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Abstract

There is controversy regarding the utility of left ventricular (LV) mechanics assessed by feature-

tracking (FT)-SSFP, a readily implementable technique in clinical practice. In particular, whether 

LV mechanics assessed by FT-SSFP predicts outcomes in subjects with heart failure (HF) with 

reduced ejection fraction (HFrEF), with preserved ejection fraction (HFpEF), or without HF is 

unknown. We aimed to assess whether LV mechanics measured with FT-SSFP cine MRI predicts 

adverse outcomes. We prospectively enrolled 612 adults without HF (n=402), with HF with 

reduced ejection fraction (HFrEF; n=113), or HFpEF (n=97) and assessed LV strain using FT-

SSFP cine MRI. Over a median follow-up of 39.5 months, 75 participants had a HF admission, 

and 85 died. In Cox proportional hazards models, lower global longitudinal (Standardized Hazard 

Ratio: 1.56, 95% CI=1.22 to 2.00, p=0.0004), circumferential (Standardized HR: 1.46, 95% 

CI=1.08 to 1.95, p=0.0123), and radial strain (Standardized HR: 0.59, 95% CI=0.43–0.83, 

p=0.0019) were independently associated with the composite endpoint, after adjustment for HF 

status, LV ejection fraction (LVEF), age, sex, ethnicity, body mass index, systolic and diastolic 

blood pressure, hypertension, diabetes, coronary artery disease and glomerular filtration rate. 

Furthermore, global longitudinal strain stratified the risk of adverse outcomes across tertiles better 

than LVEF. In analyses that included only participants with a preserved LVEF, systolic radial, 

circumferential and longitudinal strain were independently predictive of adverse outcomes. We 

conclude that LV longitudinal, circumferential and radial strain measured using FT-SSFP cine 
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MRI (a readily implementable technique in clinical practice) predict the risk of adverse events, 

independently of LVEF.
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Cardiac magnetic resonance (CMR)-tagging, current “gold standard” method for the 

measurement of myocardial strain,1 requires additional sequences for data acquisition and 

dedicated post-processing. Feature-tracking CMR, applied directly on standard balanced 

steady-state free-precession (bSSFP) LV cine images, requires no additional imaging 

sequences, and is increasingly studied in research settings.1–6 The prognostic significance of 

some systolic and diastolic strain-based measures has been studied in population-based 

samples of asymptomatic adults using speckle-tracking echocardiography and various ad-

hoc CMR-based methods.7–11

In isolated samples of participants with Heart failure with preserved ejection fraction 

(HFpEF) or HF with reduced ejection fraction (HFrEF), LV systolic strain parameters 

measured using speckle-tracking echocardiography have been studied as predictors of 

adverse outcomes.12–15 However, the prognostic value of LV deformation measured derived 

using CMR-based methods remains largely unexplored.16 In this study, we aimed to study 

the prognostic significance of systolic and diastolic strain measures as well as LV torsion 

parameters, derived using feature-tracking CMR, among adults without HF, with HFpEF and 

HFrEF.

Methods

We prospectively enrolled 612 adults without HF (n=402), with HF with reduced ejection 

fraction (HFrEF; n=113), or HFpEF (n=97) referred for a CMR study at the Corporal 

Michael J. Crescenz Philadelphia VA Medical Center (CMJC VAMC). The CMJC VAMC 

Institutional Review Board approved the protocol, and all participants provided written 

informed consent.

HFrEF was defined as symptomatic HF in the presence of a LV ejection fraction (LVEF) 

<50%. HFpEF was defined as: (1) New York Heart Association (NYHA) Class II-IV 

symptoms consistent with HF, in the absence of significant aortic or mitral stenosis; (2) 

LVEF >50%; (3) a mitral E wave to annular tissue e’ ratio >14,17 or at least 2 of the 

following: (a) a mitral E wave to tissue annular e’ ratio >8; (b) treatment with a loop diuretic 

to control HF symptoms; (c) LA volume index >34 mL/m2 of body surface area (BSA)18; 

(d) NT-pro B-type natriuretic peptide level >200 pg/mL; (e) LV mass index >149 g/m2 in 

men and 122 g/m2 in women (as measured by CMR).

We excluded potential participants based on the following criteria: (1) Claustrophobia; (2) 

Presence of implanted medical devices or metallic devices in the body; (3) Significant 

arrhythmias (eg., atrial fibrillation, or flutter) at the time of enrollment, which may 

compromise the validity of study measurements; (4) Other conditions that would make the 
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study measurements less accurate or unreliable (i.e., inability to perform an adequate breath 

hold for CMR acquisitions.

