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Abstract
Objectives In some cardiac pathologies, impairment of left ventricular (LV) longitudinal function may precede reduction in LV
ejection fraction. This study investigates the effectiveness of a fast method to quantify long-axis LV function compared to
conventional feature tracking and manual approaches.
Methods The study consisted of 50 normal controls and 100 heart failure (HF) patients including 40 with reduced ejection
fraction (HFrEF), 30 with mid-range ejection fraction (HFmrEF), and 30 with preserved ejection fraction (HFpEF). Parameters
including fast long-axis strain (FLAS) at end-systole and peak strain rates during systole (FLASRs), early diastole (FLASRe), and
atrial contraction (FLASRa) were derived by a fast semi-automated approach on cine cardiovascular magnetic resonance.
Results FLAS exhibited good agreement with strain values obtained using conventional feature tracking (bias − 2.9%, limits of
agreement ± 3.0%) and the manual approach (bias 0.6%, limits of agreement ± 2.1%), where FLAS was more reproducible and
required shorter measurement time. The mean FLAS (HFrEF < HFmrEF < HFpEF < controls; 6.1 ± 2.4 < 9.9 ± 2.4 < 11.0 ± 2.5
< 16.9 ± 2.3%, all p < 0.0001) was decreased in all the HF patient groups. A FLAS of 12.3% (mean-2SD of controls) predicted
the presence of systolic dysfunction in 67% of patients with HFpEF, and 87% with HFmrEF. Strain parameters using the fast
approach were superior to those obtained by conventional feature tracking and manual approaches for discriminating HFpEF
from controls. Notable examples are area under the curve, sensitivity, and specificity for FLAS (0.94, 93%, and 86%) and
FLASRe (0.96, 90%, and 94%).
Conclusions The fast approach–derived LV strain and strain rate parameters facilitate reproducible, reliable, and effective LV
longitudinal function analysis.
Key Points
• Left ventricular long-axis strain can be rapidly derived from cine CMR with shorter measurement time and higher reproduc-
ibility compared to conventional feature tracking and the manual approach.

• Progressive reductions in left ventricular long-axis strain and strain rate measurements were observed from HFpEF, HFmrEF,
to HFrEF group.

• Based on long-axis strain, systolic abnormalities were evident in HFmrEF and HFpEF indicating common coexistence of
systolic and diastolic dysfunction in the HF phenotypes.
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Abbreviations
ANOVA Analysis of variance
AUC Area under ROC curve
CMR Cardiovascular magnetic resonance
CV Coefficient of variation
DRA Deformable registration–based analysis
EF Ejection fraction
FLAS Fast long-axis strain
FLASR Fast long-axis strain rate
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FT Feature tracking
GTLS Global transmural longitudinal strain
GTLSR Global transmural longitudinal strain rate
HF Heart failure
HFmrEF Heart failure with mid-range ejection fraction
HFpEF Heart failure with preserved ejection fraction
HFrEF Heart failure with reduced ejection fraction
LA Left atrial
LV Left ventricular
MAPSE Mitral annular plane systolic excursion
MLAS Manual long-axis strain
ROC Receiver operating characteristic
SR Strain rate
STE Speckle tracking echocardiography

Introduction

Systolic cardiac contraction is characterized by myocardial
deformation in both longitudinal and circumferential direc-
tions. To date, left ventricular (LV) ejection fraction (EF) is
most commonly used for assessing LV function and disease
severity. However, one limitation of LVEF is its inability to
entirely reflect the complexity of LV systolic function and
distinguish functional impairment among different compo-
nents of myocardial deformation. In some cardiac pathologies,
impairment in longitudinal function may precede reductions
in circumferential indices or global LVEF, leading to early LV
pump dysfunction [1].

Assessment of myocardial deformation in the longitudinal
direction, either by speckle tracking echocardiography (STE)
[2] or cine cardiovascular magnetic resonance (CMR) feature
tracking (FT-CMR) [3], may provide better insight into myo-
cardial dysfunction with incremental value beyond LVEF.
However, reproducibility of STE may be jeopardized by the
use of differing analysis algorithms among various vendors
[4]. Studies comparing four commercially available software
packages for FT-CMR analysis have found that global and
segmental myocardial strain values are not interchangeable
between vendors [5, 6]. Hence, several prior studies have in-
troduced a simple and vendor independent method for manu-
ally assessing long-axis strain based on differences of end-
diastolic and end-systolic distances between LVapical epicar-
dium and basal plane [7–10]. However, the approach yields
only the LVend-systolic strain parameter and does not provide
information about strain rate (SR) and diastolic function that
in certain circumstances may better reflect cardiac function
[11]. Herein, we aimed to (1) evaluate a fast semi-automated
approach for assessing long-axis strain and SR for the dynam-
ic determination of LV longitudinal function from standard
cine CMR images and (2) perform comprehensive compari-
sons of strain measurements using the fast approach, conven-
tional FT-CMR, and the manual approach. We hypothesized

that LV strain and SR derived using the fast approach would
be non-inferior in terms of diagnostic accuracy, with shorter
measurement time and increased reproducibility. In addition,
an array of systolic and diastolic strain and SR parameters
obtained using the fast approach can potentially contribute
greater insight into progressive deterioration of myocardial
contraction and relaxation in patients with heart failure (HF).

