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Abstract (English)

Background. Strain is a novel quantitative parameter to determine heart function and heart
failure by measuring the shortening of the heart muscle from diastole to systole. Using
cardiovascular magnetic resonance imaging (CMR), various techniques are available to
quantify strain: tagging (TAQG), feature tracking (FT) and strain-encoding (SENC)/ fast strain-
encoding (fSENC). In echocardiography, strain can be calculated using speckle-tracking (STE).
Whereas the problem of inter-vendor variability of different ultrasound systems is well analyzed
for STE, it is unknown if the choice of the magnetic resonance imaging scanner influences
CMR-strain measurements. Moreover, important aspects of reproducibility have not been
thoroughly explored for many modalities and techniques, such as fSENC, limiting the use of
strain measurements in clinical routine. This dissertation focuses on a study published by our
working group to address these obstacles regarding the fSENC-technique. Furthermore, it
integrates the results into a clinical context and compares the analysis to research on other
modalities and techniques.

Methods. Fifteen healthy volunteers were scanned at three centers with different 3T magnetic
resonance scanners from leading vendors: the German Heart Institute Berlin, the Charité
University Medicine Berlin-Campus Buch and the Theresien-Hospital Mannheim. Every
volunteer received four fSENC-scans with a uniform imaging protocol, interrupted by a fifteen-
minute break between scan number two and three. Left ventricular (LV) global longitudinal
strain (GLS) and circumferential strain (GCS) were analyzed (Myostrain 5.0, Myocardial
Solutions). Inter-vendor agreement was determined using Bland-Altman analysis. Test-retest
reproducibility and inter- and intra-observer reproducibility were calculated using intraclass
correlation (ICC) and coefficients of variation (CoV). The results are demonstrated and
compared to studies on different modalities and techniques for strain analysis.

Results. fSENC showed good to moderate inter-vendor agreement between different sites (bias
of 0.01-1.88%) and excellent test-retest reproducibility, regardless of the vendor. Inter- and
intra-observer agreement of all global strain analyses were excellent.

Conclusion. Our findings show that a bias should be expected when using fSENC in volunteers.
Although this bias needs to be validated in a larger cohort and in patients, it should be
considered when planning multi-center studies and when comparing fSENC scans that were
acquired at different sites. The excellent test-retest reproducibility and intra- and inter-observer
reproducibility reflect the reliability of fSENC, which is in accordance with other modalities

and techniques to determine strain.



Abstract (Deutsch)

Hintergrund. ,,Strain“ (Verformung) ist ein neuer quantitativer Parameter zur Bestimmung
von Herzfunktion und Herzinsuffizienz anhand der Messung der Verkiirzung des Herzmuskels
von Diastole zu Systole. In der kardiovaskuldren Magnetresonanztomographie (MRT) sind
verschiedene Techniken zur Quantifizierung von ,,Strain“ verfiigbar: ,,Tagging“ (TAG),
,Feature Tracking® (FT) und ,,Strain-encoding® (SENC)/ ,,fast Strain-encoding* (fSENC). In
der Echokardiographie kann ,,Strain“ mittels ,,Speckle-tracking* (STE) berechnet werden.
Wihrend das Problem der Variabilitdt zwischen verschiedenen Ultraschallsystemen fiir ,,STE*
bereits gut untersucht ist, ist es ungewiss ob die Wahl des Scanners einen Einfluss auf die MRT
»dtrain“-Messwerte hat. Aullerdem wurden wichtige Aspekte der Reproduzierbarkeit fiir viele
Modalitdten und Techniken, wie zum Beispiel ,,fSENC*, noch nicht vollstéindig erforscht, was
den Nutzen von ,,Strain“-Messungen in der klinischen Routine einschrinkt. Diese Dissertation
fokussiert sich auf eine Studie, die unsere Arbeitsgruppe publizierte, um diese Hindernisse in
Bezug auf die ,,fSENC* Technik zu adressieren. Dariiber hinaus integriert sie die Ergebnisse in
einen klinischen Kontext und vergleicht diese Analyse mit der Forschung zu anderen
Modalitdten und Techniken.

Methoden. Fiinfzehn gesunde Probanden wurden an drei Zentren mit verschiedenen 3T MRT-
Geriten der filhrenden Hersteller untersucht: am Deutschen Herzzentrum Berlin; der Charité
Universitidtsmedizin Berlin- Campus Buch und dem Theresien-Krankenhaus Mannheim. Jeder
Proband erhielt vier ,,fSENC*“-Untersuchungen mit einem einheitlichen Bildgebungsprotokoll,
unterbrochen von einer flinfzehn-miniitigen Pause zwischen den Untersuchungen Nummer
zwei und drei. Der linksventrikuldre (LV) globale longitudinale ,,Strain“ (GLS) und der LV
zirkumferentielle ,,Strain“ (GCS) wurden analysiert (Myostrain 5.0, Myocardial Solutions). Die
Ubereinstimmung zwischen den Herstellern wurde mittels Bland-Altman Analyse bestimmt.
Die Reproduzierbarkeit wiederholter Messungen sowie die Inter- und Intraobserver-
Vergleichbarkeit wurden mit der Intraklassen-Korrelation (ICC) und dem
Variationskoeffizienten (CoV) berechnet. Die dargestellten Ergebnisse werden demonstriert
und mit Studien zu anderen Modalitéten und Techniken zur Messung von ,,Strain* verglichen.
Ergebnisse. ,,fSENC* zeigte eine gute bis moderate Ubereinstimmung zwischen verschiedenen
Standorten  (Bias von  0.01-1.88%) und eine exzellente Reproduzierbarkeit
aufeinanderfolgender Tests, ungeachtet des Herstellers. Die Interobserver und Intraobserver-
Vergleichbarkeiten aller globalen ,,Strain“~-Analysen waren exzellent.

Schlussfolgerung. Unsere Ergebnisse zeigten, dass ein Bias bei der Nutzung von ,,fSENC* bei

Probanden erwartet werden muss. Obwohl dieser Bias in einer groBeren Kohorte und in
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Patienten validiert werden muss, sollte er bei der Planung von multizentrischen Studien und
beim Vergleich von ,,fSENC* Messungen an verschiedenen Standorten beriicksichtigt werden.
Die exzellente Reproduzierbarkeit wiederholter Messungen sowie die Interobserver- und
Intraobserver-Vergleichbarkeiten reflektieren die Verlésslichkeit von ,,fSENC*. Dies ist in

Ubereinstimmung mit anderen Modalititen und Techniken zur Bestimmung von ,,Strain‘.



