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Background: Strain analysis with speckle-tracking echocardiography (STE) is considered superior to ejec-
tion fraction for ventricular function assessment in different clinical scenarios. Feature tracking (FT) per-
mits cardiac magnetic resonance (CMR) strain analysis in routinely acquired cine images. This study
evaluated the feasibility of CMR-FT and its agreement with STE in patients with acute ST-segment eleva-
tion myocardial infarction (STEMI).
Methods: An echocardiogram and CMR were performed in 128 patients who underwent primary percu-
taneous revascularisation after a STEMI. Adequate strain analysis was obtained by both techniques in 98
patients and peak systolic longitudinal strain (LS) was assessed with STE and CMR-FT.
Results: Of 1568 myocardial segments, 97.2% were correctly tracked with STE and 97.7% with CMR-FT.
For global LS, STE showed a mean of �14.8 ± 3.3% and CMR-FT �13.7 ± 3.0%, with good agreement
between modalities [intraclass correlation coefficient (ICC) 0.826; bias �1.09%; limits of agreement
(LOA) ± 4.2%]. On the other hand, segmental LS agreement was only moderate, with an ICC of 0.678 (bias
�1.14%; LOA ± 11.76%) and the ICC ranged from 0.538 at the basal antero-lateral segment to 0.815 at the
apical lateral segment. Finally, both STE and CMR-FT showed excellent intra- and inter-observer repro-
ducibility (ICC > 0.9).
Conclusions: CMR-FT provides LS with similar feasibility to STE and both techniques showed good agree-
ment for global LS, although agreement at segmental level was only moderate. CMR-FT showed excellent
reproducibility, strengthening its robustness and potential for both research and clinical applications.

� 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Left ventricular (LV) myocardial strain imaging refers to the
quantification of myocardial deformation, i.e. to the fractional
shortening/lengthening and thickening/thinning of the myocardial
wall throughout the cardiac cycle. It is a measurement of global
and segmental LV function and has been shown to be an earlier
marker of myocardial dysfunction than wall motion abnormalities
or ejection fraction (EF).
The main body of evidence has been mostly gathered for longi-
tudinal strain (LS) derived from speckle-tracking echocardiography
(STE), which is widely used and provides diagnostic and prognostic
information in several diseases such as in cardiomyopathies [1–3],
valvular heart disease [4], cardiotoxicity [5] and congenital heart
diseases [6]. In acute ischaemic heart disease, STE is a good predic-
tor of left ventricular remodelling and adverse cardiovascular
events [7,8].

Cardiac magnetic resonance (CMR) is also widely used in
ischaemic heart disease for the assessment of global and segmental
LV function, infarct transmurality and microvascular obstruction.
Deformation analysis has been used for several decades, although
initial techniques such as myocardial tagging did not find wide-
spread application due mainly to the need for further pulse acqui-
sitions and time-consuming analysis [9]. More recently, feature
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tracking has been applied to routine CMR cine sequences, with no
further sequence acquisition needed, offering a higher signal-to-
noise ratio and unlimited acquisition window compared to STE.
Although these advantages may enable a wider use of CMR strain,
the relationship between STE and CMR strain remains to be clearly
established.

The aim of this study was to evaluate the feasibility and repro-
ducibility of LS analysis with CMR feature tracking (CMR-FT) and to
compare it with STE in patients with acute ST-segment elevation
myocardial infarction (STEMI).

2. Methods

The present study included patients from a single tertiary cen-
tre enrolled in a large double-blind randomized clinical trial in
which after admission with a STEMI they were randomized to
receive 4.5 mg of adenosine or saline intracoronary injection
immediately prior to PCI [10]. Acute STEMI was defined according
to published guidelines [11]. All patients underwent coronary
angiography within 6 h of chest pain onset and primary percuta-
neous coronary intervention was performed in all patients follow-
ing international guideline recommendations. Patients were
included if they presented an initial TIMI 0 or I anterograde flow
in the culprit artery and a final TIMI III flow. Complete revascular-
ization was achieved in all patients. Major exclusion criteria were
previous myocardial infarction, renal function <30 mL/min/1.73 m2

and permanent atrial fibrillation. Within 3–5 days of the myocar-
dial infarction, patients underwent echocardiography and CMR,
with an interval of <24 h between studies. All procedures complied
with the Declaration of Helsinki and were approved by our local
Ethics Committee. All patients gave their written informed
consent.