Methods

Study population

The study population consisted of 100 patients of which 40
had heart failure with reduced ejection fraction (HFrEF, LVEF
< 40%), 30 heart failure with mid-range ejection fraction
(HFmrEF, LVEF 40–49%), and 30 heart failure with pre-
served ejection fraction (HFpEF, LVEF ≥ 50%). The LVEF
range for each HF category was defined in [12]. Fifty age-
and gender-matched normal controls were enrolled into the
study. All subjects had normal sinus rhythm and no pacing
artifact (existing device). The protocol was approved by the
SingHealth Centralised Institutional Review Board and in-
formed consent was obtained from all participants.

CMR acquisition

Enrolled subjects underwent CMR scan using a 3 T magnetic
resonance imaging system (Ingenia, Philips Healthcare).
Steady-state free precession end-expiratory breath hold cine
images were acquired in short- and long-axis views including
the LV 2- and 4-chamber views. Typical CMR imaging pa-
rameters were as follows [13]: TR/TE, 3/1 ms; matrix, 240 ×
240; flip angle, 45°; field of view, 300 × 300 mm2; pixel band-
width, 1776 Hz; pixel spacing, 1.25 × 1.25 mm; slice thick-
ness, 8 mm; number of cardiac frames, 30/40 per cardiac
cycle.

In the present study, 41 subjects (25 normal controls and 16
HFrEF patients) had undergone CMR tagging studies. Grid
tag spacing was 7 mm. Other typical scan parameters can be
found in the Supplemental material.

Global transmural longitudinal strain by feature
tracking

Dedicated QStrain software (version 2.0, Medis) was used in
deriving LV longitudinal strain. End-systole was identified
visually from the cine images. Endocardial and epicardial con-
tours were manually delineated in the end-diastolic and end-
systolic frames. Automatic contour tracking was then per-
formed by tracking 48 evenly spaced points along the contour
[3]. In case of insufficient tracking, contours were manually
corrected and the algorithm reapplied. Global transmural
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longitudinal strain (GTLS) representing the mean value of
endocardial and epicardial strains at end-systole was measured
[7]. Average GTLS values in 2- and 4-chamber views were
calculated for analysis (Fig. 1 right column). SR results (de-
noted by global transmural longitudinal strain rate (GTLSR))
were obtained by taking the first-order derivative of the strain
curve.

Manual long-axis strain

Manual LV strain assessment was performed as described
previously [7, 8]. In brief, the mitral valve insertion points
and the epicardial apex were manually located in both end-
systole and end-diastole. This was then followed by measur-
ing the distance between the epicardial apex and the middle of

Fig. 1 Left ventricular long-axis strain measurement in 4- and 2-chamber views using left column, fast approach; middle column,manual approach; right
column, feature tracking approach. ED end-diastole, ES end-systole. For details, see text
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a line connecting the mitral valve insertions. The difference in
end-diastolic and end-systolic distances was normalized to the
end-diastolic distance for the calculation of manual long-axis
strain (MLAS) which represents the strain value at end-systo-
le: MLAS = (Lengthend − systole − Lengthend − diastole) × 100/
Lengthend − diastole. Final MLAS values were based on the av-
erage of 2- and 4-chamber views (Fig. 1 middle column).

Fast long-axis strain

The strain assessment with the fast approach was performed
by automatically tracking the distance (L) from the mitral
valve insertions to the epicardial apex on CMR 2- and 4-
chamber views (Fig. 1 left column). The tracking system
was developed using MATLAB (version R2018b,
MathWorks Inc.) and consisted of the following steps [14]:

& Step 1 (manual): A small square (called mask) was man-
ually drawn in the LV end-diastolic frame containing the
anatomical point of interest (squares in Fig. 1 left column).
Typical mask size of 8 × 8 pixels was used.

& Step 2 (automatic): A search region sharing the same cen-
ter with the selected mask was automatically generated in
the target frame (i.e., the next temporal frame). The size of
the search region was 20 × 20 pixels.

& Step 3 (automatic): Template matching algorithm [15] was
conducted to detect the best match of the mask in the target
frame, within the search region based on normalized cross
correlation criterion.