Introduction

L Overthinking diagnostic procedures in cardiology

Despite a recent decline in the mortality rates caused by cardiovascular diseases overall, a rapid
increase can be observed in the incidence of heart failure with growing life expectancy of the
population in Germany (1). Heart failure, the long-term consequence of many cardiovascular
diseases, needs to be recognized at an early stage when treatment options are still available and
the quality of life of patients is not yet irreversibly impaired. To do this, new diagnostic tools,
which might allow for the early screening, reliable detection and accurate monitoring of
treatment strategies in heart failure patients, should thoroughly be studied to pave the way for

future use in clinical routine.
11, Non-invasive cardiovascular imaging

Echocardiography is the most widely used, practical and fastest non-invasive method to image
the heart. Nevertheless, cardiovascular magnetic resonance imaging (CMR) is the current non-
invasive reference standard for analysis of cardiac morphology and function (2, 3), surpassing
echocardiography regarding “tissue contrast, spatial resolution and signal to noise ratio” (4, p.
1). Due to high examination costs, limited scanner access and missing skills to perform and
analyze CMR, it is mostly recommended as a diagnostic modality when echocardiographic
images are unsatisfactory (5). However, CMR provides added diagnostic value for many
purposes, for example to differentiate between the underlying pathologies of heart failure (e.g.
of infiltrative or inflammatory nature) and for the diagnostic work-up of patients with

cardiomyopathies and congenital heart diseases (5).
111 Quantifying myocardial contractility

The quantification of myocardial function in both echocardiography and CMR was possible
using a parameter called ejection fraction (EF), calculated by dividing the stroke volume from
the end-diastolic volume, shown in percent (6). EF is currently applied to classify heart failure
patients into different stages (7), despite being influenced by many factors, such as heart
frequency and loading conditions (6). Due to these limitations, there is growing interest in
alternative quantitative parameters with the hope to better grasp the true myocardial
contractility. Myocardial strain is such a novel parameter, described as the dimensionless result
of the heart muscle shortening during systole and lengthening during diastole (8, 9). It is often

expressed in percent and has a negative value, as the muscle fibers reduce in length when



contracting during systole (8, 9). Because of the different orientation of the heart muscle fibers,
longitudinal, radial and circumferential strain can be determined separately (9). Strain
measurements can be expressed on a global basis (e.g. representing the entire left ventricle) or
on a regional basis, after automatic segmentation of the heart by analysis software with respect
to the model published by the American Heart Association (AHA) (10). Strain can be
determined using both CMR and echocardiography. It was reported that strain is less susceptive
to changes in loading conditions than EF (11) and various studies demonstrated that strain can
detect fine changes in myocardial contraction when EF remains preserved (12), for example in
myocarditis patients (13), in long-term heart transplanted patients (14) and also in heart failure

patients (15, 16).
1. Modalities and techniques to determine myocardial strain
a) Speckle-tracking Echocardiography (STE)

In echocardiography, strain can be determined using a technique called “speckle-tracking”
(STE). STE employs the tracking of speckle artifacts in the echocardiographic image, created
by “reflections, refraction and scattering of echo beams” (9, p. 718). The change in position of
these speckle artifacts can then be used to calculate strain with dedicated post-processing
software. Global longitudinal strain (GLS) using STE is the only parameter that is already
recommended in clinical routine, for the detection of chemotherapy-related cardiotoxicity (17,
18). Importantly, STE was shown to better predict mortality than EF in different patient
populations, including heart failure patients (19, 20). Figure one shows exemplary STE-images

and left ventricular (LV) strain curves.

II.

Figure 1: STE-images (4-chamber view), including the myocardial contours (left) and the corresponding
longitudinal LV strain curves (right), of a healthy person (I.) and a patient with coronary artery disease (II). Strain
analysis was performed using Echolnsight (Epsilon Imaging, Ann Arbor, Michigan, USA).



b) Myocardial Tagging (TAG)

Using CMR, several different techniques are available for strain analysis. Tagging (TAG) was
the first pulse sequence, introduced by Zerhouni et al. (21). TAG uses “lines or grids
superimposed on the myocardium” (22, p. 1381) to quantify deformation throughout the cardiac
cycle, as shown in figure two. Despite TAG being the current reference standard for strain
quantification (23) with validation in many studies, it was never widely applied in clinical
routine due to many possible disadvantages, such as a low temporal resolution, low accuracy,

the need for an additional pulse sequence and long, unpractical post-processing (24).
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Figure 2: Exemplary TAG-images (short-axis and 4-chamber view), including myocardial contours (left) and
corresponding LV strain curves (right), of a healthy volunteer. Circumferential strain is determined in the short-
axis images and longitudinal strain in the long-axis views. Strain analysis was conducted using Segment (version
2.2 R6960 (http://segment-heiberg.se)).

¢) Myocardial Feature Tracking (FT)

Another technique, called myocardial feature tracking (FT), uses the tracking of pixels
throughout the cardiac cycle (25) to calculate strain. Regarding FT, there is no need to acquire
additional pulse sequences, as it can be performed on conventional cine steady-state free
precession (SSFP) images (24) (seen in figure three). FT has already been validated against
TAG in different studies (26-28). Moreover, there is evidence that FT-derived strain serves as

a better predictor of mortality than EF in patients with dilated cardiomyopathy (29).
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Figure 3: Exemplary FT-images (short-axis and 4-chamber view), including the myocardial contours (left) and
the corresponding LV strain curves (right), of a patient with cardiac amyloidosis, coronary artery disease and
diastolic heart failure. Similar to TAG, circumferential strain is determined in the short-axis and longitudinal strain
using the long-axis images. Images were analyzed with SuiteHeart (SuitetHEART, Neosoft, Pewaukee, Wisconsin,
USA).

d) Strain-encoding (SENC)/ fast Strain-encoding (fSENC)

Strain-encoding (SENC) is a different technique, first introduced in 2001 by Osman et al. (30).
It is a dedicated pulse sequence based on TAG, but the tag planes “are initially oriented parallel
to the imaging plane” (30, p. 324), which is why circumferential strain is calculated in the long-
axis images and longitudinal strain in the short-axis images (4), as depicted in figure four.
Radial strain is not measurable by SENC (24). After acquisition, the images are transferred to
a post-processing software, which color-codes the heart according to the contractile strength.
For SENC, a cut-off value of -17% strain is currently used to differentiate between normal and

reduced contraction (23, 31).
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Figure 4: fSENC-images (4-ch and midventricular short-axis view) of a healthy volunteer. After post-processing,
the regional strain is depicted in a color-coded outline of the heart (green and blue indicating contraction vs. yellow
and red indicating relaxation). Using SENC, circumferential strain is measured in the long-axis images and
longitudinal strain in the short-axis images.