2.1. Echocardiography examination

Echocardiography was performed using a commercially-
available standard ultrasound scanner (Vivid 9, GE Vingmed Ultra-
sound AS) with a 3.5 MHz transducer. A standard protocol was
used according to international societies’ recommendations
Fig. 1. Inferior STEMI. A and B, end-diastolic 2-chamber strain analysis with STE and CMR
values for infarcted segments (yellow and light blue curves). E and F, bull’s eye plots repr
gadolinium enhancement (LGE, %). H, LGE image at a basal short-axis level showing the
[12,13]. Using the AHA 16-segment model, a wall motion score
(WMS) was attributed to each segment (normokinesis 1, hypokine-
sis 2, akinesis 3), and an average wall motion score index (WMSI)
was calculated.

2.2. Speckle-tracking analysis

For STE analysis, dedicated 2D image loops were acquired of
three stable consecutive cardiac cycles during breath-hold in apical
2-, 3- and 4-chamber views, with a frame rate of 60–80 frames/s. A
pulse-wave Doppler recording through the LV outflow tract was
acquired from a 5-chamber view to identify the systolic interval,
defined as the time between aortic valve opening and closure
[14]. All recordings were stored digitally and analysed off-line
using standard software (EchoPAC PC, version 11.0, GE Healthcare).
A region of interest was defined in each view by tracing the endo-
cardium, and the software then automatically tracked each seg-
ment. Manual adjustments were made if deemed necessary;
however, if tracking quality remained inadequate, the segment
was excluded from the analysis. The automatic algorithm gener-
ated strain curves for each of the 16 segments, from which seg-
mental and global LS values were obtained (Fig. 1). As LS refers
to apex-to-base shortening, the reduction in myocardial fibre
length is represented by negative values; nevertheless, unless sta-
ted otherwise, we will refer to absolute measurement values. One
experienced echocardiographer (LG) performed all STE analyses.

2.3. CMR examination

CMR was performed in a clinical 1.5 T whole-body MR scanner
(Magnetom Symphony, Siemens) using a dedicated cardiac
phased-array receiver coil. The standardized study protocol
included 2D balanced steady-state free precession (b-SSFP) cine
images in 2-, 3- and 4-chamber long-axis planes and a stack of
short-axis images from the mitral valve to the apex (TR 3.2 ms,
TE 1.5 ms, spatial resolution 1.4 � 1.4 � 8.0 mm, retrospective
ECG gating, temporal resolution 28–37 msec, 25 phases per cardiac
cycle and 7–12 s of breath-hold time per image). Late gadolinium-
enhancement (LGE) was analysed for infarct size quantification
-FT, respectively. C and D, 2-chamber STE and CMR-FT strain curves showing lower
esenting LS from STE and CMR-FT, respectively. G, bull’s eye plot of the extent of late
inferior STEMI.



Table 1
Baseline clinical characteristics, angiographic findings and
conventional CMR parameters (n = 98).

Clinical characteristics

Age, years 58 ± 13
Male sex, n (%) 88 (90%)
Hypertension, n (%) 57 (58%)
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with 2D segmented inversion-recovery gradient echo sequences in
the same imaging planes, acquired 20 min after intravenous
administration of 0.2 mmol/kg of gadobutrol (spatial resolution
1.4 � 1.4 � 8.0 mm, end-diastolic phase). Quantification was per-
formed using the 5-SD technique [15] with manual correction as
deemed necessary and inclusion of no-reflow zones. All data were
stored in DICOM format and analysis was made off-line.
Diabetes mellitus, n (%) 20 (20%)
Dyslipidaemia, n (%) 33 (34%)
Smoking, n (%) 53 (54%)
Body mass index, kg/m2 28.2 ± 6.7

Angiographic findings
Culprit artery, n (%)
RCA 42 (43%)
LAD 43 (44%)
LCx 13 (13%)

Time to reperfusion, min 211 ± 68

CMR parameters
LVEDV (mL) 157.4 ± 33.6
LVESV (mL) 78.9 ± 27.2
LVEF (%) 50.6 ± 9.7
WMSI 1.6 ± 0.3
LV mass (g) 128.1 ± 25.9
LV infarct mass (g) 28.4 ± 23.6
Relative infarct mass (%) 21.6 ± 4.1