& Step 4 (automatic): The location of the best match was
used to update the mask in the target frame and the same
procedure (Steps 2–4) was automatically executed itera-
tively for all subsequent frames throughout the cardiac
cycle.

Longitudinal strain at any time point (t) in the cardiac cycle
from LV end-diastole (time 0) was calculated as (L(t) −
L(0)) × 100/L(0). Fast long-axis strain (FLAS) was defined
as the strain value at LV end-systole (i.e., t= LV end-systole),
and the strain rates FLASR were derived as peak values dur-
ing systole (FLASRs), early diastole (FLASRe), and atrial
contraction (FLASRa), respectively (Fig. 2). Fast strain and
SR parameters from both 2- and 4-chamber views were aver-
aged to obtain mean results for analysis. As LV strain and
systolic SR are negative, we took their absolute values for a
simple interpretation.

CMR assessment of mitral annular dynamics

The following mitral annular dynamic measurements
were calculated based on the tracking of mitral valve
insertion points: (1) peak velocities during systole (S′),
early diastole (E′), and atrial contraction (A′) and (2)

mitral annular plane systolic excursion (MAPSE).
Descriptions of the CMR-derived S′, E′, A′, and
MAPSE measurements were detailed in prior studies
[16–18].

Intra- and inter-observer reproducibility and time
requirements

Intra- and inter-observer variability were studied on a random-
ly selected subgroup of 20 cases (10 normal controls and 10
patients) using Bland-Altman analysis and coefficient of var-
iation (CV). The time required for the measurement of FLAS,
MLAS, and GTLS, which included the time for all the non-
automatic steps, were recorded in the selected 20 cases.

Statistical analysis

Statistical analysis was conducted using SPSS (version 17.0,
IBM). Continuous data were summarized as mean ± SD. For
the comparisons of characteristics and strain data between
patient groups and control subjects, the one-way analysis of
variance (ANOVA) F-test was used first to test the overall
difference among the means of all subject groups. If an overall
statistically significant difference in group means (i.e., a sta-
tistically significant one-way ANOVA F-test with p value
< 0.05) was demonstrated, it was followed up with post hoc
tests for pairwise multiple comparisons. Tukey’s honestly sig-
nificant difference post hoc test was used when the data met
the assumption of variance homogeneity, and Games Howell
post hoc test was used if the data did not meet the assumption.
Pearson’s r correlation, Passing-Bablok non-parametric re-
gression, and Bland-Altman plots were used to assess the
agreement of FLAS data with respect to GTLS and MLAS.
The association between FLAS and LVEF was assessed using
the coefficient of determination (R2) as the goodness-of-fit
measure. Receiver operating characteristic (ROC) analysis
was conducted to determine the capability of strain measure-
ments for discriminating patients from normal controls.
Youden’s index was defined for all points of an ROC curve,
and the maximum value of the index was used as the criterion
for selecting the optimum threshold point. A p value less than
0.05 was considered statistically significant.

Results

Baseline demographics and clinical characteristics of controls
and HF patients are presented in Table 1. There were no sig-
nificant differences among the groups in age, gender, and
body surface area.
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Validation of fast approach–derived strain data

Figure 3 shows the median ± interquartile range of time normal-
ized strain and SR curves derived by the fast approach in the
subjects from control, HFpEF, HFmrEF, and HFrEF group, re-
spectively. In all subjects, FLAS showed an excellent correlation
with MLAS (r = 0.98, p < 0.0001) and GTLS (r = 0.96,
p < 0.0001). Bland-Altman plots revealed a bias of 0.6% be-
tween FLAS and MLAS with limits of agreement of ± 2.1%;
bias between FLAS and GTLS was − 2.9% with limits of agree-
ment of ± 3.0% (Supplementary Fig. 1). Fast SR measurements
exhibited strong correlation with FT-based SRs (r = 0.94 be-
tween FLASRs and GTLSRs; 0.87 between FLASRe and
GTLSRe; and 0.87 between FLASRa and GTLSRa, all
p < 0.0001) (Supplementary Fig. 2).

Comparison with tagging has also been performed as an ad-
dition to the validation. Tagged image analysis procedure using
CIM software [19] (CIMTag2D version 8.1.6, Auckland MRI
Research Group) in 2- and 4-chamber views can be found in the
Supplemental material and Supplementary Fig. 3. Global longi-
tudinal strain value at end-systole (GLStag) was recorded. In
those subjects who have undergone tagging studies (n = 41), ex-
cellent correlation was observed between FLAS and GLStag (r=
0.98, p< 0.0001) with a bias of − 0.2% and limits of agreement

of ± 1.3% (Supplementary Fig. 4). Our fast strain assessment
approach automatically tracked the discrete reference points
throughout the cardiac cycle. Assessment of the tracking accura-
cy by comparison with manual selection of the reference points
(mitral insertions and apex) was performed in parallel in a subset
of the cohort (n = 40, 10 controls, 10 HFpEF, 10 HFmrEF, 10
HFrEF). Results showed that the fast approach–derived strain
and SR measurements were in good agreement with the manu-
ally derived results (Supplementary Table 1).