Fast-SENC (fSENC) is a further development of SENC, allowing for image acquisition to be
performed in a few heartbeats without the need for breath-holds (normally needed to reduce
breathing artifacts) (32). This feature is particularly interesting for use in certain patient groups,
such as children, uncooperative patients and patients with pulmonary or cardiovascular diseases
and arrhythmias (32). SENC and fSENC were both validated against TAG in healthy subjects
(33) and patients (23, 34), with the advantages of short scanning- and post-processing times
(23, 24). SENC and fSENC have also been shown to provide added diagnostic value (35), for

example to determine the extent of myocardial ischemia (23, 36).
V. Aim of this dissertation

Myocardial strain, determined using both CMR and echocardiography, has the potential to
become a promising tool for quantification of myocardial function in a variety of patients with
different pathologies. Nevertheless, before strain-imaging can be introduced into clinical
routine, important aspects regarding the standardization and reproducibility of strain
measurements need to be explored. To compare strain measurements from different centers and
to plan multi-center trials, it is necessary to know if the choice of a specific CMR/
echocardiography scanner impacts strain results. Recently it has been shown for STE that the
choice of ultrasound scanner and post-processing software significantly influences the results
of the strain analysis (37-39). However, no data existed regarding any CMR technique.
Moreover, the reproducibility of repeated strain measures, or when the analysis is conducted by
different readers, is also an important aspect that has not been thoroughly explored for many
techniques. With the below-described study, our research group wanted to contribute to the
standardization of CMR-strain analysis with focus on fSENC. In detail, our aim was to
determine I) inter-vendor agreement, II) test-retest reproducibility and III) inter- and intra-
observer reproducibility of fSENC LV GLS and global circumferential strain (GCS)
measurements, acquired in volunteers at three different scanners from different vendors. This
dissertation summarizes the results of this trial and compares our analysis to research on other

modalities and techniques.
Materials and Methods

L Inter-vendor agreement

The manuscript of this study has been published in the International Journal of Cardiovascular
Imaging, including detailed information on the methods described below and the technical

properties of the fSENC pulse sequence at the different scanners (40). We recruited seventeen
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healthy volunteers, who were scanned at three different sites after obtaining written informed
consent. The study was approved by the Ethics Committee of the Charité-University-Medicine
in Berlin (EA2/208/17) and complied with the Declaration of Helsinki. The volunteers traveled
to different sites within five months, including: the German Heart Institute Berlin (site I), the
Theresien-Hospital Mannheim (site II) and the Max-Delbriick Center for Molecular Medicine
(MDC) in collaboration with Charité University Medicine Berlin - Campus Buch (site III). Each
site used a different 3T scanner of the following vendors (names in alphabetical order): Ingenia
(Philips, Best, The Netherlands), MAGNETOM Verio (Siemens Healthcare GmbH, Erlangen,
Germany), SIGNA Architect (GE Healthcare, Milwaukee, WI, USA). The study was registered
at the German Register for Clinical Studies (DRKS) (registration number: 00013253) and the
World Health Organization (WHO) (universal trial number (UTN): U1111-1207-5874). The
fSENC pulse sequence was optimized with regard to the different scanners. A spiral readout
was used at sites I and II and an Echo Planar Imaging (EPI) pulse sequence was used at site II1.
The pulse sequences at sites II and III were user-developed. Technical parameters at site | were:
field-of-view (FOV) = 256%x256 mm?, slice thickness = 10 mm, voxel size = 4x4x10 mm?,
reconstructed images at = 1x1x10 mm?, zero-filled interpolation (in-plane ZIP 1024), spiral
readout (3 interleaves) with acquisition time (TA) = 10 ms, flip angle = 30°, effective echo time
(TE) = 0.7 ms, repetition time (TR) = 12 ms, temporal resolution = 36 ms, typical number of
acquired heart phases = 22, spectrally selective fat suppression (SPIR), total acquisition time =
1 heartbeat. Site II used the following parameters: FOV = 256x256 mm?, slice thickness = 7-8
mm, voxel size = 4x4X7 mm?, reconstructed images at 1x1x7 mm?, single-shot spiral readout
(4 interleaves) with TA = 7.5 ms, flip angle = 20°, TE = 5.0 ms, TR = 9.1 ms, temporal
resolution = 36.4 ms, typical number of acquired heart phases = 18, SPIR, total acquisition time
= ] heartbeat. Parameters at site I1I were: EPI factor =9, FOV = 450170 mm?, slice thickness
= 12 mm, voxel size = 4.7x4.7x12 mm?, reconstructed resolution at 4.7x4.7x12 mm?, flip
angle = 12°, TE = 1.18 ms, TR = 8.9 ms, temporal resolution = 35.6 ms, centric EPI recording,
typical number of acquired heart phases = 22, SPIR, total acquisition time per slice = two
heartbeats (one separate heartbeat used for EPI phase correction). Details on the image
acquisition at the different sites can also be found in the corresponding published manuscript
of the study (40). All technicians at the different sites received training on performing fSENC
acquisitions and completed a written test before the study commenced. Preceding the
volunteers, phantoms of similar proportions with known physical properties (41) were scanned
at sites with the listed scanners after applying periodic compression and expansion, described

by Osman et al. (41, 42). After the volunteers were scanned at site I, two volunteers stopped



participating in the study, so fifteen volunteers were included in total. All volunteers were
scanned at the three sites according to the same imaging protocol: two consecutive fSENC
acquisitions during free-breathing, a fifteen-minute break where the volunteer left the scanner
and further two fSENC acquisitions. Heart rate (bpm) and blood pressure (mmHg), as well as
height, weight and smoking behavior of the volunteers, were monitored closely. fSENC images
were acquired in the 2-chamber (ch), 3-ch and 4-ch view to determine GCS and in three short-
axis slices (basal, mid-ventricular and apical) to determine GLS. After the scans were
anonymized, the images were analyzed (by J.E.) using dedicated software (Myostrain 5.0,
Myocardial Solutions, Inc., Morrisville, North Carolina, USA). Scans were excluded, if no view
was of sufficient quality for strain analysis (e.g. GCS could not be determined if image quality
of the 2-ch, 3-ch and 4-ch images was insufficient). First, end-systole (ES) was identified in all
views. Then, the endo-and epicardial contours of the LV were manually drawn at ES. After the
software performed automatic propagation, the contours were corrected manually. Then, the
software automatically calculated GLS and GCS, as well as segmental strain, after dividing the
short-axis images into 16 segments and the long-axis images into 21 segments. The statistical
analysis was performed (by J.E.) using SPSS (Version 25.0, IBM Corp., Armonk, NY, USA).
All values described in this dissertation are shown with p-values and confidence intervals (CI).
A p-value of < 0.05 was considered significant in two-tailed tests and will be marked with an
asterisk (*) in this dissertation. Inter-vendor agreement between the different scanners was

determined using the Bland-Altman agreement analysis.
11 Test-retest reproducibility