LAD, left anterior descending artery. LCx, left circumflex
artery. LV, left ventricle. LVEDV, left ventricular end-
diastolic volume. LVEF, left ventricular ejection fraction.
LVESV, left ventricular end-systolic volume. RCA, right
coronary artery. WMSI, wall motion score index.
2.4. Feature tracking analysis

Myocardial deformation analysis was made with Tissue Track-
ing (CVI42�, version 5.2.1, Circle Cardiovascular Imaging) using
standard b-SSFP cine images. The endocardial and epicardial bor-
ders were manually traced in the end-diastolic phase of the three
long-axis and the short-axis stack. The most basal slice of the
short-axis stack to be included was the first that did not present
any distortion from the LV outflow tract throughout the cardiac
cycle. The anterior insertion of the right ventricle in the short
axis-slices was used to define the segments according to the AHA
16-segment model. The software automatically tracks tissue fea-
tures throughout all phases and generates myocardial deformation
curves (Fig. 1). If wall motion tracking was considered inadequate,
minor adjustments were made. If these failed, the segment was
excluded from the final analysis. As for STE, the systolic interval
was identified by aortic valve opening and closure as observed in
3-chamber cine images [14]. One cardiologist dedicated to CMR
(FV) performed all CMR-FT analyses.
2.5. Reproducibility

Thirty patients were randomly selected to determine intra- and
inter-observer variability of CMR-FT and STE strain analysis. Two
experienced investigators independently analysed the same
echocardiography and CMR images (LG and RF for STE, and FV
and LR for CMR-FT) and one investigator of each pair (RF and FV,
respectively) repeated the analysis one month later to assess
intra-observer agreement.
2.6. Statistical analysis

Continuous variables are presented as mean ± standard devia-
tion (SD). Comparison between STE and CMR-FT strain was made
using a paired Student’s t-test. Agreement between the two imag-
ing modalities was determined by calculating mean bias and 95%
limits of agreement (LOA) from Bland-Altman statistics [16], and
intraclass correlation coefficient (ICC). Correlation of strain values
with other CMR parameters was performed with Pearson’s correla-
tion test. Intra- and inter-observer reproducibility was assessed
using ICC and Bland-Altman statistics. Reliability was considered
poor if the ICC was <0.5, moderate from 0.50 to 0.75, good from
0.75 to 0.9 and excellent if >0.90 [17]. A p-value <0.05 was consid-
ered statistically significant. All statistical analyses were per-
formed with SPSS 19.0 (SPSS Inc, Chicago, Illinois).
3. Results

One hundred and thirty-five patients were included in the
study. All underwent echocardiography; however, 7 (5%) could
not undergo CMR owing to severe claustrophobia. Nineteen (14%)
remaining patients were excluded due to sub-optimal acoustic
window, deemed insufficient for STE analysis, and 11 (8%) because
of images inadequate for CMR-FT analysis due to severe cardiac
and/or respiratory motion artefacts. Mean interval between
echocardiography and CMR was 6.2 ± 2 h and no complications
related to either procedure occurred. Baseline characteristics of
the final 98 patients are shown in Table 1.
3.1. Feasibility of STE and CMR-FT myocardial segment analysis

Of 1568 myocardial segments, 1524 (97.2%) were correctly
tracked with STE and 1532 with CMR-FT (97.7%). Poor tracking
with STE occurred mainly at the basal segments where 19 were
excluded (43% of 44 excluded segments). For CMR-FT, the 36
excluded segments were mostly basal anterior (n = 10), antero-
septal (n = 20) and infero-septal (n = 3). Off-line analysis time with
STE was 197 ± 33 s (range: 142–245 s) and with CMR-FT 287 ± 31 s
(range: 235–353 s).
3.2. Global peak systolic longitudinal strain

STE analysis of peak systolic global longitudinal strain (GLS)
showed a mean of �14.8 ± 3.3% with a range from �22% to �5%.
CMR-FT GLS was slightly lower with a mean of �13.7 ± 3.0%
(p = 0.016), with a range from �21% to �5%. Agreement between
imaging modalities was good, with an ICC of 0.826 (95% confidence
interval of 0.682–0.899, p < 0.001). Bland-Altman analysis showed
a small bias of �1.09% with ± 4.2% of limits of agreement (Fig. 2).

Agreement between both techniques was good irrespective of
presence of left ventricular systolic dysfunction (ICC 0.828 for
LVEF < 57% and ICC of 0.744 for LVEF � 57%; Fig. 3A) or left ventric-
ular dilatation (ICC 0.836 for non-dilated and ICC of 0.849 for
dilated left ventricle; Fig. 3B).