Systolic parameters

Progressive reductions in S′ velocity and MAPSE from HFpEF,
HFmrEF, to HFrEF group were observed (Table 1). FLAS and
FLASRs in HF patients were significantly lower than in control
subjects. It was found that ordering FLAS from largest to smallest
in the patient group gave HFpEF > HFmrEF > HFrEF (11.0 ±
2.5 > 9.9 ± 2.4 > 6.1 ± 2.4%), where the difference was significant
between any two groups (p<0.0001) (Table 2). In assessing the
relationship betweenFLASandLVEF, a scatter plotwas generated
using the combined data from the entire subject cohort (Fig. 4). It is
readily observed from the scatter plot that the relationship between
LVEF and FLAS is curvilinear; hence, a quadratic function was
used to fit the data and the fitted regression equation was LVEF=

Fig. 2 Left ventricular strain and
strain rate variables. Fast long-
axis strain (FLAS): defined as the
strain value at LV end-systole;
peak systolic fast long-axis strain
rate (FLASRs): defined as the
peak strain rate value during
systole; peak early diastolic fast
long-axis strain rate (FLASRe):
defined as the peak strain rate
value during early diastole; peak
late diastolic fast long-axis strain
rate (FLASRa): defined as the
peak strain rate value during late
diastole (i.e., atrial contraction)
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0.1201 + 5.9996 FLAS− 0.1343 FLAS2 with R2 = 0.75. To com-
pare FLASwith LVEF, the value of − 2 SD from the mean FLAS
in the control subjects (i.e., 12.3%) was used as the cutoff point for
abnormality. It was found that 67% of patients with HFpEF had
FLAS <12.3% and was 87% in the HFmrEF group.

Diastolic parameters

Significantly reduced E′, A′, FLASRe, and FLASRa were ob-
served in all patient groups when compared with control sub-
jects (Tables 1 and 2). FLASRe and FLASRa were lower in
patients with HFrEF than in those with HFmrEF and HFpEF,
while these parameters were not significantly different be-
tween HFmrEF and HFpEF (Table 2).

Detection of HFpEF

Compared to standard clinical parameters and strain measure-
ments obtained using the manual approach and conventional
FT, fast LV strain achieved higher levels of accuracy and
greater areas under ROC curves (AUCs) in differentiating
HFpEF from normal controls (Table 3 and Fig. 5). The best
variables for detecting HFpEF were FLAS (AUC = 0.94, sen-
sitivity = 93%, and specificity = 86%) and FLASRe (AUC=
0.96, sensitivity = 90%, and specificity = 94%).

Reproducibility and time requirement

Intra- and inter-observer CVs for FLAS were 2.9% and 3.4%
(Table 4). Intra-observer CVs were 5.8% for GTLS and 5.4% for
MLAS, with corresponding inter-observer CVs of 7.0% and
6.4%, respectively. FLASR measurements were more reproduc-
ible than GTLSR as reflected by narrower limits of agreement
and lower CVs (Table 4). The mean ± SD time per subject
required for fast LV strain measurement was 78 ± 8 s, which
was shorter than the mean measurement time of 90 ± 7 s using
manual approach and 180 ± 12 s using FT approach.

Discussion

The current study demonstrated the feasibility and effectiveness of
a fast semi-automated long-axis strain method for assessing longi-
tudinal LV function using CMR cine images. Comprehensive
comparisons among different methods exhibited good agreement
between FLAS and strains measured using either the conventional
FT-CMR or the manual approaches. FLAS performed better at
differentiating HFpEF from normal controls than did MLAS and
GTLS, as well as other LV parameters such as LVEF and
MAPSE. Finally, measurement time for FLAS was shorter with
higher reproducibility compared to those for MLAS and GTLS.

Table 1 Baseline demographic and clinical characteristics of study subjects

Variables Controls (n = 50) HFpEF (n = 30) HFmrEF (n = 30) HFrEF (n = 40) Overall p value