Each volunteer was scanned four times, with a fifteen-minute break in between scans two and
three. The test-retest reproducibility between averaged scans before (scan one and two) and
after the break (scan three and four) and between single scans was calculated using intraclass
correlation (ICC) and coefficient of variation (CoV). Wilcoxon test (for non-normally
distributed parameters) and paired students t-test (for normally distributed measurements) were
calculated to determine if the differences between strain values, acquired at the different sites,

were significant.
III.  Inter- and intra-observer reproducibility

A second blinded observer (V.Z.) repeated measurements for nine randomly chosen volunteers
to determine inter-observer agreement. The primary observer (J.E) repeated the analysis for the

same nine volunteers after two months (to prevent recall bias) to determine intra-observer
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reproducibility. Scans were excluded from the analysis, if no view had sufficient image quality
to determine either GCS or GLS. Both were trained by software representatives (of Myocardial
Solutions) on image analysis and also completed a written test before starting with the
measurements. Intra- and inter-observer reproducibility were calculated using ICC and CoV.
All ICC-analyses were interpreted as previously described by others: excellent for ICC > (.74,
good for ICC 0.6-0.74, fair for ICC 0.4-0.59 and poor for ICC<0.4 (43, 44).

Results

L Inter-vendor agreement

Tables one to five have been previously published, along with the methods described above,
in this exact or modified form in the International Journal of Cardiovascular Imaging (40).
Information on the baseline characteristics of the volunteers can also be found in the publication
(40). Four scans were performed for every volunteer, with a fifteen-minute break after the first
two scans, adding up to 60 scans per site. Due to artifacts, as well as technical difficulties, a
total of 51 scans were considered for GLS-analysis (excluding 9 scans) and 47 scans for GCS-
analysis (excluding 13 scans). Table one displays the results of the Bland-Altman analysis on
inter-vendor agreement. The bias between strain values, acquired at the different sites, ranged
from 0.01 to 1.88% strain and limits of agreement (abbreviated as LOA in the tables) ranged
from -5.25 to 7.68%. The lowest and insignificant bias was found when comparing sites II and
I for both GLS and GCS. The biases between both sites I and II and sites I and III were

significant and higher (1.21-1.88). Limits of agreement were of a similar magnitude for all sites.

Table 1: Results of the Bland-Altman analysis demonstrating inter-vendor agreement.

LV GLS (n=51) LV GCS (n=47)
Bias (%) | LOA (%) p | Bias(%) | LOA (%) p

Site I vs. IT 1.21 -5.25t0 7.68 | 0.012* 1.14 -2.34t0 4.64 | <0.001*

Site I vs. I1I 1.24 -4.47 t0 6.92 | 0.004* 1.88 -3.02t0 6.79 | <0.001*
Site II vs. 111 0.01 -4.78 to 4.81 | 0.968 0.61 -3.99t05.20 | 0.083

1l.  Test-retest reproducibility

Tables two and three show the results of the test-retest reproducibility analysis. Table two
portrays the median and interquartile range (IQR) strain values of combined scans before and
after the break and the results of the Wilcoxon test or paired student’s t-test to determine if the

differences in strain values were significant. The only significant difference between median
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strain values of scans before and after the break was found for GLS at site I. Otherwise,

differences in median strain values were marginal and insignificant.

Table 2: Median (IQR) strain values of scans before (1+2) and after (3+4) the break and
corresponding significance values.

LV GLS (n=51)

LV GCS (n=47)

Median (IQR) strain P Median (IQR) strain p
SiteI | Scans 1+2 | -20.1 (-20.9 to -18.3) | 0.020* | -19.0 (-21.1 to -18.3) | 0.950
Scans 3+4 | -19.4 (-20.6 to -17.8) -19.4 (-21.0 to -18.3)
Site I | Scans 1+2 | -19.9 (-21.3t0-16.8) | 0.347 | -17.4(-19.0to -16.4) | 0.307
Scans 3+4 | -20.1 (-21.2to -17.0) -17.3 (-18.6 to -16.7)
Site III | Scans 1+2 | -18.8 (-20.2to-15.1) | 0.977 | -17.2 (-18.6 t0o -16.3) | 0.056
Scans 3+4 | -18.4(-19.8t0 -16.2) -18.5 (-19.5to -16.5)

Table three shows the ICC (95% confidence interval (CI)) and CoV (+ standard deviation (sd))
values on test-retest reproducibility of scans before and after the break, which was mostly
excellent. The best ICC and CoV values were observed for GLS at site II. GLS at site I and
GCS at site III showed the lowest test-retest reproducibility, which can still be classified as
good.

Table 3: Test-retest reproducibility between scans before (1+2) and after (3+4) the break,
shown using ICC (95% CI) and CoV (#sd).

LV GLS (n=51)
ICC (95% CI) p CoV +sd
SiteI | 0.63 (0.21-0.86) | 0.002* | 0.06 +0.05
Site IT | 0.97 (0.90-0.99) | <0.001* | 0.03 +0.02
Site IIT | 0.82 (0.54-0.94) | <0.001* | 0.09 £ 0.07
LV GCS (n=47)
SiteI | 0.82(0.53-0.93) | <0.001* | 0.05+0.03
Site IT | 0.80 (0.47-0.94) | <0.001* | 0.04 £ 0.04
Site IIT | 0.69 (0.29-0.88) | 0.001* | 0.07 £0.05

Table four illustrates the test-retest reproducibility between single scans, which was overall

good to excellent.