GLS according to the STEMI culprit vessel was significantly
lower with both STE and CMR-FT in patients with LAD-STEMI com-
pared to RCA-STEMI (Table 2). Agreement between techniques was
good, particularly for LAD-STEMI (ICC 0.876).

Correlation of GLS with other CMR parameters, namely WMSI,
LVEF and relative infarct mass was moderate for both techniques
(Fig. 4).



Fig. 2. Comparison of global LS measured with STE and CMR-FT. (A) Boxplot analysis. (B) Linear correlation. (C) Bland-Altman analysis.

Fig. 3. Comparison of global LS measured with STE and CMR-FT according to (A) presence of left ventricular systolic dysfunction (LVEF < or � 57%) and (B) presence of left
ventricular dilatation, defined as end-diastolic volume > 97 mL/m2 in women and > 106 mL/m2 in men.

Table 2
Global LS according to STEMI culprit vessel.

STE CMR-FT p ICC p

LAD �13.12 ± 3.2 �12.51 ± 3.3 0.000 0.876
(0.769–0.933)

0.000

RCA �16.45 ± 2.6* �14.93 ± 2.3* 0.000 0.658
(0.231–0.834)

0.000

LCx �14.81 ± 2.9 �13.52 ± 2.4 0.000 0.696
(0.093–0.904)

0.015

LAD, left anterior descending artery; LCx, left circumflex artery. LS, longitudinal strain; RCA, right coronary artery.
*p < 0.05 compared with LAD.
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3.3. Segmental peak systolic longitudinal strain

STE analysis of 1524 segments showed a mean peak segmental
LS of �14.7 ± 6.3%, with a minimum of �37.5% and a maximum of
4.5%. CMR-FT LS was lower with a mean of �13.6 ± 5.9% (p < 0.01),
a minimum of �38% and a maximum of 5.0%. Agreement between
modalities was moderate with an ICC of 0.678 (0.637–0.714,
p < 0.001), and Bland-Altman analysis showed a mean difference
of �1.14% with LOA of ±11.76% (Fig. 5).

Segmental LS analysis is shown in Table 3. Significant agreement
was found between modalities for all segments; however, the level
of agreement varied greatly according to the myocardial segment,
with an ICC ranging from 0.538 at the basal antero-lateral segment
to 0.815 at the apical lateral segment. Overall, 3 segments showed
good agreement (ICC > 0.75) while agreement wasmoderate for the
remaining segments (ICC from 0.538 to 0.724).

Analysis according to ventricular level (basal, mid and apical) is
shown in Fig. 6. Significant agreement was observed for all levels
and ICC correlation was the lowest for basal segments and the
highest for apical segments.

For all segments, analysis of myocardial deformation according
to wall motion score categories revealed progressive worsening of
LS with worsening myocardial contractility (Table 4). Similarly, LS
decreases with increasing infarct transmurality (Table 5).



Fig. 4. Linear correlation analysis comparing STE and CMR-FT GLS with WMSI (A and D, respectively), LVEF (B and E, respectively) and relative infarct mass (C and F,
respectively).

Fig. 5. Comparison of segmental LS measured with STE and CMR-FT. (A) Boxplot analysis. (B) Linear correlation. (C) Bland-Altman analysis.
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3.4. Intra- and inter-observer variability of STE and CMR-FT

Results for intra- and inter-observer variability are shown in
Table 6. STE and CMR-FT showed excellent reproducibility at both
global and segmental level.
4. Discussion

The current study demonstrated that (a) CMR-FT global and
segmental LV strain can be quantified with similar feasibility as
STE; (b) in patients with STEMI, CMR-FT and STE had good agree-
ment in global LS quantification, while only moderate in segmental
analysis; and (c) both techniques showed excellent reproducibility.
4.1. Myocardial strain analysis and feasibility

Myocardial strain analysis is a post-processing technique that
translates deformation of the myocardium during the cardiac cycle
into a percentage of its initial length. Although strain can be
derived from both echocardiography and CMR, the physical princi-
ples underlying each technique are quite different.
STE is based on tracking of natural acoustic markers known as
‘‘speckles” which originate from the backscatter of ultrasound
within myocardial tissue and are relatively stable throughout the
cardiac cycle [18,19]. Nevertheless, STE is limited by spatial resolu-
tion, it is highly dependent on image quality and temporal resolu-
tion, and the signal dropout of distal segments may be a concern.

