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Abstract

Aims A multitude of cardiac magnetic resonance (CMR) techniques are used for myocardial strain assessment; however,
studies comparing them are limited. We sought to compare global longitudinal (GLS), circumferential (GCS), segmental longi-
tudinal (SLS), and segmental circumferential (SCS) strain values, as well as reproducibility between CMR feature tracking (FT),
tagging (TAG), and fast-strain-encoded (fast-SENC) CMR techniques.

Methods and results Eighteen subjects (11 healthy volunteers and seven patients with heart failure) underwent two CMR
scans (1.5T, Philips) with identical parameters. Global and segmental strain values were measured using FT (Medis), TAG
(Medviso), and fast-SENC (Myocardial Solutions). Friedman’s test, linear regression, Pearson’s correlation coefficient, and
Bland—Altman analyses were used to assess differences and correlation in measured GLS and GCS between the techniques.
Two-way mixed intra-class correlation coefficient (ICC), coefficient of variance (COV), and Bland—Altman analysis were used
for reproducibility assessment.

All techniques correlated closely for GLS (Pearson’s r: 0.86—0.92) and GCS (Pearson’s r: 0.85—0.94). Intra-observer and inter-
observer reproducibility was excellent in all techniques for both GLS (ICC 0.92—0.99, CoV 2.6—10.1%) and GCS (ICC 0.89—
0.99, CoV 4.3-10.1%). Inter-study reproducibility was similar for all techniques for GLS (ICC 0.91-0.96, CoV 9.1-10.8%) and
GCS (ICC 0.95-0.97, CoV 7.6—10.4%). Combined segmental intra-observer reproducibility was good in all techniques for SLS
(ICC 0.914-0.953, CoV 12.35-24.73%) and SCS (ICC 0.885—0.978, CoV 10.76—19.66%). Combined inter-study SLS reproducibility
was the worst in FT (ICC 0.329, CoV 42.99%), while fast-SENC performed the best (ICC 0.844, CoV 21.92%). TAG had the best
reproducibility for combined inter-study SCS (ICC 0.902, CoV 19.08%), while FT performed the worst (ICC 0.766, CoV 32.35%).
Bland—Altman analysis revealed considerable inter-technique biases for GLS (FT vs. fast-SENC 3.71%; FT vs. TAG 8.35%; and
TAG vs. fast-SENC 4.54%) and GCS (FT vs. fast-SENC 2.15%; FT vs. TAG 6.92%; and TAG vs. fast-SENC 2.15%). Limits of agree-
ment for GLS ranged from +3.1 (TAG vs. fast-SENC) to +4.85 (FT vs. TAG) for GLS and +2.98 (TAG vs. fast-SENC) to +5.85 (FT vs.
TAG) for GCS.

Conclusions We found significant differences in measured GLS and GCS between FT, TAG, and fast-SENC. Global strain repro-
ducibility was excellent for all techniques. Acquisition-based techniques had better reproducibility than FT for segmental strain.
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Introduction

Myocardial strain imaging has been shown to be useful in
identification and risk stratification of a wide range of cardiac
conditions.™ In certain conditions, its decline precedes that
of the left ventricular ejection fraction (LVEF),>* which shows
promise for it to become a supplementary tool for early
diagnostics.