Age, years 56 ± 13 62 ± 11 57 ± 10 56 ± 10 0.209
Gender, male/female 34/16 23/7 20/10 29/11 0.804
BSA, m2 1.7 ± 0.2 1.8 ± 0.2 1.9 ± 0.2 1.8 ± 0.3 0.080
DBP, mmHg 78 ± 10 81 ± 24 76 ± 12 73 ± 14 0.249
SBP, mmHg 135 ± 18 142 ± 26 134 ± 22 122 ± 19*# 0.002
NYHA class 1.0 ± 0.0 1.6 ± 0.5* 1.8 ± 0.7* 2.1 ± 0.9*# < 0.0001
NT-pro-BNP, pg/mla – 229 (113, 608) 479 (304, 781)# 2079 (807, 4930)#$ < 0.0001
Medications (%)
Diuretics 0 (0%) 21 (70%)* 23 (77%)* 39 (98%)* < 0.0001
ACE inhibitor/angiotensin receptor blocker 0 (0%) 24 (80%)* 22 (73%)* 29 (73%)* < 0.0001
β-Blocker 0 (0%) 23 (77%)* 20 (67%)* 36 (90%)* < 0.0001
Aspirin 0 (0%) 17 (57%)* 15 (50%)* 20 (50%)* < 0.0001

LV EDV index, ml/m2 70 ± 11 78 ± 16 87 ± 19* 138 ± 35*#$ < 0.0001
LV ESV index, ml/m2 26 ± 6 34 ± 8* 50 ± 11*# 105 ± 35*#$ < 0.0001
LV SV index, ml/m2 45 ± 8 44 ± 9 38 ± 9 33 ± 11*# < 0.0001
LV EF, % 64 ± 6 56 ± 4* 44 ± 3*# 26 ± 8*#$ < 0.0001
LV mass index, g/m2 48 ± 10 85 ± 39* 63 ± 19* 82 ± 21* < 0.0001
S′, cm/s 8.1 ± 1.4 6.3 ± 1.0* 5.4 ± 1.3*# 4.1 ± 0.9*#$ < 0.0001
E′, cm/s 9.5 ± 2.5 5.2 ± 1.4* 5.3 ± 1.5* 4.2 ± 1.1*#$ < 0.0001
A′, cm/s 8.8 ± 1.8 7.1 ± 1.7* 5.5 ± 1.9*# 3.7 ± 1.7*#$ < 0.0001
MAPSE, mm 15.4 ± 1.8 12.0 ± 1.7* 10.6 ± 2.6*# 7.9 ± 2.6*#$ < 0.0001

Data are represented as mean ± SD, median (interquartile range), or n (%)

BSA body surface area; DBP diastolic blood pressure; SBP systolic blood pressure; NYHA New York Heart Association; NT-pro-BNP N-terminal pro-
brain natriuretic peptide; LV left ventricular; EDVend-diastolic volume; ESVend-systolic volume; SV stroke volume; EF ejection fraction; S′, E′, A′ peak
systolic, early diastolic, and late diastolic mitral annular velocities;MAPSEmitral annular plane systolic excursion;HFpEF heart failure with preserved
ejection fraction; HFmrEF heart failure with mid-range ejection fraction; HFrEF heart failure with reduced ejection fraction

*Significant difference compared to controls; #significant difference compared to HFpEF; $significant difference compared to HFmrEF
aNT-pro-BNP were not available for controls; NT-pro-BNP were available in 20 HFpEF, 20 HFmrEF, and all HFrEF patients
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Clinical aspect: LV longitudinal function in HFpEF,
HFmrEF, and HFrEF

We performed fast LV strain measurements in the three HF
phenotypes and found progressive reductions in FLAS and
FLASR from HFpEF, HFmrEF, to HFrEF group.

Peak early diastolic SR has been used in prior studies as an
independent parameter, or in combination with early mitral
inflow velocity, for the assessment of diastolic abnormalities

in various patient groups [20, 21]. Studies have demonstrated
that patients with HFpEF exhibited significantly reduced early
diastolic longitudinal SR when compared to asymptomatic
patients [22] and controls subjects [23]. Our study corroborat-
ed previous findings that FLASRe and FLASRa were signifi-
cantly decreased in HFpEF patients in comparison to age- and
gender-matched normal controls. In addition, ROC analysis
demonstrated non-inferior (slightly better) diagnostic perfor-
mance for FLASRe over GTLSRe and conventional LV

Fig. 3 Median (solid line) ± interquartile range (shaded area) of time normalized strain and strain rate curves derived by the fast approach in all subjects
from control, HFpEF, HFmrEF, and HFrEF group, respectively
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diastolic function measurements (e.g., E′) in differentiating
HFpEF patients from controls.