For CMR, an approach to strain analysis based on tracking of MRI
patterns or features such as the endocardial-blood pool border has
recently been developed [18,19]. These so-called ‘‘feature-tracking”
algorithms are available from different vendors and can be applied
to cine sequences routinely acquired for ventricular volumes and EF
calculation. Therefore, these algorithms do not lengthen the CMR
study and permit retrospective analysis of past studies. Compared
to echocardiography, CMR benefits from a better signal-to-noise
ratio, is unrestrained by ‘‘window” quality and relies on integration
of information from long-axis and short-axis images.

In the present study, the feasibility of LS assessment was similar
with CMR-FT and STE (97.7% vs 97.2%, respectively). These results
are in line with those of previous studies with STE that showed 89–
100% correct tracking [20–23] and 90–100% in studies with CMR
feature-tracking [21–26]. Regional analysis of STE revealed the
worst tracking feasibility for basal segments possibly as a



Table 3
Segmental LS and intra-class correlation coefficient (ICC) between STE and CMR-FT.

Segments STE (%) CMR-FT (%) p-value ICC p -value

1. Basal anterior �14.87 ± 5.6 �12.89 ± 5.5 0.000 0.717
(0.537–0.825)

<0.001

2. Basal antero-septal �13.98 ± 5.9 �12.20 ± 4.2 0.000 0.574
(0.333–0.729)

<0.001

3. Basal infero-septal �12.71 ± 4.4 �13.90 ± 5.0 0.000 0.564
(0.350–0.709)

<0.001

4. Basal inferior �14.70 ± 6.4 �16.26 ± 7.4 0.000 0.654
(0.484–0.768)

<0.001

5. Basal infero-lateral �15.95 ± 6.4 �17.72 ± 5.4 0.000 0.561
(0.344–0.706)

<0.001

6. Basal antero-lateral �16.06 ± 5.5 �15.12 ± 5.3 0.000 0.538
(0.307–0.693)

<0.001

7. Mid anterior �14.15 ± 6.5 �13.88 ± 5.8 0.000 0.786
(0.676–0.859)

<0.001

8. Mid antero-septal �15.16 ± 6.7 �13.18 ± 4.6 0.000 0.724
(0.563–0.822)

<0.001

9. Mid infero-septal �14.58 ± 4.6 �11.97 ± 4.5 0.000 0.559
(0.266–0.726)

<0.001

10. Mid inferior �14.45 ± 5.9 �12.84 ± 5.6 0.000 0.665
(0.497–0.777)

<0.001

11. Mid infero-lateral �14.17 ± 5.6 �14.73 ± 5.8 0.000 0.611
(0.417–0.740)

<0.001

12. Mid antero-lateral �14.26 ± 5.6 �14.96 ± 5.5 0.000 0.629
(0.440–0.754)

<0.001

13. Apical anterior �15.06 ± 8.6 �12.51 ± 6.6 0.000 0.809
(0.659–0.886)

<0.001

14. Apical septal �15.80 ± 6.9 �11.36 ± 5.2 0.000 0.699
(0.135–0.863)

<0.001

15. Apical inferior �16.48 ± 7.4 �11.08 ± 5.7 0.000 0.599
(0.010–0.807)

<0.001

16. Apical lateral �13.07 ± 7.2 �12.45 ± 7.1 0.000 0.815
(0.723–0.876)

<0.001
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consequence of signal dropout. CMR-FT also showed worse basal
segment tracking, and contributing factors may have included
interference of LV outflow tract deformation and the complex
mitral annular anatomy associated with very rapid movement of
adjacent basal segments [18,27].

4.2. Global longitudinal strain analysis

Comparison of GLS quantification with STE and CMR-FT has
been reported, with different results depending on the clinical set-
ting and sample size. Obokata et al. [23] compared CMR feature
tracking with STE in an all-comer population and observed a high
correlation for GLS (r = 0.83), but only a small proportion of
patients had ischaemic heart disease. On the other hand, Orwat
et al. [28] found only a moderate correlation (ICC 0.57, CoV
14.4%) in a small population with hypertrophic cardiomyopathy
and, strikingly, Lamacie et al. [21] reported poor results in thalas-
saemia major patients (r = 0.25, p = 0.16).