Since the inception of myocardial strain imaging in a form
of cardiac magnetic resonance (CMR) myocardial tagging
(TAG) in 1988 by Zerhouni et al.,” it has rapidly spread inside
the field of CMR. From 1990s to early 2000s, multiple
acquisition-based CMR methods emerged as means to calcu-
late myocardial deformation parameters. TAG has been ex-
tensively studied, validated, and shown to be a highly
reproducible method for measurement of myocardial defor-
mation.® Despite its advantages, the usability of TAG is ham-
pered by long acquisition and post-processing times.” More
recently, displacement encoding with stimulated echoes,®
strain-encoded CMR imaging (SENC),° and fast-strain-
encoded CMR imaging (fast-SENC)*® emerged as alternatives
to TAG, offering faster acquisition and post-processing, as
well as excellent reproducibility.*** Despite these advan-
tages, all these techniques require acquisition of additional
imaging sequences. In contrast, CMR feature tracking (FT) is
a post-processing-based method that allows quantification
of strain parameters from standard steady-state free preces-
sion (SSFP) cine images, clinically used for functional analysis
of the heart. Given the fact that FT does not require addi-
tional imaging sequences and has a short post-processing
time, it is now considered a preferred technique for myocar-
dial deformation assessment.” Each modality has its own ad-
vantages and disadvantages; however, given the acquisition
and post-processing differences, variation in measured strain
parameters is inevitable.

With this study, we sought to explore the differences in
global left ventricular (LV) strain measurements derived using
FT, fast-SENC, and TAG in a population of healthy subjects
and heart failure (HF) patients. We also assessed the repro-
ducibility and variability of the aforementioned modalities
at intra-observer, inter-observer, and inter-study levels for
global strain and intra-observer and inter-study levels for seg-
mental strain.

Methods
Study population

In a period between March 2017 and September 2017, 11
healthy volunteers and seven HF patients [four with pre-
served LVEF (three of which with diastolic dysfuncion and
one with aortic stenosis) and three with reduced LVEF of

ischaemic origin] were included in the study; two CMR scans
were performed on each participant, using an identical imag-
ing protocol. Approval for the study was acquired from the
Ethics Committee of Charité—Universitdts Medizin Berlin.
The study complied with the declaration of Helsinki. Informed
consent was given by all participants of the study.

Cardiovascular magnetic resonance acquisition

Cardiovascular magnetic resonance scans were performed
on a 1.5 Tesla MRI scanner (Achieva, Philips Healthcare,
Best, the Netherlands). A five-element-phased array cardiac
coil was used for signal reception. Four-lead vector electro-
cardiogram was used for R-wave triggering. Images for FT,
fast-SENC, and TAG were acquired in long-axis (LAX)
2-chamber, 3-chamber, and 4-chamber views, as well as a
short-axis (SAX) stack. Balanced SSFP sequence with breath
hold was used for FT analysis with the following acquisition
parameters: repetition time (TR) = 3.3 ms, echo time (TE)
= 1.6 ms, flip angle = 60°, acquisition voxel size = 1.8 x 1.7
x 8.0 mm?>, and 30 phases per cardiac cycle. A single-breath
hold, cardiac-triggered 2D TAG sequence was employed
using an orthogonal saturation grid, with a grid spacing of
7 mm and a tag grid angle of 45°. Typical parameters of
the subsequent imaging protocol were as follows: field of
view = 340 x 340 mm?, slice thickness = 8 mm, voxel size
= 1.9 x 1.9 x 8 mm?>, reconstructed solution at 1.2 x 1.2 x
8 mm?>, flip angle = 15°, TE = 1.8 ms, TR = 4.2 ms, temporal
resolution = 55 ms, typical number of acquired heart phases
= 16, and acquisition time per slice = 18 s. No parallel
imaging was employed. A recently developed real-time
free-breathing fast-SENC imaging technique (Myocardial
Solutions, Inc., Morrisville, North Carolina, USA)*® was used
for fast-SENC strain assessment. The following acquisition
parameters were used: field of view = 256 x 256 mm?, slice
thickness 10 mm, voxel size 4 x 4 x 10 mm?, reconstructed
resolution at 1 x 1 x 10 mm?> using zero-filled interpolation
(in-plane ZIP 1024), single-shot spiral readout (three inter-
leaves) with acquisition time = 10 ms, flip angle = 30°, TE
= 0.7 ms, TR = 12 ms, temporal resolution = 36 ms, typical
number of acquired heart phases = 22, spectrally selective
fat suppression, and total acquisition time per slice <1 s.