Previous evaluations of LV systolic function in HFpEF
have yielded contradictory results. For example, a previous
study using STE found that global longitudinal strain was
preserved in patients with HFpEF compared to age-matched
older controls [24], while other tissue Doppler studies showed
abnormalities in systolic mitral annular motion in HFpEF
[25]. In the present study, FLAS and FLASRs were found to
be significantly lower in HFpEF compared to normal controls,
indicating that systolic function was indeed impaired in these
patients. FLAS was significantly correlated with measures of
diastolic function (FLAS vs. FLASRe, r = 0.83; FLAS vs. E′,
r = 0.54; both p < 0.0001), which was in line with prior find-
ings that the systolic abnormalities probably coexist with dia-
stolic dysfunction in HFpEF—a condition not reflected by
conventional measures such as LVEF [26]. The underlying

pathophysiology is that the functional abnormalities of intra-
cellular calcium handling and myofilament interaction
resulting in diastolic abnormalities may also affect systolic
function [27]. In addition, HFpEF patients have higher LV
mass (hypertrophy) compared to healthy controls, which
was confirmed in the current study. Over time, the increasing
LV systolic and diastolic stiffness leads to progressive deteri-
oration of LV longitudinal contraction and relaxation [28].
Our study demonstrated an inverse correlation between
FLAS and LV mass index in HFpEF (r = − 0.57,
p < 0.0001), revealing adverse association between LV hyper-
trophy and LV systolic function.

While it is well accepted that HFmrEF is a distinct clinical
group situated between HFpEF and HFrEF with intermediate
clinical, structural, and functional characteristics, uncertainties
remain with respect to HFmrEF. It has been reported that
HFmrEF patients conformed a phenotype closer to the

Fig. 4 Scatterplot for FLAS and
LVEF in patients with HFpEF,
HFmrEF, and HFrEF and in
normal control subjects. Note
difference in distribution of points
with respect to ejection fraction of
50% and FLAS of 12.3% (2 SD
below mean of control subjects).
A quadratic regression model was
used to fit the data

Table 2 Comparisons of fast left
ventricular strain and strain rate
measurements among subject
groups

Variables Controls
(n = 50)

HFpEF (n = 30) HFmrEF
(n = 30)

HFrEF (n = 40) Overall p value

FLAS, % 16.9 ± 2.3 11.0 ± 2.5* 9.9 ± 2.4*# 6.1 ± 2.4*#$ < 0.0001

FLASRs, 1/s 0.9 ± 0.1 0.6 ± 0.2* 0.6 ± 0.2* 0.3 ± 0.1*#$ < 0.0001

FLASRe, 1/s 1.1 ± 0.2 0.5 ± 0.2* 0.5 ± 0.1* 0.4 ± 0.1*#$ < 0.0001

FLASRa, 1/s 0.8 ± 0.2 0.7 ± 0.2* 0.5 ± 0.2* 0.3 ± 0.1*#$ < 0.0001

Data are represented as mean ± SD

FLAS fast long-axis strain; FLASRs peak systolic fast long-axis strain rate; FLASRe peak early diastolic fast long-
axis strain rate; FLASRa peak fast long-axis strain rate during atrial contraction; HFpEF heart failure with
preserved ejection fraction; HFmrEF heart failure with mid-range ejection fraction; HFrEF heart failure with
reduced ejection fraction

*Significant difference compared to controls; #significant difference compared to HFpEF; $significant difference
compared to HFmrEF
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Table 3 Utility of left ventricular
strain and strain rate
measurements using fast,
conventional feature tracking, and
manual approaches, as well as
standard clinical parameters to
differentiate patients with HFpEF
from controls: results of the
receiver operating characteristic
(ROC) analysis with area under
the curve (AUC), sensitivity,
specificity, and threshold

