ethnicity, and
standard risk factors (HR, 1.29; P=0.0009 and HR, 0.71;
P=0.0001, respectively). Whereas the association of circum-
ferential strain with death was attenuated in analyses
adjusting for LV mass and FS (HR, 1.21; P=0.04), the
association of radial strain with death remained significant
(HR, 0.77; P=0.005).

Secondary Analyses

In secondary analyses, results were similar albeit attenuated
in models additionally adjusting for heart rate (Table 4). In

analyses of the discriminatory ability of distinct strain
measures to predict outcomes, we observed statistically
significant, albeit modest, increments in the C statistic for
each of the associations reported above (Table 5). Because
the associations of longitudinal strain (P=0.013) and circum-
ferential strain (P=0.023) with incident HF were nonlinear
(Figure 2), we repeated these multivariable models with these
strain variables categorized by tertiles (Table 6); in analyses
adjusting for standard CVD risk factors in addition to LV mass
and fractional shortening, individuals in the better, compared
to worst, tertiles of longitudinal and circumferential strain had
lower risks for incident HF. In analyses of FS and incident

Table 5. Discriminatory Ability (C Statistic) of Strain Measures to Predict Outcomes

Coronary Heart Disease

Heart Failure

Death

C Statistic

C Statistic

C Statistic

Model Without Model With

Model Without
Strain Measure | Strain Measure | P Value | Strain Measure | Strain Measure | P Value

Model With Model Without Model With

Strain Measure | Strain Measure | P Value

Model 2: multivariable-adjusted model

Longitudinal strain 0.729 0.743 0.05 0.856 0.857 0.01 0.752 0.759 0.0002

Circumferential strain | 0.734 0.734 0.40 0.864 0.875 <0.0001 | 0.750 0.756 0.0009
Model 3: secondary analyses

Longitudinal strain 0.758 0.767 0.09 0.886 0.884 0.06 0.759 0.766 0.0005

Circumferential strain | 0.756 0.756 0.49 0.890 0.889 0.006 0.762 0.765 0.04

P values for incremental change in C statistics were determined using the Wald test.

DOI: 10.1161/JAHA.115.002071

Journal of the American Heart Association 6

HDOYVIASHY TVNIDIYO



Left Ventricular Strain and Outcomes Cheng et al

A Longitudinal Strain and Heart Failure Risk
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Figure 2. Multivariable-adjusted splines display the association of longitudinal strain (A) and
circumferential strain (B) with risk for heart failure. Knots shown denote 5th, 33rd, 67th, and 95th

percentile values.

events (Table 7), each 1 SD lower increment in FS was
significantly associated all-cause mortality, but not with
incident HF or CHD; notwithstanding differences in the
magnitude of associations, the results for incident HF were
directionally concordant with results for some, but not all, of

Table 6. Associations of Longitudinal and Circumferential
Strain Measures With Heart Failure*

Heart Failure

No. Events/
Predictors No. at Risk HR (95% Cl) P Value
Longitudinal strain
1st tertile 15/807 Referent —

2nd tertile 13/820
3rd tertile 31/783

0.73 (0.34, 1.55) 0.41
1.29 (0.66, 2.53) 0.46

Ptrend — 0.34
Circumferential strain
1st tertile 12/768 Referent —

2nd tertile 11/736 0.97 (0.41, 2.29) 0.94
3rd tertile 23/713 2.24 (0.96, 5.21) 0.06
Ptrend — 0.05

Analyses are adjusted for age, sex, race/ethnicity, body mass index, systolic blood
pressure, diastolic blood pressure, anti-hypertensive treatment, total/HDL cholesterol,
diabetes, smoking status, LV mass, and LV fractional shortening (N=2410 for
longitudinal strain, N=2217 for circumferential strain). Cl indicates confidence interval;
HDL, high-density lipoprotein; HR, hazards ratio; LV, left ventricular.

*Risk estimates are per 1 SD change in the strain value. There were 59 heart failure
events for longitudinal strain model and 46 for circumferential strain.

the distinct components of myocardial deformation repre-
sented by the individual strain variables (Table 3). In multi-
variable-adjusted models where significant associations were
observed, we observed no effect modification by age or sex
on the associations of strain variables with the outcomes
studied.