Feature tracking analysis

Feature tracking analysis was performed offline using com-
mercially available software (Medis Suite, version 3.1, Leiden,
the Netherlands). Endocardial borders of the left ventricle
were outlined in end-diastolic frame of the three LAX and
three SAX (basal, mid-ventricular, and apical) images. Follow-
ing an automatic propagation, adjustments were made to the
contours where needed. Endocardial global longitudinal
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strain (GLS) and circumferential strain (GCS) were derived by
averaging the peak strain values of individual segments using
17 and 16 segment models.

Tagging analysis

Tagging-derived strain parameters were acquired using a
commercially available software Segment version 2.2 R6960
(http://segment.heiberg.se).’* Endocardial and epicardial
borders were outlined in end-systolic time frame of three
LAX and SAX (basal, mid-ventricular, and apical) images. Auto-
matic propagation algorithm was then applied, and necessary
corrections were made by the observer. GLS and GCS param-
eters were derived by averaging the peak strain values of in-
dividual segments using 17 and 16 segments models.

Fast-strain-encoded cardiovascular magnetic
resonance imaging analysis

Fast-SENC images were uploaded from the scanner into ded-
icated, commercially available MyoStrain software (Myocar-
dial Solutions, Inc.). Endocardial and epicardial borders were
outlined in three LAX and three SAX images at an end-systolic
time frame. Necessary manual adjustments were made after
automatic propagation by the software to ensure sufficient
tracking throughout the cardiac cycle. LS values were ex-
tracted from the SAX images using a 16 segment model. Cir-
cumferential strain values were acquired from LAX images:
GCS was calculated by averaging the peak strain values from
a 17 segment model, while seven segments per slice (21 total
segments), as provided by the software, were used for seg-
mental comparison.

Given the counterintuitive nature of negative strain values
becoming more positive in diseased subjects, absolute values
of GCS and GLS are reported for easier interpretation of the
results.

Intra-observer and inter-observer reproducibility

Every scan was analysed by two experienced raters in each
modality for inter-observer variability testing. In order to de-
termine the intra-observer variability, 10 randomly selected
cases were analysed a second time by one of the observers
after a minimum period of 4 weeks to ensure there was no
recall bias. All observers were blinded to prior investigations
and clinical data of the subjects.

Inter-study reproducibility

A second CMR scan with identical imaging parameters was
performed in all of the individuals. Median time between

the two scans was 40 days. There was no change in medica-
tion or symptoms of the HF patients in between the scans.
Additionally, we excluded new onset of cardiac disease in
the healthy subjects. In order to prevent recall bias, the sec-
ond scan was analysed after a minimum of 4 weeks by one
of the observers, who was blinded to the results of the first
scan and clinical data of the subjects.

Segmental comparison

Intra-observer and inter-study comparison was also per-
formed on segmental basis for both segmental longitudinal
(SLS) and segmental circumferential strain (SCS). Each tech-
niqgue was assessed by comparing the results of the first
and the second measurement in individual segments first
and then by pooling the data of all the segments to get a
combined value.

Statistical analysis

Commercially  available statistical analysis  software
(GraphPad Prism 8, GraphPad Software, San Diego, CA,
USA) was used for statistical analysis. Continuous variables
are expressed as either mean * standard deviation or median
t interquartile range, according to normality of distribution,
assessed by Shapiro—Wilk test. Strain measurements from
three modalities were compared using Friedman’s test with
Dunn’s post hoc test for pair-wise comparison. Linear regres-
sion analysis was used to assess the correlation between the
imaging modalities, followed by Bland—Altman analysis of the
mean bias and limits of agreement (LOA). Inter-observer and
intra-observer, as well as inter-study variability, were
assessed using the intra-class correlation coefficient (ICC)
for absolute agreement and coefficient of variance (CoV),
defined as standard deviation of the differences divided by
the mean.’* Agreement levels were defined according to
previous studies®®: excellent for ICC > 0.74, good for ICC
0.6-0.74, fair for ICC 0.4-0.59, and poor for ICC <0.4.
Segmental intra-observer and inter-study variability and
agreement was assessed using ICC and CoV. Alpha level of
0.05 and below was considered statistically significant.