Table 4: Test-retest reproducibility between single scans, shown using ICC (95% CI) and CoV

(£sd).
Scans LV GLS (n=51)
ICC (95% CI) p CoV (£sd)
SiteI | 1vs.2 | 0.94(0.81-0.98) | <0.001* | 0.03 +0.02
2vs.3 | 0.75(0.16-0.92) | 0.002* | 0.07 +0.04
3vs.4 | 0.97(0.91-0.99) | <0.001* | 0.02+0.02
1vs.3 | 0.70(0.15-0.90) | 0.013* | 0.06+0.06
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1vs.4 | 0.74(0.27-0.91) | 0.007* | 0.06 = 0.06
2vs.4 | 0.79(0.33-0.93) | 0.002* | 0.07 +0.05

Site IT | 1vs.2 | 0.88(0.61-0.96) | <0.001* | 0.07 +0.07
2vs.3 | 0.94(0.80-0.98) | <0.001* | 0.04 £ 0.05
3vs. 4 | 0.97(0.91-0.99) | <0.001* | 0.03 +0.03
1vs.3 | 0.97 (0.89-0.99) | <0.001* | 0.04 +0.03
1vs.4 | 0.94(0.81-0.98) | <0.001* | 0.06 +0.04
2vs. 4 | 0.95(0.77-0.99) | <0.001* | 0.05 £ 0.04

Site ITL | 1vs.2 | 0.92 (0.77-0.97) | <0.001* | 0.08 % 0.09
2vs.3 | 0.84(0.51-0.95) | 0.001* | 0.10+0.11
3vs. 4 | 0.96(0.90-0.99) | <0.001* | 0.06+0.05
1vs.3 | 0.89(0.67-0.96) | <0.001* | 0.09 £ 0.09
1vs.4 | 0.89(0.68-0.97) | <0.001* | 0.10 £ 0.08
2vs.4 | 0.85(0.55-0.95) | 0.001* | 0.10+0.08

LV GCS (n=47)

SiteI | 1vs.2 | 0.89(0.68-0.96) | <0.001* | 0.05 + 0.06
2vs.3 | 0.83(0.47-0.94) | 0.002* | 0.07 = 0.06
3vs.4 | 0.86(0.56-0.95) | 0.001* | 0.05+0.04
1vs.3 | 0.79(0.37-0.93) | 0.004* | 0.06 + 0.04
1vs.4 | 0.86(0.58-0.95) | <0.001* | 0.05+0.04
2vs. 4 | 0.88(0.62-0.96) | <0.001* | 0.06 = 0.05

Site IT | 1vs.2 | 0.94(0.79-0.98) | <0.001* | 0.04 +0.04
2vs.3 | 0.89(0.61-0.97) | 0.001* | 0.05+0.03
3vs.4 | 0.85(0.52-0.96) | 0.001* | 0.05+0.04
1vs.3 | 0.79 (0.20-0.95) | 0.013* | 0.06+0.04
1vs.4 | 0.85(0.46-0.96) | 0.002* | 0.04 +0.06
2vs.4 | 0.85(0.50-1.00) | 0.002* | 0.05+0.05

Site ITI | 1vs.2 | 0.90 (0.70-0.97) | <0.001* | 0.06 + 0.03
2vs.3 | 0.71(0.18-0.90) | 0.012* | 0.08 = 0.06
3vs.4 | 0.85(0.56-0.95) | 0.001* | 0.06 +0.05
1vs.3 | 0.71(0.12-0.90) | 0.005* | 0.08 +0.06
1vs.4 | 0.79 (0.38-0.93) | <0.001* | 0.08 + 0.05
2vs.4 | 0.83(0.50-0.94) | 0.001* | 0.07+0.05

1II.  Inter- and intra-observer reproducibility

Both observers independently excluded one volunteer from the strain analysis due to
insufficient image quality to determine GLS and GCS. The ICC and CoV results of the
remaining eight volunteers, reflecting inter- and intra-observer reproducibility, are summarized
and displayed in Table five. Inter- and intra-observer reproducibility were excellent for LV

GLS and GCS, but even better for GLS.
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Table 5: Results of the ICC and CoV (+sd)-analyses on inter- and intra-observer
reproducibility.

LV GLS
ICC (95% CI) P CoV +sd

Inter-Observer Reproducibility | 0.96 (0.92-0.98) | <0.001* | 0.03 + 0.04

Intra-Observer Reproducibility | 0.99 (0.98-1.00) | <0.001* | 0.02 +0.02
LV GCS
Inter-Observer Reproducibility | 0.82 (0.58-0.92) | <0.001* | 0.04 + 0.03

Intra-Observer Reproducibility | 0.77 (0.47-0.90) | <0.001* | 0.05 £ 0.04

Discussion

In modern cardiovascular diagnostics, non-invasive, objective and reliable methods,
quantifying myocardial contractility, are necessary to provide an accurate diagnostic workup,
to monitor treatment efficacy and to determine the prognosis of patients with heart failure.
Currently, heart failure patients are still grouped according to their EF into patients with
preserved (“HFpEF”) and reduced EF (“HFrEF”) (7). Hence, the EF of a patient has a strong
influence on important diagnostic and therapeutic decisions, although half of the patients who
suffer from symptoms of heart failure show no change in EF (the “HFpEF”’-group) (7).
Furthermore, EF cannot be applied on a regional basis and is influenced by factors such as
preload, afterload and cardiac remodeling (6). With these limitations, EF bears the risk of
underestimating the real extent of heart failure, potentially leading to patients being
underdiagnosed and not receiving the correct therapy. There is a clear need for new objective
markers to quantify cardiac performance. Strain has shown to provide important information
on myocardial function in addition to EF (13-16) and resulted to be a stronger predictor of
mortality and hospitalization in patients with a wide range of cardiovascular diseases (17, 19,
20, 29). Furthermore, it enables the analysis of regional myocardial contractility, which
previously could only be determined after surgical implantation of physical probes into the heart
(4). Over the past few years, many echocardiographic and CMR- techniques have been
developed to determine strain as a novel parameter, such as 2D-STE, 3D-STE, TAG, FT, SENC
and Displacement Encoding with Stimulated Echoes (DENSE), all with different benefits and
disadvantages (24). Despite the rapidly evolving techniques for strain-analysis and the
increasing number of studies illustrating promising results of using strain in a variety of diseases
(13-16, 23, 36, 45, 46), only STE-GLS is currently recommended for clinical use (17, 18). The
sparse use of strain in everyday clinical life is mostly the result of missing standardization,
caused by a variety of factors. First, the influence of different vendors (e.g. of ultrasound or

magnetic resonance scanners or software) on strain measurements is still unknown in the field
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of CMR. Moreover, the reproducibility of repeated strain measures, or of analyses conducted
by different readers, is still not thoroughly explored for most techniques. Our working group
wanted to address these questions with focus on the fSENC technique, to help pave the way for
future use of strain imaging in clinical routine. In detail, our work explained in this dissertation
showed that: 1.) a bias of 0.01-1.88% was found after scanning a cohort of healthy volunteers
at three different CMR-scanners using fSENC; 2.) test-retest reproducibility of subsequent or
interrupted fSENC scans was excellent, regardless of scanner type and 3.) inter- and intra-
vendor reproducibility of global strain values was also excellent, but even better for GLS than