Discussion

In our large, community-based sample, we performed com-
prehensive measurements of LV strain and investigated their
relations to the incidence of distinct CVD events and death.
Although the vast majority of individuals had conventionally
defined normal LV function at baseline, measurable alter-
ations in different LV strains were significantly and variably
associated with different CVD outcomes. Specifically, worse
longitudinal strain was the only strain-based measure demon-
strating any association with risk of CHD events, although this
association did not meet the predefined threshold for
statistical significance. On the other hand, circumferential
strain was the measure most prominently associated with risk
for HF. Notably, worse longitudinal strain was the strain-based
measure most prominently related to death from any cause,
even after adjusting for standard risk factors and conventional
measures of LV structure and function. Taken together, our
data suggest that different LV strain measures may reflect
distinctive components underlying cardiac dysfunction.
Previous studies of LV mechanical function and clinically
important outcomes in the community have predominantly
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Table 7. Associations of Fractional Shortening With Cardiovascular Outcomes and Death*

Coronary Heart Disease Heart Failure Death

Independent Variables HR (95% Cl) | P Value HR (95% Cl) | P Value HR (95% Cl) | P Value
Model 1: age-, sex-, and race/ethnicity-adjusted

Fractional shortening (SD=5.4%) | 0.93 (0.71-1.21) | 0.59 | 076 (059-099) | 0.04 | 079 (068-092) | 0.003
Model 2: multivariable-adjusted model

Fractional shortening | 091 (070-1.18) | 047 | 074 (057-0.96) | 0.02 | 0.80 (0.69-0.94) | 0.005
Model 3: secondary analyses

Fractional shortening | 091(070-1.18) | 046 | 075 (0.58-0.97) | 0.03 | 0.82(0.70-0.95 | 0.009

Model 1 is adjusted for age, sex, and race/ethnicity (N=2546). Model 2 is adjusted for age, sex, race/ethnicity, body mass index, systolic blood pressure, diastolic blood pressure, anti-
hypertensive treatment, total/HDL cholesterol, diabetes, and smoking status (N=2546). Model 3 is adjusted for age, sex, race/ethnicity, body mass index, systolic blood pressure,
diastolic blood pressure, anti-hypertensive treatment, total/HDL cholesterol, diabetes, smoking status, and LV mass (N=2543). Cl indicates confidence interval; CVD, cardiovascular

disease; HDL, high-density lipoprotein; HR, hazards ratio; LV, left ventricular.

*Risk estimates are per 1 SD change in fractional shortening. There were 59 coronary heart disease, 59 heart failure events, and 163 deaths among 2546 persons at risk (free of hard CVD

at baseline).

focused on a single primary measure of LV strain.””'®"" Our
study extends previous work by investigating LV strains in
different planes and concurrently examining their association
with distinct CVD outcomes and mortality. Alterations in
different strains reflect the integrity and function of myofibers
lying in a given orientation, based on location with respect to
the inner- versus outermost layers of LV.3° Given their
location-dependent susceptibility to various cardiac stressors,
myofibers are likely to be variably affected by accumulating
risk for different CVD events. Noninvasive measures with the
ability to reflect this variation may provide important detailed
prognostic information regarding individuals at risk of CVD.

LV Strain and CHD

In our study, longitudinal strain was the only measure of LV
deformation that demonstrated any consistent association
with incident CHD. This finding is consistent with previous
work demonstrating that alterations in longitudinal strain are
associated with traditional risk factors for CHD (eg, hyper-
tension) in the absence of overt disease®' 3% in turn,
longitudinal strain is also considered among the most
sensitive markers of active myocardial ischemia.®*>3¢ On
echocardiography, longitudinal strain is measured along the
endocardial surface of the LV cavity, in approximate alignment
with the longitudinal orientation of myocardial fibers located
along the subendocardial layers of the LV.%” Thus, echocar-
diographic longitudinal strain is considered the most sensitive
measure of endocardial as well as subendocardial function,
which is the myocardial layer of the ventricle considered most
susceptible to stressors such as ischemia, mechanical
stretch, and afterload resistance. Although previous studies
have also demonstrated abnormalities in circumferential and
radial strain in the setting of overt and severe ischemic heart
disease,*®® longitudinal strain may represent a particularly

sensitive marker of the cardiac dysfunction that occurs from
early and chronic exposure to risk factors that specifically
predispose to the future development of CHD. Indeed, we
observed no significant relation of strain measured in other
planes with incident CHD in our large ambulatory cohort,
comprising individuals who were generally healthy without any
prevalent CVD at baseline.