Results
Global longitudinal strain

Global longitudinal strain measured by FT showed a trend
towards being higher than that measured by fast-SENC
(P value = 0.05), while fast-SENC-derived GLS was signifi-
cantly higher than TAG (Figure 1 and Table ). Excellent
correlation was observed between the three modalities.
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Figure 1 Comparison of GLS (A) and GCS (B) measured using three CMR
modalities. Results of Friedman’s test with Dunn’s post hoc analysis: ns—
P>0.05, *—P < 0.05, ***—pP < 0.001. FT, feature tracking; GCS, global
circumferential strain; GLS, global longitudinal strain; SENC, strain-
encoded magnetic resonance imaging; TAG, myocardial tagging.
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Table 1 Global strain values derived from different cardiovascular
magnetic resonance techniques

FT TAG SENC
GLS (%) 23.5(22.0-25.9) 14.9(11.8-16.9) 19.4(17.1-20.7)
GCS (%) 26.1(21.8-27.8) 17.8(16.4-19.5) 20.3(16.5-22.3)

Values are expressed as median (interquartile range). FT, feature
tracking; GCS, global circumferential strain; GLS, global longitudi-
nal strain; SENC, fast-strain-encoded cardiovascular magnetic reso-
nance; TAG, myocardial tagging.

FT and fast-SENC had the closest correlation (r = 0.924, P <
0.001). Linear regression analyses and Bland—Altman com-
parisons for GLS are depicted in Figure 2. Visual

representation of differences in measured GLS between
the techniques is depicted in Figure 3.

Global circumferential strain

Global circumferential strain measured by FT showed a trend
towards being greater than fast-SENC (P = 0.05), while TAG-
derived GCS was significantly lower than fast-SENC (Figure 1
and Table 1). All three modalities correlated closely with each
other. TAG and fast-SENC had the closest correlation
(r=0.938, P < 0.001) and narrowest LOA (£3.1), as depicted
in Figure 4. Visual representation of differences in measured
GLS between the techniques is depicted in Figure 5.

Feasibility

Feature tracking and fast-SENC analysis were successful in ev-
ery scan, giving a feasibility of 100%. TAG analysis was not
possible in 5/36 scans due to breathing artefacts, thus it
was the method with the worst feasibility —86.1%. Direct
comparison between all modalities was possible in 31 cases,
and 36 cases were used for FT and fast-SENC comparison.

Intra-observer and inter-observer reproducibility

Intra-observer and inter-observer variability results are
depicted in Table 2. Fast-SENC showed the least variability
and highest reproducibility, followed by TAG and FT,
respectively.

Figure 2 Linear regression and Bland—Altman analyses for global longitudinal strain comparison between FT vs. TAG, FT vs. FAST-SENC, and FAST-SENC
vs. TAG. FT, feature tracking; SENC, strain-encoded magnetic resonance imaging; TAG, myocardial tagging.
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Figure 3 Visual representation of GLS assessment with the three different cardiovascular magnetic resonance techniques. TAG on the left, SENC on the
right, and FT on the top picture. Mean difference (bias) between techniques, derived from Bland—Altman analyses, is shown. FT, feature tracking; GLS,
global longitudinal strain; SENC, strain-encoded magnetic resonance imaging; TAG, myocardial tagging.

Inter-study reproducibility

0.001). LOA, CoV, and inter-study biases are depicted in

Table 2.