GCS.
L Inter-vendor agreement

Although our working group conducted the first study to determine inter-vendor agreement of
strain measurements using different CMR-scanners, the effect of inter-vendor and inter-
software variability on strain results is well known in echocardiography (37-39). The bias we
determined between fSENC scans, acquired at different CMR-scanners, was mostly similar or
lower than the bias determined for different echocardiographic systems (37-39). As already
explained in the corresponding published manuscript (40), a variety of factors could have
influenced inter-vendor agreement in our study. First of all, the technical characteristics of the
fSENC pulse sequence were modified by experts from the different scanner companies to fit
the scanners and receive optimal image quality. A spiral readout was used at sites I and II and
an EPI at site III. The pulse sequences employed at sites I and III were user-developed.
Furthermore, the technical parameters differed between all three sites after optimization. The
mean strain values of the phantoms (scanned before the volunteers), provided in the manuscript
of the study, were higher at scanning systems of sites Il and III than site I, similar to the
distribution of strain observed in the volunteers (seen in figure 4 of the published manuscript
(40)). This could show that the sole optimization of the pulse sequence could have resulted in
different ranges of strain values at the different sites (for example more negative strain
measurements at site I), leading to higher biases when comparing site I to either site II or III.
Hence, more research is needed to find the specific impact of different scanning parameters on

strain measurements.

Other factors could have impacted inter-vendor agreement as well, such as the training and
scanning techniques of the different technicians and volunteer-related changes, such as changes
in loading conditions (since the volunteers were scanned at different time points during the

day). Nevertheless, the monitored blood pressure and heart rate of the volunteers stayed stable
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throughout (table 1 of the published manuscript) and there is evidence that the hemodynamics
of healthy subjects do not change over a period of up to one year, for example when
investigating 4D flow in volunteers (47). Therefore, we assume that the hemodynamics of the

volunteers did not have a major influence on the inter-vendor agreement in our study.

A harmonization of technical properties and scanning parameters, when adjusting the pulse
sequence for the different scanners, might have resulted in more comparable strain values.
However, that setting would not have given a realistic perspective on the bias that needs to be
expected in the clinical routine, where pulse sequences are optimized to fit specific scanners
and different clinical sites have various scanning programs, techniques and personnel.
Therefore, our results on inter-vendor agreement in healthy volunteers should encourage deeper
research in patients and in larger cohorts to help understand and minimize inter-vendor
variability of strain measurements. Furthermore, it is important to determine inter-vendor
agreement for other techniques as well, such as FT or TAG. Especially inter-vendor agreement
of FT should be optimal, as FT is performed using the cine SSFP pulse sequence, universally
available in all scanners without the need for optimization. In case future research should reveal
significant biases regarding inter-vendor agreement in larger patient cohorts, a different
approach towards standardization would be to define scanner-specific normal values, as also
recommended for different genders and age groups (48). Despite improving comparability, this
would not be a practical solution, as classifications and guidelines would need to be published
in multiple different editions, depending on all the circumstances influencing strain. Another
option to counteract inter-vendor variability, currently recommended for echocardiography
(49), would be to perform repeated strain measurements of a patient using the same scanner
only. This measure currently impedes the comparison of different studies and the design of
multi-center studies for further validation of strain on a large scale. Therefore, vendors should
aim at reducing technical differences when adjusting a pulse sequence or technique to different

scanners in echocardiography and CMR.

Not only the technical differences between scanners, but also the differences between post-
processing software prevents inter-vendor agreement (38, 39). Currently, only one software is
available for fSENC analysis (Myostrain, Myocardial Solutions, Inc., Morrisville, North
Carolina, USA). Regarding other techniques, such as STE, TAG and FT, various software is
provided by different vendors for strain analysis. This aspect of inter-vendor variability could
also partly explain the moderate inter-modality and inter-technique agreement between STE,

SENC and FT we found in 50 patients, who received both echocardiography and CMR at the
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University of Chicago (published in the Journal of Cardiovascular Magnetic Resonance) (50).
The software providers might apply different tracking algorithms with “spatial and temporal
smoothing to regularize the results in order to reduce noise” (24, p. 610), or they might calculate
global strain differently or use only specific layers for strain calculation (24). Even strain
measurements acquired using the same technique show significant variability when analyzed
with different software (38, 39). Hence, future efforts should also be concentrated on the
development of post-processing software with a standardized algorithm, which has already
shown to allow for a good comparison between strain values, irrespective of technique or
modality (51). With the growing importance of STE for the detection of cardiotoxicity, the
problem of inter-vendor variability on strain results, caused by the increasing offer of different
post-processing software, resulted in the publication of a consensus statement in favor of
standardizing STE (8). Furthermore, official recommendations were published to use the same
scanning equipment and post-processing software for repeated measurements of a patient (49).
Unfortunately, a similar consensus statement does not exist for any CMR-technique. Therefore,
it would be important to define similar recommendations for CMR as in echocardiography (49),
ensuring that follow-up analyses of the same patient are conducted using the same technique
and software at the moment. Moreover, it would be urgent to develop similar consensus
statements for the different CMR-techniques to clarify the current state and need for

standardization.
11 Test-retest reproducibility

We found good to excellent reproducibility between scans interrupted by a fifteen-minute break
and between subsequent scans, independent of site. Giusca et al. previously reported an
excellent reproducibility of strain values determined with fSENC after a median time of 63 days
(12). Interestingly, they also compared the reproducibility between fSENC and EF and found
better reproducibility of strain measurements (12). In a different study, previously published in
the Journal of the Heart Failure Association of the European Society of Cardiology (ESC Heart
Failure), our working group determined test-retest reproducibility of strain using fSENC, FT
and TAG after a median time of 40 days in eleven healthy volunteers and seven heart failure
patients (52). We found an excellent reproducibility of fSENC strain measurements on a global
(ICC:0.94-0.96) and segmental basis (52). Furthermore, it was just as excellent for FT
(ICC:0.91-0.97) and TAG (ICC:0.95-0.96) (52). A better test-retest reproducibility compared
to EF was described for STE as well by Barbier et al (53). We and others showed that fSENC

strain measurements are not only reproducible in volunteers independent of the scanner, but
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also in heart failure patients. Moreover, it seems like the test-retest reproducibility seems to be
an advantage of strain measurements, regardless of modality or technique. This reflects the

robustness and improved reliability of strain in comparison to EF.
111 Inter- and intra-observer reproducibility