To the best of our knowledge, this is the first study to compare
global and segmental LS between STE and CMR in a large popula-
tion of acute ischaemic heart disease patients. We found that
CMR-FT yielded slightly lower values than STE (-14.8 ± 3.3% vs
13.7 ± 3.0%, p = 0.016). Amongst other factors, this could be a result
of the lower temporal resolution of CMR-FT, since short-lived
phases such as peak systole or peak isovolumetric contraction/re-
laxation could be missed. However, the impact of temporal resolu-
tion is probably attenuated by the noise-reduction algorithms
employed in STE amongst other differences between both tech-
niques and our results do not differ significantly from studies using
a higher CMR temporal resolution [27]. Overall, our comparison of
GLS showed good agreement between modalities (ICC 0.826,
r = 0.787). This is a significant first step towards the clinical imple-
mentation of CMR-FT since, if strain values from both techniques
are comparable, CMR-FT may constitute a useful alternative in
patients unsuitable for STE analysis. Additionally, if intermodality
agreement is good, the prognostic value of STE would also be
expected to be evident for CMR-FT; further studies are required
to confirm this hypothesis [29].

4.3. Segmental longitudinal strain analysis

Segmental LS strain can provide important information in clin-
ical contexts such as ischaemic cardiomyopathy, LV hypertrophy
and intraventricular dyssynchrony. Nevertheless, intermodality
comparative data are scant and mostly disappointing [27,30]. In
this study, all 16 AHA myocardial segments were compared, and
moderate agreement found between techniques (ICC = 0.678),
varying from 0.538 to 0.815 according to the segment. Although
suboptimal, these results are in the range of those observed with
intervendor STE comparisons. Mirea et al. [20] compared measure-
ments obtained with 6 different ultrasound machines and 8 post-
processing softwares and found significant intervendor bias (up
to �4.6% of absolute difference) and limits of agreement (up
to ± 7.5%), and the ICC ranged from poor to good (0.52–0.79). Sev-
eral factors may contribute to this variability: differences in the
algorithm definition of LS (endocardial-only, mid-wall or whole
myocardium), noise reduction and smoothing algorithms [20]
and in the imaging planes used for analysis (one long-axis or three
long-axes for STE vs. integrated information from 3 long-axes plus
the short-axis stack for CMR-FT). Although these factors also affect
GLS, the averaged result over a larger myocardium region attenu-
ates range differences and improves intermodality agreement. Seg-
mentation misalignment, which would not affect GLS, can also be a
source of error for segmental strain comparison. Finally, basal seg-
ments showed the worst agreement, probably a result of the fact
that both techniques suffer from poorer tracking in this region.
These results call for caution when interpreting and comparing
isolated segmental strain values; in the absence of a widespread



Fig. 6. Comparison of LS measured with STE and CMR-FT per ventricular level. A, D and G, Boxplot analysis. B, E and H, Linear correlation. C, F and I, Bland-Altman analysis.

Table 4
Segmental LS and intraclass correlation coefficient (ICC) between STE and CMR-FT according to wall motion score.

Wall motion score STE CMR-FT ICC p-value

Normokinesis �16.86 ± 5.5 �15.48 ± 5.2 0.510
(0.436–0.573)

0.000

Hypokinesis �13.60 ± 4.6* �11.41 ± 5.2* 0.348
(0.072–0.545)

0.007

Akinesis �8.93 ± 5.2*y �8.90 ± 5.3*y 0.582
(0.487–0.660)

0.000

* p < 0.05 compared with normokinesia; yp < 0.05 compared with hypokinesia.

Table 5
Segmental LS and intra-class coefficient (ICC) correlation between STE and CMR-FT according to infarct transmurality.

Infarct transmurality STE (%) CMR-FT (%) ICC p-value

0–25% �17.02 ± 5.4 �15.31 ± 5.3 0.508
(0.421–0.580)

<0.001

26–50% �11.86 ± 5.2* �11.01 ± 4.9* 0.534
(0.375–0.653)

<0.001

51–75% �8.48 ± 5.2*y �9.25 ± 5.2*y 0.509
(0.335–0.637)

<0.001

76–100% �7.49 ± 4.5*y �7.34 ± 4.9*y� 0.584
(0.391–0.715)

<0.001

* p < 0.05 compared to 0–25% infarct transmurality; yp < 0.05 compared to 26–50% infarct transmurality; �p < 0.05 compared to 51–75% infarct transmurality.
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Table 6
Intra- and inter-observer variability of GLS measured with STE and CMR-FT.