We found excellent inter-study reproducibility in all of the

techniques, as shown by measured ICCs (GLS: for FT =

0.91, P < 0.001; for TAG = 0.96, P < 0.001; and for fast-

SENC = 0.94, P < 0.001; GCS: for FT = 0.97, P < 0.001;
for TAG = 0.95, P < 0.001; and for fast-SENC = 0.96, P <

Segmental reproducibility

Values of combined segmental strain reproducibility compar-
ison are depicted in Table 3, and values for individual

Figure 4 Linear regression and Bland—Altman analyses for global circumferential strain comparison between FT vs. TAG, FT vs. fast-SENC, and fast-

SENC vs. TAG. FT, feature tracking; SENC, strain-encoded magnetic resonance imaging; TAG, myocardial tagging.
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Figure 5 Visual representation of global longitudinal strain assessment with the three different cardiovascular magnetic resonance techniques. TAG on
the left, SENC on the right, and FT on the top picture. Mean difference (bias) between techniques, derived from Bland—Altman analyses, is shown. FT,
feature tracking; GCS, global circumferential strain; SENC, strain-encoded magnetic resonance imaging; TAG, myocardial tagging.

Table 2 Comparison of reproducibility of global strain parameters

Bias (%) Limits of agreement (=)  CoV (%) ICC
Intra-observer reproducibility
FT
GLS -0.32 1.6 3.8 0.95
GCS 0.94 3.45 6.2 0.89
TAG
GLS 0.07 1.7 6.7 0.99
GCS -0.2 1.6 5 0.99
SENC
GLS —-0.03 0.6 1.5 0.99
GCS 0.14 1.15 3.11 0.99
Inter-observer reproducibility
FT
GLS 0.6 6.2 10.1 0.92
GCS -3.3 5.0 10.1 0.86
TAG
GLS 0.04 2.0 7.7 0.98
GCS -0.5 2.7 8.2 0.97
SENC
GLS 0.1 1.0 2.6 0.99
GCS 0.3 1.6 4.3 0.99
Inter-study reproducibility
FT
GLS —0.69 4.7 10.8 0.91
GCS 0.37 3.5 7.6 0.97
TAG
GLS -0.42 2.5 9.4 0.96
GCS -0.78 3.5 10.4 0.95
SENC
GLS -0.15 3.3 9.1 0.94
GCS -0.27 3.3 8.9 0.96

CoV, coefficient of variance; FT, feature tracking; GCS, global cir-
cumferential strain; GLS, global longitudinal strain; ICC, intra-class
correlation coefficient; SENC, fast-strain-encoded cardiovascular
magnetic resonance imaging; TAG, myocardial tagging.

segments are presented in Supporting Information, Tables
S1-S6. Combined intra-observer agreement was excellent in
all of the techniques in both SLS (ICC: for FT = 0.914, P <
0.001; for TAG = 0.915, P < 0.001; and for fast-SENC =
0.953, P < 0.001) and SCS (ICC: for FT = 0.885, P < 0.001;
for TAG = 0.978, P < 0.001; and for fast-SENC = 0.932, P <
0.001). SLS derived from fast-SENC had the lowest variation
(CoV = 12.35%), followed by FT (CoV = 21.87%) and TAG
(CoV = 24.73%). TAG showed the lowest variability for SCS
(CoV = 10.76%), followed by fast-SENC (CoV = 17.59%) and
FT (CoV = 19.66%). Inter-study agreement for SLS was poor
for FT (ICC = 0.329, P < 0.001), while TAG and fast-SENC
showed excellent agreement (ICC = 0.768, P < 0.001 and
0.844, P < 0.001, respectively). All of the modalities showed
excellent inter-study agreement for SCS (ICC: for FT = 0.766,
P < 0.001; for TAG = 0.902, P < 0.001; and for fast-SENC =
0.850, P < 0.001). Fast-SENC had the lowest variation for
SLS (CoV = 21.92%), followed by TAG (CoV = 37.75%) and FT
(CoV = 42.99%). As in intra-observer comparison, TAG per-
formed the best for SCS (CoV = 19.08%), followed by fast-
SENC (CoV = 23.52%) and FT (CoV = 32.35%).