Indications for the CMR included assessment of ventricular function and/or wall motion 

(30.4%), assessment of myocardial ischemia (22.7%), assessment of the presence/pattern of 

delayed enhancement (10%), simultaneous assessment of aortic dimensions and cardiac 

function (7.8%), severe diastolic dysfunction (8.2%), evaluation for ruling out cardiac 

thrombus (5.9%), myocardial viability (2.6%), quantification of mitral regurgitation (1.3%), 

or miscellaneous indications (11.1%).

At baseline, a CMR study was performed, which was used for analyses of LV mechanics. 

The incidence of death or hospitalization for HF was ascertained over a median period of 

39.5 months (interquartile range=23.2–62.6). All study participants underwent a cardiac 

MRI using a 1.5 Tesla (T) whole body MRI scanner (Avanto or Espree, Siemens, Malvern, 

Pennsylvania, USA) equipped with a phase-array cardiac coil. LV volumes and EF were 

determined using balanced steady-state free-precession (SSFP) cine imaging. Typical 

parameters were as follows: TR=30.6 ms; TE=1.3 ms; Phases=30; Slice thickness=8 mm; 

Matrix size=192×192; Parallel image (IPAT) factor=2.

Global myocardial LV strain was measured from integrated long and short-axis and axis cine 

images, using feature tracking (CMR42 software; Circle CVI, Calgary, Alberta, Canada). LV 

endocardial and epicardial borders were manually traced along all views using LV 

enddiastole as the point of reference. The RV insertion points and mitral annular plane were 

specified. An automated tracking algorithm was applied and tracking of LV segments, as 

well as the mitral annular plane, was confirmed. Manual adjustments were performed as 

needed to optimize LV wall tracking. Basal, mid-ventricular, and apical short-axis images, as 

well as LV long-axis images were analyzed for global circumferential, radial and 

longitudinal strain measurements (Figure 1). Among repeated analyses in 10 cases, 

coefficients of variation for peak systolic radial, circumferential and longitudinal strain were 

<5%; Intra and inter-observer coefficients of variation for peak systolic, early diastolic and 

late diastolic strain rates ranged between 5–10%.

We first compared baseline clinical characteristics of patients without HF, HFrEF and 

HFpEF. Logarithmic transformation of continuous variables was applied as needed to 

improve the normality of the distribution. We used chi-square tests for categorical variables 

and analysis of variance (ANOVA) with post-hoc pairwise comparisons with Bonferroni 

correction for continuous variables. The prognostic value of various LV strain and torsion 

parameters was assessed using Cox proportional hazards regression, to obtain standardized 

hazard ratios (HR) and 95% confidence intervals (CIs). Multivariable models were adjusted 

for LVEF, HF status, age, sex, African-American ethnicity, BMI, systolic and diastolic blood 

pressure, diabetes, coronary artery disease and estimated glomerular filtration rate. 

Statistical significance was defined as a 2-tailed P value<0.05. All probability values 

presented are 2-tailed. Statistical analyses were performed using the Matlab statistics and 

machine learning toolbox (the Mathworks; Natwick, MA, USA) and SPSS for Windows v22 

(SPSS Inc., Chicago, IL, USA).

Sardana et al. Page 3

Am J Cardiol. Author manuscript; available in PMC 2020 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Results

Baseline characteristics of study participants are presented in Table 1. The majority of study 

participants were of Caucasian or African-American ethnicity. There was a high prevalence 

of hypertension in all groups. Participants with HFrEF and HFpEF were slightly older than 

participants without HF and were more often African-Americans. Body mass index and the 

prevalence of obstructive sleep apnea were higher in the HFpEF group, whereas the 

prevalence of coronary artery disease was highest in the HFrEF group. Diabetes mellitus was 

more common in both HF groups, as compared to participants without HF.

Over a median duration of follow-up of 39.5 months, 75 participants (12.3%) had HF 

admissions and 85 (13.9%) died. A total of 137 (22.4%) participants experienced the 

composite end point of HF admission or all-cause death. Figure 2A depicts the unadjusted 

associations of LV strain with the composite outcome. In these analyses, all measures of 

systolic strain (longitudinal, circumferential, radial), longitudinal strain rate, and late 

diastolic strain rate were strongly associated with adverse outcomes. Of note, hazard ratios 

less than 1 for radial strain, longitudinal diastolic strain rate (early and late), peak torsion 

and torsion rate would imply that lower function is associated with worse prognosis. On the 

other hand, hazard ratios greater than 1 for systolic longitudinal strain (and strain rate), 

circumferential strain, and diastolic untorsion rate (early and late) imply that lower function 

is associated with worse prognosis.