STE CMR-FT

Global LS ICC p-value Bias ± LOA ICC p-value Bias ± LOA

Intra-observer variability 0.997
(0.993–0.998)

0.000 �0.153 ± 1.06 0.995
(0.989–0.997)

<0.001 0.016 ± 1.09

Inter-observer variability 0.969
(0.935–0.985)

0.000 0.091 ± 3.39 0.990
(0.979–0.995)

<0.001 0.048 ± 1.47

Segmental LS ICC p-value Bias ± LOA ICC p-value Bias ± LOA
Intra-observer variability 0.976

(0.972–0.980)
0.000 �0.157 ± 4.39 0.977

(0.972–0.981)
<0.001 �0.016 ± 4.04

Inter-observer variability 0.920
(0.904–0.933)

0.000 0.154 ± 7.85 0.941
(0.929–0.950)

<0.001 �0.049 ± 6.24

ICC, intraclass correlation coefficient. LOA, limits of agreement. LS, longitudinal strain.
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reference standard, further studies assessing the prognostic value
of each modality will determine the value of each modality’s seg-
mental strain.

Finally, in this study segmental LS was found to correlate with
increasing infarct transmurality. We believe the value of segmental
LS to predict functional recovery and viability to be an area of great
potential for CMR-FT; however, this analysis was beyond the scope
of the current study.

4.4. Reproducibility

Previous studies showed high reproducibility of CMR GLS
(ICC � 0.85 [21]). In our study, both STE and CMR-FT showed excel-
lent intra- and inter-observer reproducibility for GLS. Regarding
segmental strain, previous studies showed conflicting and mostly
suboptimal reproducibility for both STE [20,31] and CMR-FT
[24,25,30]. Nevertheless, we found excellent intra- and interob-
server reproducibility for both. These results may be related to
improvements in the contemporary versions of the software as
well as the integration of long-axis and short-axis information.

4.5. Clinical implications

Strain analysis with STE, despite some limitations, has been
widely implemented in clinical practice and has an established role
in the management of different diseases [5,32–35]. Our study
demonstrated that CMR-FT GLS showed good agreement with
STE in a large population with acute ischaemic heart disease. The
most obvious patients to benefit from CMR-FT are those with a
poor acoustic window. Nevertheless, the advantages of CMR over
echocardiography are largely known; its better signal-to-noise
ratio, image quality and low operator dependence render it the
goldstandard for EF and LV volume assessment. We expect these
advantages to also apply to strain analysis and therefore translate
into superior diagnostic and prognostic value; however, further
studies are required to confirm this hypothesis. Additionally,
ischaemic heart disease patients in whom contrast administration
and LGE infarct size quantification are precluded owing to
advanced kidney disease may also benefit from CMR-FT for the
estimation of infarct transmurality, although the correlation and
predictive value of strain in this context needs to be confirmed.
Ultimately, the agreement between both modalities means that
individual patients can be monitored alternately with either, and
extension to other diseases could result in the definition of
disease-related cut-offs to guide patient management.

4.6. Limitations

Although myocardial tagging is considered the reference stan-
dard for deformation analysis, we compared CMR-FT with STE
because we considered the latter to be a more clinically significant
and pragmatic reference standard, since it is the only technique
widely implemented in clinical practice. For the same reason, our
study was focused exclusively on LS, although circumferential
and radial strains are also easily obtained with CMR-FT [36].
Finally, although both techniques showed excellent reproducibil-
ity, true test-retest variability was not assessed since this was a
retrospective study. However, we believe this may be a key advan-
tage of CMR-FT as re-analysis of the same images is known to
underestimate the variability of STE GLS [36]. Furthermore, regard-
ing conventional parameters, CMR has been shown to have sub-
stantially superior reproducibility over 2D echocardiography [37].
5. Conclusions

Comparison of strain analysis using CMR-FT and STE in a large
population of acute ischaemic heart disease patients found similar
feasibility between both techniques and good agreement of GLS,
with slightly lower absolute values for CMR-FT. Agreement of seg-
mental strain was only moderate, and segmental strain values
from both techniques should therefore be compared with caution.
Finally, CMR-FT revealed excellent reproducibility, both at a global
and segmental level, which supports its robustness and use in clin-
ical practice.
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