We found an excellent intra- and inter-observer reproducibility of fSENC GLS and GCS
measurements in healthy volunteers. Our findings comply with a different study conducted by
our working group to analyze the effect of training on the reproducibility of fSENC strain
analyses, previously published in Scientific Reports (54). During this trial, 10 HFpEF patients,
10 HFrEF patients and 10 volunteers were analyzed using fSENC by four observers with
different levels of CMR-experience (a CMR-expert (T.L.), a CMR-beginner (V.Z.), an
echocardiography-expert (H.H.) and a non-cardiac technician (J.E.)), after all observers
completed the same training (54). Inter-observer reproducibility was excellent between all
readers, regardless of the level of experience (54). Moreover, in the study previously published
in the Journal of Cardiovascular Magnetic Resonance, we compared inter-modality and inter-
technique agreement between STE and CMR-FT and SENC in a cohort of 50 patients who
received both examinations at the University of Chicago (50). We found that the inter- and
intra-observer reproducibility of SENC (ICC:0.94-0.99) was just as excellent as the
reproducibility of more established techniques, such as STE (ICC:0.91-0.94) and FT (ICC:0.86-
0.99) (50). Similar to our analysis in volunteers described above, the reproducibility of SENC
measurements in patients was also marginally better for GLS than GCS, whereas the
reproducibility of FT measures was better for GCS than for GLS (40, 50). A reason could be
that the short-axis images, used to determine longitudinal strain using SENC and
circumferential strain using FT, are simpler to contour. Furthermore, in the study previously
published in ESC Heart Failure, we also determined inter- and intra-observer reproducibility
of fSENC, TAG and FT in the cohort of eleven volunteers and seven heart failure patients, with
excellent results as well (ICC: 0.99 for fSENC; ICC: 0.97-0.99 for TAG; ICC: 0.86-0.95 for
FT) (52). Similar results were found by different authors for STE (55), FT (56), fSENC (12)
and TAG (57). Better reproducibility of strain in comparison to EF has also been reported (12,
58). To conclude, the excellent inter- and intra-observer reproducibility is also an advantage of
using strain compared to EF. Importantly, we showed that this reproducibility can be achieved

with training, independent of experience.
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The ability to determine regional deformation with good reproducibility is an important feature
of strain that should be highlighted when comparing it to EF. In the study published in ESC
Heart Failure, we analyzed the intra-observer reproducibility of pooled LV segmental
longitudinal and circumferential strain in volunteers and heart failure patients using TAG, FT
and fSENC (52). We found excellent intra-observer reproducibility for all techniques, similar
to other authors as well (23, 56, 57). Nevertheless, the CoV values of the segmental analyses
were higher compared to the global reproducibility, implicating a higher variation of segmental
strain results. Other studies reported comparable findings with a similar magnitude of CoV
values for segmental analyses using FT and STE (59, 60). There is evidence that the variability
of segmental strain values is also impacted by the choice of scanner and post-processing
software (60, 61). Our analysis revealed that the acquisition-based techniques performed better
on a segmental basis than FT. A reason why FT might be less suitable to determine
intramyocardial strain is the weakness to differentiate between the intramyocardial greyscale
ranges, which are very alike in cine SSFP images (24). Some studies report SENC and fSENC
to be superior to TAG for segmental reproducibility analyses (23, 34). This finding 1is
particularly interesting as the temporal and spatial resolution of fSENC is lower than that of
SENC to allow imaging within a few heartbeats (32, 34). We and others could show that fSENC
is not inferior to TAG regarding global and segmental reproducibility, indicating that the
temporal and spatial resolution is sufficient for reliable strain analysis (34). Regional
assessment of deformation is currently not recommended in echocardiography, with one reason
being suboptimal reproducibility (49). Although there is no clear recommendation for CMR
strain-imaging, we believe that the reproducibility of segmental strain analyses still needs to be
improved before clinical use by harmonizing post-processing algorithms, providing guidelines
on how to thoroughly perform the strain analysis and conducting further research to improve
and standardize especially the acquisition-based techniques, which might be more suitable for

segmental strain analysis.
1V. Outlook into the future of strain imaging

We conducted a multi-vendor, multi-center study as a step forward towards the standardization
of strain. As a result, we found a bias of 0.01-1.88% when applying fSENC to scan volunteers
at different CMR-scanners from major providers. Studies with a larger cohort and in patients
are needed in the future to validate these results. Nevertheless, this bias needs to be recognized
when designing and interpreting multi-center studies to assess strain with any modality or

technique. Moreover, we found excellent test-retest reproducibility of fSENC in volunteers,
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regardless of the scanner. This excellent reproducibility can also be applied to heart failure
patients and to other techniques, such as FT and TAG, as shown in a different study by our
working group. Lastly, we determined an excellent inter- and intra-observer reproducibility of
global strain values. Both the test-retest reproducibility and the intra- and inter-observer
reproducibility are advantages of strain compared to EF. Strain is a valuable, practical and
robust tool to quantify myocardial contractility. With further improvement towards
standardization, strain should likely be added to CMR- and echocardiographic examinations to

screen, diagnose and monitor patients with heart failure of different etiologies.
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Abstract

Myocardial strain is a convenient parameter to quantify left ventricular (LV) function. Fast strain-encoding (fSENC) ena-
bles the acquisition of cardiovascular magnetic resonance images for strain-measurement within a few heartbeats during
free-breathing. It is necessary to analyze inter-vendor agreement of techniques to determine strain, such as fSENC, in order
to compare existing studies and plan multi-center studies. Therefore, the aim of this study was to investigate inter-vendor
agreement and test-retest reproducibility of fSENC for three major MRI-vendors. fSENC-images were acquired three times
in the same group of 15 healthy volunteers using 3 Tesla scanners from three different vendors: at the German Heart Insti-
tute Berlin, the Charité University Medicine Berlin-Campus Buch and the Theresien-Hospital Mannheim. Volunteers were
scanned using the same imaging protocol composed of two fSENC-acquisitions, a 15-min break and another two fSENC-
acquisitions. LV global longitudinal and circumferential strain (GLS, GCS) were analyzed by a trained observer (Myostrain
5.0, Myocardial Solutions) and for nine volunteers repeatedly by another observer. Inter-vendor agreement was determined
using Bland-Altman analysis. Test-retest reproducibility and intra- and inter-observer reproducibility were analyzed using
intraclass correlation coefficient (ICC) and coefficients of variation (CoV). Inter-vendor agreement between all three sites was
good for GLS and GCS, with biases of 0.01-1.88%. Test-retest reproducibility of scans before and after the break was high,
shown by ICC- and CoV values of 0.63-0.97 and 3-9% for GLS and 0.69-0.82 and 4-7% for GCS, respectively. Intra- and
inter-observer reproducibility were excellent for both parameters (ICC of 0.77-0.99, CoV of 2-5%). This trial demonstrates
good inter-vendor agreement and test—retest reproducibility of GLS and GCS measurements, acquired at three different
scanners from three different vendors using fSENC. The results indicate that it is necessary to account for a possible bias
(<2%) when comparing strain measurements of different scanners. Technical differences between scanners, which impact
inter-vendor agreement, should be further analyzed and minimized.