Variables AUC (95% CI) Sensitivity (95% CI) Specificity (95% CI) Threshold

Systolic parameters

FLAS, % 0.94 (0.86, 0.98) 93 (78, 99) 86 (73, 94) 14.9

MLAS, % 0.89 (0.80, 0.95) 83 (65, 94) 88 (76, 96) 13.4

GTLS, % 0.86 (0.77, 0.93) 77 (58, 90) 92 (81, 98) 16.7

FLASRs, 1/s 0.82 (0.72, 0.90) 70 (51, 85) 94 (84, 99) 0.66

GTLSRs, 1/s 0.78 (0.67, 0.86) 73 (54, 88) 86 (73, 94) 0.81

S′, cm/s 0.87 (0.77, 0.93) 93 (78, 99) 76 (62, 87) 7.2

MAPSE, mm 0.92 (0.84, 0.97) 87 (69, 96) 90 (78, 97) 13.2

LVEF, % 0.82 (0.72, 0.90) 80 (61, 92) 76 (62, 87) 60.0

Diastolic parameters

FLASRe, 1/s 0.96 (0.89, 0.99) 90 (74, 98) 94 (84, 99) 0.77

FLASRa, 1/s 0.73 (0.62, 0.82) 77 (58, 90) 60 (45, 74) 0.76

GTLSRe, 1/s 0.89 (0.80, 0.95) 80 (61, 92) 84 (71, 93) 0.78

GTLSRa, 1/s 0.62 (0.50, 0.72) 60 (41, 77) 64 (49, 77) 0.76

E′, cm/s 0.95 (0.89, 0.99) 87 (69, 96) 94 (84, 99) 6.3

A′, cm/s 0.77 (0.66, 0.86) 63 (44, 80) 84 (71, 93) 7.3

CI confidence interval; FLAS fast long-axis strain; MLAS manual long-axis strain; GTLS global transmural
longitudinal strain; FLASRs peak systolic fast long-axis strain rate; GTLSRs peak systolic global transmural
longitudinal strain rate; S′ peak systolic mitral annular velocity; MAPSE mitral annular plane systolic excursion;
LVEF left ventricular ejection fraction; FLASRe peak early diastolic fast long-axis strain rate; FLASRa peak fast
long-axis strain rate during atrial contraction; GTLSRe peak early diastolic global transmural longitudinal strain
rate;GTLSRa peak global transmural longitudinal strain rate during atrial contraction; E′ peak early diastolic mitral
annular velocity; A′ peak mitral annular velocity during atrial contraction

Fig. 5 Detection of HFpEF: ROC
curves comparing the diagnostic
performance of FLASRe, FLAS,
MLAS, GTLS, and LVEF with
respective AUC values. The
optimal cutoff value for each
parameter is demonstrated with a
circle. FLASRe peak early
diastolic fast long-axis strain rate,
FLAS fast long-axis strain,
MLAS manual long-axis strain,
GTLS global transmural
longitudinal strain, LVEF left
ventricular ejection fraction
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HFrEF clinical profile [29]. However, other registries showed
that HFmrEF patient prognosis was similar to that of HFpEF
[30]. Findings in the current study suggested that in HFmrEF
patients, FLAS was significantly impaired while FLASRe was
comparable to HFpEF patients. Given the fact that FLAS is a
more sensitive and accurate metric for LV longitudinal func-
tion, it could become invaluable as a CMR parameter to assess
severity with the potential to refine HFmrEF patient risk strat-
ification. It is plausible that clinical monitoring of either FLAS
or FLASRe over time in HFmrEF patients may provide im-
portant predictive insights into their clinical trajectories to-
ward either HFpEF or HFrEF.

The left atrial (LA) function of the same subject cohort had
been assessed in a prior study [13]. A significant correlation
between FLAS and LA global reservoir strain εswas observed
(r = 0.87, p < 0.0001), suggesting that as LV longitudinal
function worsens, so does the LA reservoir function [31].
Indeed, the degree of LV longitudinal contraction and the
LA myocardial compliance are the two major determinants
of LA relaxation [32]. The presented techniques facilitate un-
derstanding of LV-LA kinematic interaction, which will po-
tentially be useful for investigating the association with clini-
cal status of the patients and disease progression.

Technical aspect: Fast vs. feature tracking vs. manual
long-axis strain

Prior studies have utilized GTLS by FT-CMR for characteriza-
tion of myocardial function in both adult and pediatric popula-
tions [33, 34]. GTLS can be calculated by using the entire myo-
cardial line length while computing the deformation.
Alternatively, GTLS can also be derived by averaging the values
computed in each individual point within the myocardial line

(used in the current study with 48 points along the contour), or
by averaging the values computed at the segmental level from the
same frame [35]. It is worth noting that calculation of GTLS,
either by using the entire myocardial length or by averaging
values computed at point or segmental level, will give different
results [35–37]. Furthermore, the routine clinical implementation
of FT-CMR is limited by undisclosed technical properties in
existing software and numerical differences in some strain pa-
rameters among software versions [8].

Instead of an analysis that encompasses the entire LV myo-
cardium, multiple prior studies have introduced simple and
vendor independent methods for manually assessing long-
axis strain based on differences of end-diastolic and end-
systolic distances between the LV apical epicardium and the
basal plane [7–10]. Riffel et al [7] assessed the longitudinal
function of the LV with CMR using the long-axis strain man-
ually derived from the distance of the epicardial apical border
to the mid-point of the line connecting the mitral valve inser-
tion points (LAS-epi/mid). The LAS-epi/mid demonstrated
high correlation with conventional FT analysis results, and
was non-inferior in discriminating patients with cardiomyop-
athies from healthy controls. The prognostic importance of
LAS-epi/mid was explored in the study by Schuster et al [8]
in patients with acute myocardial infarction, where LAS-epi/
mid remained significantly associated with higher occurrence
of major adverse clinical events after correction for
established risk stratification parameters. This technique is
not limited to CMR and has also been applied to echocardi-
ography. In a group of patients with dilated cardiomyopathy,
Aurich et al [10] introduced an echocardiographic unidimen-
sional long-axis strain metric with diagnostic properties com-
parable to STE-based global longitudinal strain and superior
to other conventional longitudinal function parameters.