LV Strain and HF

In our large, community-based cohort, circumferential strain
was the measure of LV deformation that was the most
consistently associated with incident HF, even in analyses
adjusting for conventional parameters of LV structure and
function in addition to traditional risk factors. Interestingly,
Cho et al. similarly observed in a study of HF patients that
decrements in circumferential, rather than longitudinal, strain
predicted recurrent HF events or death.'? Of all quantifiable
LV strain measures, circumferential strain is felt to best
represent function of the mesomyocardial fibers that are
oriented circumferentially and located between the subendo-
and epicardial layers of the ventricle.®” Impairments in
myofiber contraction in all orientations are likely precursors
of global pump dysfunction. However, abnormalities of the
circumferentially oriented mesomyocardial fibers, which con-
tribute more to ejection fraction than the longitudinally
oriented subendocardial fibers,®* may represent a more
specific marker of impending global LV dysfunction with
symptoms of congestion. It is well known that the 2 most
important clinical contributors to incident HF are hypertension
and previous MI, although a large proportion of individuals
with either or both of these clinical traits do not go on to
develop HF. Thus, abnormal circumferential strain could
represent a marker of the more severe subclinical LV
dysfunction that is more likely to lead to HF, with or without
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these risk factors present. Indeed, we observed that circum-
ferential strain was associated with HF even after adjusting
for previous and interim MI. Notably, we observed a nonlinear
association of circumferential strain with HF with the
possibility of a threshold effect that appears beyond 1.5
SDs away from the mean, in the range of what has been
reported previously as a possible upper reference limit.*
Although assessed using cardiac MRI, a threshold value of LV
circumferential strain has also been proposed previously by
Choi et al. for predicting HF in the community.'’ Taken
together with previous work, the observation of a threshold
effect is consistent with the hypothesis that circumferential
strain remains preserved to compensate for early decrements
in cardiac mechanical function—until the later stages of
progression to HF when circumferential strain becomes
overtly impaired even before detectable changes in EF.*'

LV Strain and All-Cause Mortality

In our study, decrements in longitudinal, circumferential, and
radial strains were all associated with increased risk of death.
Cross-sectional and experimental studies suggest that longi-
tudinal strain may serve as a marker of subendocardial cardiac
dysfunction during the very early stages of disease progres-
sion, at which time circumferential and radial strains may
remain preserved or even increase to compensate for relative
decrements in the subendocardium, thus serving to maintain
global pump function.'®*? Our data also support this hypoth-
esis, where individuals in the lowest (ie, best) tertile of
circumferential strain at baseline appeared to fare just as
poorly or even worse than those in the middle tertile with
respect to risk for all-cause mortality (Figure 1F). In aggregate,
our findings indicate that overall CVD and mortality risk are
highest for individuals with decrements in both longitudinal
and circumferential strain. Notably, longitudinal strain was the
most prominent predictor of all-cause mortality, a finding
previously reported in smaller samples.'® Though the majority
of deaths in our analyses were not definitively attributable to a
cardiovascular cause, the concomitant role of CVD in
contributing to these deaths remains a possibility. In addition,
decrements in longitudinal strain have been associated with a
variety of disease states (eg, diabetes, chronic kidney disease,
and subclinical hypothyroidism)***¢; thus, longitudinal strain
could represent an aggregate marker of subclinical cardiac
stress in persons with comorbidities that predispose to
noncardiovascular as well as cardiovascular causes of death.

Several limitations of the current study merit considera-
tion. We observed associations between select LV strain
measures and specific CVD outcomes that did not meet our
prespecified threshold of statistical significance, possibly
owing to inadequate power for analyses of a limited number of
specific cardiovascular endpoints. Thus, additional prospec-

tive studies in larger cohorts with adequate event rates are
needed to confirm, as well as extend, our results. Our
echocardiographic measures of LV deformation may differ
slightly from those made using alternate image analysis tools.
Because our analyses were performed on previously acquired
digital images, we used a non-vendor-specific software
algorithm and package that can be applied to 2D images
acquired from any echocardiography ultrasound machine.*’:*8
This vendor-independent approach to performing measures of
LV deformation may augment the generalizability of our
findings, given the fact that the same approach can be easily
extended to other clinical research and practice settings. We
did not include analyses of strain rate or regional strain,
because the precision of these measures acquired from
speckle tracking is reported to be lower than for global strain
measures; accordingly, previous studies investigating the
prognostic utility of speckle-tracking echocardiography and
outcomes have also focused on global strain measures.>®'°
Because biplane Simpson’s based measures of EF were
unavailable in this study sample, our models included
adjustment for LV fractional shortening, which is known to
be limited as a conventional method for estimating global
systolic function given its reliance on geometrical assump-
tions. Our study sample included middle-aged to older men
and women of predominantly European ancestry; thus, the
extent to which our results may apply to other age or racial/
ethnic groups remains unknown.

In summary, our investigation examining the relation of LV
mechanical function with specific CVD outcomes and mortal-
ity represents the largest to date in a community-based
sample. In our study, advanced noninvasive measures of LV
deformation were significantly associated with future risk of
CVD and death, even though the vast majority of individuals
had conventionally defined normal global LV function at
baseline. Moreover, we observed that whereas higher longi-
tudinal strain was related to incident CHD and particularly all-
cause mortality, higher circumferential strain emerged as the
most prominent marker of risk for future HF. Further studies
are warranted to replicate our findings and elucidate the
underlying pathophysiological mechanisms by which distinct
components of LV mechanical function contribute differen-
tially to individual CVD outcomes—and the extent to which
component measures of LV mechanical function may serve as
disease-specific markers for prognostication as well as
targets for intervention.
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