Figure 2B depicts the adjusted associations between LV strain and the composite outcome in 

Cox-proportional hazards models. In these models, lower peak radial strain was associated 

with an increased risk of death or HF hospitalization (Standardized HR: 0.59, 95% CI 0.43–

0.83, p=0.0019). Similarly, higher (i.e., less negative) peak circumferential (Standardized 

HR: 1.46, 95% CI 1.08 to 1.95, p=0.0123) and longitudinal strain (Standardized HR: 1.56, 

95% CI 1.22 to 2.00, p=0.0004) were also independently associated with adverse outcomes. 

Multivariable adjustment attenuated the association of longitudinal systolic and diastolic 

strain rates with adverse outcomes. Figure 3 depicts the Kaplan Meier curves for tertiles of 

longitudinal, circumferential, radial strain, as well as tertiles of LVEF in relation to the 

composite outcome of HF hospitalization or death. Peak longitudinal strain stratified the risk 

of adverse outcomes across tertiles, whereas LVEF was only associated with adverse 

outcomes in the lowest tertile (LVEF<50%), without differences between the top 2 tertiles.

To assess the value of strain measures as sensitive parameters of myocardial dysfunction 

when the LV EF is preserved, we performed additional analyses including only participants 

with a preserved EF (≥50%, including subjects with HFpEF and without HF) to study the 

association between strain measures with adverse outcomes. Figure 4 depicts the results of 

these analyses, which were adjusted for presence of HFpEF and LVEF. In these models, all 

three systolic strain measures (radial, circumferential, and longitudinal strain) were 

independently associated with adverse outcomes independently of LV EF and the presence 

of HFpEF.
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Discussion

We prospectively studied a relatively large sample of participants with HFpEF, HFrEF and 

no HF, and performed assessments of LV mechanics using feature-tracking CMR 

techniques. We found that radial, circumferential and longitudinal LV systolic strain 

measures were independently associated with HF hospitalization and death over a median 

follow-up of 39.5 months, in models that adjusted for HF status, LVEF, as well as other 

potential demographic and clinical confounders. LV longitudinal strain stratified the risk of 

adverse outcomes better than LV EF. Furthermore, among patients with preserved EF, strain 

measures independently predicted the composite outcome. Interestingly, in this subgroup 

with preserved EF, a greater (rather than a lower) LVEF tended to predict the composite 

outcome. Our findings demonstrate that feature tracking CMR, which has the potential to be 

readily applicable in current clinical practice, provides useful prognostic information, and 

can be leveraged to discriminate the risk of adverse outcomes, especially in the presence of 

preserved LVEF. Future studies should investigate whether LV strain measured by feature 

tracking CMR can be used to aid monitoring disease and therapeutic status in HF.

Due to the logistical limitations of myocardial tagging (dedicated acquisition time and 

dedicated post-processing), feature-tracking has emerged as a reliable alternative for LV 

strain measurement.1,4,19 With increasing adoption of CMR in clinical practice, especially 

for patients with HFpEF, LV strain measured using feature-tracking could provide clinically 

useful prognostic information without increasing acquisition times.20 The prognostic 

significance of LV systolic strain measured using speckle-tracking echocardiography has 

been studied in isolated samples of HFpEF or HFrEF.12–15 However, the association of 

CMR-based LV deformation measures with adverse prognosis in HF, specifically HFpEF, 

has not been explored previously. In a convenience sample of 539 patients undergoing CMR, 

Mordi et al. measured circumferential strain using myocardial tagging.21 They observed that 

the prognostic value of circumferential strain in predicting adverse cardiovascular events 

(all-cause mortality, HF hospitalization, and aborted sudden cardiac death) was incremental 

to LVEF and myocardial scarring. Interestingly, they did not measure longitudinal strain or 

strain rate in their study, to minimize acquisition time. This highlights a limitation of 

myocardial tagging and an important advantage of feature-tracking for assessments of LV 

mechanics with clinically-applicable imaging protocols. Buss et al. studied 210 subjects with 

dilated non-ischemic cardiomyopathy using feature-tracking-derived systolic strain measures 

and observed that global longitudinal strain, but not circumferential or radial strain, was 

associated with adverse cardiovascular outcomes, independent of LVEF.16 Similarly, in a 

retrospective analysis of 364 participants (>80% with cardiovascular comorbidities), all 

measures of LV strain (derived using feature-tracking) were associated with adverse events 