Discussion

Speckle tracking echocardiography-derived strain values are
recommended for clinical use by both European Society of
Cardiology and American Heart Assosiation,*® thus highlight-
ing the current and future importance of strain imaging.
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Table 3 Comparison of reproducibility of combined segmental strain parameters
FT TAG SENC
Intra-observer Inter-study Intra-observer Inter-study Intra-observer Inter-study
ICC SLS 0.914 0.329 0.915 0.768 0.953 0.844
SCS 0.885 0.766 0.978 0.902 0.932 0.850
COV (%) SLS 21.87 42.99 24.73 37.75 12.35 21.92
SCS 19.66 32.35 10.76 19.08 17.59 23.52

CoV, coefficient of variance; FT, feature tracking; ICC, intra-class correlation coefficient; SCS, segmental circumferential strain; SENC, fast-
strain-encoded cardiovascular magnetic resonance imaging; SLS, segmental longitudinal strain; TAG, myocardial tagging.

Given the fact that CMR can overcome most of the
echocardiography’s inborn shortcomings, we expect CMR
to become a more reliable tool for future deformation imag-
ing. Indeed, CMR-derived strain has been shown to be more
reproducible and to have better feasibility.’” However, de-
spite CMRs advantages over echocardiography and promis-
ing studies regarding its possible usefulness in the clinical
setting, the multitude of techniques for strain assessment,
as well as inter-vendor differences within these tech-
niques,*®*® hinder further clinical applicability of these mea-
surements. In order for CMR-based strain measurements to
become clinically useful, a standardization of available tech-
niques is necessary.

The design of our study allowed for a direct comparison
and exploration of differences between three widely used
CMR-based strain measurement techniques. The main find-
ings of our study are as follows:

(1) There was significant bias between the three imaging
techniques in measured GLS and GCS.

There was excellent correlation for both GLS and GCS
between the three modalities tested.

Agreement and variability for intra-observer and inter-
observer, as well as inter-study global strain measure-
ments, was excellent in all three modalities.

Segmental strain comparison showed excellent intra-
observer agreement in all three modalities. TAG and
fast-SENC had better inter-study agreement than FT for
segmental strain.

(2)
(3)

(4)

TAG has been historically considered the gold standard
technique for strain assessment. It has been shown to be
highly reproducible and used for validation of other strain as-
sessment techniques.’>*! However, it requires long acquisi-
tion and post-processing times, in addition to suffering from
low temporal and spatial resolutions, as well as tag fading
during the diastole. Furthermore, in our cohort, TAG images
could not be assessed in approximately 1/7th of all scans
due to artefacts. In comparison, fast-SENC, despite also re-
quiring acquisition of additional sequences, is a one heart-
beat, free-breathing technique with quick post-processing.??
Our intra-observer and inter-observer comparisons show it
to be more robust than TAG and to have comparable inter-

study reproducibility. Furthermore, a recent study by
Lapinskas et al.?® demonstrated feasibility of fast-SENC to as-
sess LV volumes and LVEF, making it a convenient option for
functional assessment of the heart. Such short acquisition
and post-processing times make fast-SENC technique very at-
tractive in daily routine, especially in severely ill patients and
children.?? It must be noted that due to technical limitations,
radial strain cannot be assessed from SENC acquisitions.” Ad-
ditionally, it has a worse spatial resolution than TAG and FT.*
On the other end of the spectrum, FT is a post-processing
technique that does not require additional image acquisition.
This gives FT an advantage for use in a clinical setting, as it
can retrospectively be applied to SSFP images, acquired using
a clinically standard CMR protocol. Furthermore, in our com-
parison, FT had excellent reproducibility and correlation with
both TAG and fast-SENC. To sum up, both fast-SENC and FT
possess certain advantages over the gold standard that make
them more attractive for clinical use, while still maintaining
robustness.