Table 4 Intra- and inter-observer
reproducibility for left ventricular
strain and strain rate
measurements derived by fast,
conventional feature tracking, and
manual approaches

Method Strain/strain
rate

Intra-observer (n = 20) Inter-observer (n = 20)

Bias (limits of
agreement)

CV,
%

Bias (limits of
agreement)

CV,
%

Fast approach FLAS, % 0.1 (− 1.0, 1.2) 2.9 0.3 (− 1.0, 1.5) 3.4

FLASRs, 1/s 0.002 (− 0.092, 0.096) 4.7 0.021 (− 0.064, 0.105) 4.7

FLASRe, 1/s 0.022 (− 0.081, 0.125) 4.8 0.032 (− 0.132, 0.195) 7.5

FLASRa, 1/s − 0.005 (− 0.073, 0.062) 3.6 0.003 (− 0.099, 0.104) 5.3

Feature tracking
approach

GTLS, % − 0.2 (− 3.1, 2.8) 5.8 − 0.8 (− 3.9, 2.4) 7.0

GTLSRs, 1/s − 0.023 (− 0.221, 0.176) 8.2 − 0.010 (− 0.232, 0.213) 8.9

GTLSRe, 1/s 0.022 (− 0.142, 0.187) 6.3 − 0.007 (− 0.188, 0.174) 6.8

GTLSRa, 1/s − 0.021 (− 0.229, 0.188) 10.5 − 0.011 (− 0.238, 0.217) 11.2

Manual approach MLAS, % − 0.1 (− 1.9, 1.8) 5.4 − 0.5 (− 2.6, 1.7) 6.4

FLAS fast long-axis strain; FLASRs peak systolic fast long-axis strain rate; FLASRe peak early diastolic fast long-
axis strain rate; FLASRa peak fast long-axis strain rate during atrial contraction; GTLS global transmural longi-
tudinal strain;GTLSRs peak systolic global transmural longitudinal strain rate;GTLSRe peak early diastolic global
transmural longitudinal strain rate; GTLSRa peak global transmural longitudinal strain rate during atrial contrac-
tion; MLAS manual long-axis strain; CV coefficient of variation
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The manual approach–derived MLAS provides an easy ap-
proximation of longitudinal deformation. However, unlike FT-
CMR, the manual approach yields only the LVend-systolic strain
parameter and does not provide information on SR and diastolic
function that may better reflect cardiac function under certain cir-
cumstances. Our fast approach took one step forward in applying
semi-automatic tracking of only 3 anatomically discrete points,
drawing on respective advantages of manual and conventional
FT-based methods and allowing for dynamic evaluation of LV
longitudinal function. Most importantly, current study demonstrat-
ed that the fast approach offered high reliability and comparability
to conventional approaches, and required shorter time for strain
measurement. Investigation into the reproducibility of the tech-
nique in repeat acquisitions, not just repeat analyses, warrants fur-
ther study, as thiswould increase confidence in true reproducibility.
Deformable registration–based analysis (DRA) tool—an alterna-
tivemethod to FT-CMR—has been used for analyzingmyocardial
strain from the cine images [38]. Future studies are needed regard-
ing the comparison between the fast and the DRA approaches.

Limitations

The fast LV strain is an index of global LV function in the
longitudinal direction, and unable to provide information on
circumferential and radial strains. Although FLAS and GTLS
are both measures of longitudinal LV deformation, lower
values for FLAS were found in the Bland-Altman plot (bias
− 2.9%). This systematic underestimation may be due to a
geometric factor [10]. While FT method tracks the entire de-
formation contour during the cardiac cycle, the fast approach
tracks the lines connecting mitral valve insertions and the
epicardial apex. The epicardial apex remains relatively sta-
tionary, and the mitral valve insertions demonstrate arc-like
motions not only toward the apex but also to the side during
systole. Therefore, the line deformation will always be lower
in this case compared to the case when motion is restricted
only to the direction toward the apex with the same distance
traveled by the mitral valve insertions [10]. In the equation
used for FLAS derivation, “L” was defined as the distance
from the mitral valve insertions to the epicardial apex. This
was different from the distance used for MLAS calculation,
which is the distance from the mid-point of the line joining the
mitral valve insertions to the apex. This may be the cause of
the small systematic differences in strains measured with the
two techniques. SR measurements were not derived using the
manual approach as it is not clinically practical to manually
measure distance in every CMR frame over the cardiac cycle.

Conclusions

The fast LV strain measurements represent robust and easily
calculated parameters for quantifying long-axis LV

deformation using routine cine CMR images in the clinical
setting. Fast LV strain measurements exhibited high correla-
tion with those obtained using manual and conventional FT
approaches, were superior for discriminating patients with
HFpEF from normal controls, were more reproducible, and
required shorter measurement time.
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