(cardiac death, aborted cardiac death, HF hospitalization) with LV transverse strain (a 

surrogate for radial strain) being the strongest predictor.22 In a community-based sample of 

1768 participants, impaired circumferential strain (by myocardial tagging), was 

independently and incrementally associated with increased risk of incident HF and 

atherosclerotic cardiovascular events.10 In contrast to prior studies, our study was designed 

to assess the prognostic utility of LV deformation measurements by CMR feature-tracking 

among subjects with HFpEF, HFrEF and no HF. Furthermore, we performed comprehensive 
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feature-tracking analyses of LV function using radial, circumferential and longitudinal 

systolic strain, as well as longitudinal systolic, early and late diastolic longitudinal strain 

rate. Our findings demonstrate that LV strain is more robust than LVEF in predicting adverse 

outcomes in participants with and without HF, particularly when LVEF is preserved. 

Interestingly, in our analyses, peak longitudinal strain stratified the risk of adverse outcomes 

across tertiles in the overall sample, whereas an increased risk of adverse outcomes was seen 

only among participants in the lowest tertile of LVEF (which corresponded to an LVEF of 

~50% in our sample). In secondary analyses that included only participants with a preserved 

LVEF (≥50%) systolic strain measures (radial, circumferential, and longitudinal strain), but 

not a lower LVEF, were independently associated with adverse outcomes. These findings are 

in line with prior speckle-tracking echocardiography-based analyses in which the global 

longitudinal strain was identified as a predictor of adverse outcomes in the participants with 

HFpEF, independent of LVEF.12,23 The fact that a higher, and not a lower EF, tended to be 

associated with adverse outcomes in these adjusted models is likely due to the fact that 

endocardial EF is greater with greater degrees of concentric remodeling, for any given 

amount of fiber shortening.

We note that the lack of association of strain rates with adverse outcomes in adjusted 

analyses should be interpreted with caution, as they were derived from the rate of change in 

strain using feature-tracking on cine CMR and thus limited by the temporal resolution of our 

acquisitions (30 frames/cardiac cycle); our findings regarding strain rates should not be 

extrapolated to techniques in which strain rates are directly/primarily measured or those 

derived from time derivatives of strain measures obtained with greater temporal resolution.

Our study has several limitations. First, our study sample was enrolled from a Veterans 

Affairs medical center. Therefore, although racially diverse, our sample was largely 

composed mainly of older males. Our findings should be validated in samples with greater 

gender diversity and in younger adults, as well as pediatric populations. Second, due to the 

limited number of events in three groups (HFpEF, HFrEF, and patients without heart failure), 

our analyses were not powered to measure the prognostic significance of CMR strain 

measures in each group separately. Third, neither longitudinal strain rate, nor diastolic strain 

rates were associated with adverse outcomes in our sample. However, these findings should 

be interpreted with caution, as discussed above. Finally, we did not assess the prognostic 

value of strain, independent of circulating biomarkers, particularly B-type natriuretic peptide 

and/or NT-pro-BNP, which requires further study.

In conclusion, we demonstrate significant associations between longitudinal, 

circumferential, and radial strain and adverse outcomes, after adjustment for potential 

clinical and demographic confounders, as well as LVEF. LV strain measurements using 

feature-tracking have widespread potential to be incorporated in the clinical workflow, in 

which standard LV cine CMR acquisitions are performed. This relatively simple strategy 

provides useful prognostic information without the need for additional acquisition time. 

Future studies should assess whether feature-tracking derived LV strain is useful for 

implementing or monitoring therapeutic interventions.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Representative example of feature tracking. The top panels show diastolic phases, whereas 

the bottom panels show the tracking at end-systole in a representative 4-chamber view (left) 

and mid-ventricular short-axis view (right). See also online videos 1 and 2.
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Figure 2. (A) Unadjusted Standardized Hazard Ratios for Indices of LV deformation as 
Predictors of Incident Death or HF admission. (B) Adjusted Standardized Hazard Ratios for 
Indices of LV deformation as Predictors of Incident Death or HF admission.
Adjusted for LVEF, heart failure status, age, sex, ethnicity, body mass index, systolic and 

diastolic blood pressure, diabetes, coronary artery disease and glomerular filtration rate.
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Figure 3. 
Kaplan Meier Survival Plots for tertiles of longitudinal, radial, circumferential strain, and 

LVEF.
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Figure 4. Predictive value of radial (top panel), circumferential strain (mid-panel) and 
longitudinal strain (bottom panel), among subjects with preserved LVEF (≥50%).
Models are adjusted for LVEF, the presence of heart failure with preserved ejection fraction 

(HFpEF), age, sex, ethnicity, body mass index, systolic and diastolic blood pressure, 

hypertension, diabetes, coronary artery disease and glomerular filtration rate. In these 

models, all measures of LV strain were independently predictive of incident hospitalized HF 

and death.
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Table 1.