Although not apparent in global comparison, variability in
segmental comparison was consistently higher in strain de-
rived from LAX images, as compared with SAX images. It is
in-line with previously published studies** and can be ex-
plained by poor tracking of basal segments in LAX images
due to complex architecture of the mitral annulus.” It would
also explain why fast-SENC had by far the lowest variability
in SLS comparison, although it was outperformed by TAG
for SCS. Furthermore, fast-SENC was also the most robust
modality in GLS comparisons. Given the fact that GLS is the
most widely validated and the only clinically used strain mea-
surement, fast-SENC could be a method of choice for future
studies. Of note, FT performed worse than both acquisition-
based techniques in segmental comparisons. It also had poor
inter-study variability for both SCS (CoV 32.35%) and SLS
(CoV 42.99%), supporting the opinions of previous authors
that FT is not ready for use in segmental strain assess-
ment.?>?® This may have significant implications especially
in the detection of regional LV dysfunction, for example, in
patients with suspected or known ischaemic heart disease.
Additionally, by comparing intra-observer reproducibility of
GCS between observers with different levels of experience,
Feisst et al. demonstrated that reproducibility of FT is highly
dependent on observer experience.?’ Since reproducibility
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of the global measurements in our study closely matches that
of an experienced observer from the aforementioned study,
the results of our segmental comparison are indicative of a
best-case scenario. Furthermore, a recent study by Backhaus
et al. assessed the impact of observer training on reproduc-
ibility of FT strain measurements from three different ven-
dors and found that the positive impact of observer
experience is present independently of vendor choice.?®

It must also be highlighted that, despite excellent correla-
tion and reproducibility of these techniques for global mea-
surements, significant differences in measured strain
between the modalities were detected in our study. The fact
that our study design accounted for possible subject-related
biases, such as different loading conditions, points towards
a systematic difference between the techniques in question.
Indeed, a recent meta-analysis by Vo et al.?® sought to find
normal values for CMR-derived strain parameters and re-
ported similar albeit less pronounced differences in GLS and
GCS between these modalities. The observed differences
can at least in part be explained by looking at how the strain
values are derived in each technique. FT is a post-processing
method that uses SSFP images to identify certain features
within these images and tries to track them throughout the
successive frames of the cine loop. However, through-plane
movement can cause some of the tracked features to move
out of the imaging plane and be replaced by other regions
of the myocardium, thus causing through-plane motion arte-
facts. Furthermore, for FT, we reported endocardial strain
values, which are naturally higher.> On the other hand, both
TAG and fast-SENC are acquisition-based techniques and, as
such, are not affected by through-plane motion artefacts.
However, the latter uses parallel tags as opposed to orthogo-
nal ones used in the former. Therefore, SAX images are used
to acquire longitudinal strain, while circumferential strain is
derived from the LAX images, essentially meaning that these
techniques acquire strain measurements at different spatial
points. In the end, even though all of these techniques em-
ploy CMR for image acquisition, there are fundamental differ-
ences in imaging protocols and analysis algorithms that
ultimately amount to substantial bias.

Our study supports the previously expressed opinion that
before further standardization is brought forward, different
CMR modalities cannot be used interchangeably for strain
assessment.’® However, reproducibility analysis of global
measurements showed excellent results for all three tech-
niques, which is encouraging for a shift towards clinical use,
as excellent inter-study reproducibility is paramount in
follow-up scans for assessment of disease progression.

Limitations

The main limitation of this study was a relatively small sample
size. However, our cohort included both healthy volunteers

and HF patients with reduced and preserved LVEF. Secondly,
images were analysed using different software solutions ded-
icated for each modality, thus inter-vendor differences could
not be explored. Nonetheless, all the software solutions used
in our study are validated and commercially available.

Conclusions

Important differences in measured GLS and GCS exist be-
tween FT, TAG, and fast-SENC, thus care should be taken
when comparing these values. There was excellent GLS and
GCS reproducibility at intra-observer, inter-observer, and
inter-study levels and close correlation between these modal-
ities. Acquisition-based techniques had better reproducibility
than FT for segmental strain. Fast-SENC had the lowest vari-
ability for SLS, while TAG performed the best for SCS.
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