General Characteristics of Study Participants

Heart Failure Status

Variable None (n=402) HFrEF
(n=113)

HFpEF
(n=97) P value

Age (years) 60.6 (59.5 to 61.7) 65.6 (63.3 to 67.8) 63.6 (61.3 to 66) <0.0001

Men 373 (93.25%) 111 (98.23%) 88 (90.72%) 0.0615

White 213 (53.25%) 42 (37.17%) 40 (41.24%) 0.003

Black 168 (42.00%) 69 (61.06%) 54 (55.67%) 0.003

Other race 19 (4.75%) 2 (1.77%) 3 (3.09%) 0.003

Hypertension 303 (76.13%) 96 (84.96%) 90 (92.78%) 0.0004

Coronary artery disease 128 (32.16%) 60 (53.10%) 36 (37.11%) 0.0003

Diabetes mellitus 174 (43.72%) 63 (55.75%) 61 (63.54%) 0.0007

Obstructive sleep apnea 93 (23.48%) 22 (19.47%) 36 (37.11%) 0.0069

Glomerular filtration rate (ml/min) 78 (74.3 to 81.6) 70.2 (63.9 to 76.5) 72.9 (65.8 to 79.9) 0.0753

Low density lipoprotein cholesterol (mg/dL) 84.1 (78.3 to 89.9) 74.2 (64.1 to 84.3) 85.6 (73.4 to 97.8) 0.1949

Mitral A velocity (cm/s) 71.3 (68.3 to 74.3) 67.7 (62.7 to 72.6) 73.5 (67.8 to 79.1) 0.2687

Mitral E velocity (cm/s) 67.2 (64.7 to 69.7) 67.8 (63.4 to 72.1) 75.9 (70.8 to 81) 0.0054

Deceleration Time (ms) 214 (205 to 222) 186 (173 to 198) 217 (202 to 232) 0.0005

Lateral e’ (cm/s) 9.24 (8.82 to 9.67) 7.01 (6.48 to 7.55) 8.28(7.61 to 8.96) <0.0001

Septal e’ (cm/s) 7.37 (7.04 to 7.7) 5.41 (5.01 to 5.82) 6.33 (5.82 to 6.83) <0.0001

E/e’ 8.2 (7.8 to 8.7) 11.1 (10.2 to 12.1) 10.8 (9.8 to 11.7) <0.0001

Left ventricular end-diastolic volume (ml) 147 (143 to 152) 207 (194 to 220) 153 (143 to 163) <0.0001

Left ventricular end-diastolic volume index (ml/m2) 69.4 (67.2 to 71.5) 99.8 (93.8 to 105.8) 67 (62.6 to 71.3) <0.0001

Left ventricular stroke volume (ml) 80.9 (78.3 to 83.5) 69 (64.8 to 73.3) 94.5 (88.3 to 100.8) <0.0001

Left ventricular ejection fraction (%) 54.9 (53.5 to 56.3) 33.4 (31.7 to 35) 61.8 (58.4 to 65.2) <0.0001

Medication Use

 β-Blocker 190 (47.62%) 94 (83.19%) 70 (72.16%) <0.0001

 Aspirin 233 (58.40%) 88 (77.88%) 64 (65.98%) 0.0006

 Clopidogrel 35 (8.79%) 21 (18.58%) 12 (12.37%) 0.0132

 Angiotensin converting enzyme inhibitor 179 (44.86%) 70 (61.95%) 60 (61.86%) 0.0003

 Angiotensin receptor blockers 38 (9.52%) 17 (15.04%) 18 (18.56%) 0.0265

 Furosemide 15 (3.77%) 67 (59.29%) 65 (67.01%) <O.0001

 Spironolactone 14 (3.51%) 15 (13.27%) 8 (8.25%) 0.0004

 Statin 261 (65.41%) 89 (78.76%) 69 (71.13%) 0.0224

 Calcium-channel blocker 102 (25.56%) 28 (24.78%) 38 (39.18%) 0.0204

Continuous variables are presented as mean (95% confidence interval) values. Categorical variables are presented by number (proportion). HFrEF: 
heart failure with reduced ejection fraction; HFpEF: heart failure with preserved ejection fraction
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