DRKS Registration Number: 00013253.

Universal Trial Number (UTN): U1111-1207-5874.

Keywords Strain - fSENC - Agreement - Reproducibility - CMR - Cardiac - Magnetic resonance

Abbreviations GLS Global longitudinal strain
CMR  Cardiovascular magnetic resonance IQR Interquartile range

EF Ejection fraction LV Left ventricular

EPI Echo planar imaging LOA Limits of agreement

fSENC Fast strain-encoded magnetic resonance imaging MRI Magnetic resonance imaging
GCS Global circumferential strain SAX Short-axis

SENC  Strain-encoded magnetic resonance imaging
STE Speckle tracking echocardiography
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Introduction

Myocardial strain has proven to be an important param-
eter for further investigation of myocardial performance in
addition to conventionally used volumetric measures, such
as ejection fraction (EF) [1-3]. Strain can be determined
using echocardiography and cardiovascular magnetic reso-
nance (CMR) imaging. A common technique to measure
strain in echocardiography is using speckle tracking (STE).
STE is routinely used, for example to identify systolic dys-
function in heart failure patients with preserved EF [4]
or as a marker for cardiotoxicity in patients undergoing
chemotherapy [5]. An important step towards standardiza-
tion of STE in preparation for broad clinical use was the
recent publication of a consensus document on how strain
measurements should be performed [6]. However, strain
is not only influenced by measurement methods, but also
by image quality, intra- and inter-observer reproducibility,
the image acquisition system [7] and the post-processing
software used [8, 9]. As the impact of these various factors
on strain results remains unclear, guidelines recommend
STE to be performed using the same vendor’s acquisition
system and software for individual patients [9].

As CMR emerged as the reference standard of cardiac
morphology and function [10], various acquisition- and
post-processing techniques to determine strain using CMR
have been explored and validated [11]. Long acquisition
times [12] and long breath-holds in patients with cardiac
diseases, especially those who suffer from dyspnea, are
some of the factors currently limiting use in clinical set-
tings. Furthermore, no standardized approach to measure
strain using CMR has been proposed yet, as was the case
for STE. The lack of information on the influence of dif-
ferent magnetic resonance scanners and platforms on strain
results is one challenge preventing standardization of
CMR techniques. Nevertheless, this information is crucial
since studies are conducted at different centers with vary-
ing scanners, at different field strengths and using different
post-processing platforms. Without information on inter-
vendor agreement, CMR-strain should only be determined
using the same scanner and post-processing software for
individual patients, as recommended for STE. Although
this measure reduces possible bias on strain results, no
comparison can be made between different studies and
measurements performed at different centers, hampering
the practicality of using strain routinely and the design of
multi-center studies to further validate this method.

Strain-encoding (SENC), first described in 2001 by
Osman et al. [13], is a novel imaging technique to meas-
ure strain. In comparison to myocardial tagging, SENC
uses tag planes in which the sinusoidal phase is constant
in parallel to the image plane [13]. Therefore, longitudinal

@ Springer

strain is determined using short-axis- and circumferential
strain using long-axis views; radial strain is not measur-
able by SENC. Fast-SENC (fSENC) is a “real-time” scan
that acquires all necessary data for one slice within one
single heartbeat [14]. Hence, it is insensitive to breathing
motion, resulting in a fast magnetic resonance imaging
(MRI) exam for the patient at free breathing. Studies have
shown that fSENC is equal or even superior to tagging
[15] and highly reproducible concerning inter-study, as
well as intra- and inter-observer reproducibility [2].

The aim of this study was to examine the inter-vendor
agreement and reproducibility of CMR-derived strain,
obtained with fSENC in the same group of volunteers at
three different sites with individual MRI-platforms and
sequences. In particular, our aims were to

1. investigate inter-vendor agreement of fSENC at 3 T
using scanners from three major MRI vendors,

2. determine test-retest reproducibility of repeated scans at
each scanner and

3. determine intra- and inter-observer reproducibility of the
strain measurements.

Methods
Study population and design

Fifteen healthy volunteers with no history of cardiovascular
diseases or contraindications against MRI [16] were pro-
spectively identified and recruited for the study after obtain-
ing a written informed consent. The study was approved by
the Ethics Committee of the Charité-University-Medicine
in Berlin and complied with the Declaration of Helsinki.
It was registered at the German Register for Clinical Stud-
ies (DRKS) (registration number: 00013253) and the World
Health Organization (WHO) (universal trial number (UTN):
U1111-1207-5874).

Cardiovascular magnetic resonance imaging

CMR images of all fifteen volunteers were acquired repeat-
edly at 3 T on three different scanners (names in alphabetical
order and not according to site number: Ingenia, Philips,
Best, The Netherlands; MAGNETOM Verio, Siemens
Healthcare GmbH, Erlangen, Germany; SIGNA Architect,
GE Healthcare, Milwaukee, WI, USA). CMR examinations
took place within five months at: the German Heart Insti-
tute Berlin (site I), the Theresien-Hospital Mannheim (site
II) and the Max-Delbriick Center for Molecular Medicine
(MDC) in collaboration with Charité University Medicine
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Berlin-Campus Buch (site III), each equipped with one of
the above listed scanners.

Fast strain-encoding (fSENC)

The techniques applied to the pulse sequence (localized/
reduced field-of-view fSENC, interleaved tuning, spiral
imaging, ramped flip angle, etc.) to achieve image acquisi-
tion in a single heartbeat have been described previously [2,
14, 15]. Prior to in-vivo imaging, studies were performed
in vitro with scanning platforms of the three different ven-
dors using phantoms of very similar proportions, made of
homogeneous MR-visible silicone gel with known mechanic
properties [17]. Periodic non-flat compression and expan-
sion was applied using an MR-compatible air cylinder as
described by Osman et al. [17, 18]. Subsequently, scan-
ning of the fifteen volunteers was performed at all three
sites. All volunteers were scanned using the same imaging
protocol, schematically depicted in Fig. 1. Each volunteer
received four fSENC scans per site, adding up to 60 scans.
The first two scans were performed consecutively using
the same scanning parameters. Afterwards the volunteers
left the scanner room for fifteen minutes, followed by two
more fSENC acquisitions with the same parameters. Images
were acquired in three long-axis views (2-chamber (2-ch),
3-chamber (3-ch), 4-chamber (4-ch)) to calculate left ven-
tricular (LV) global circumferential strain (GCS) and in three
short-axis views (SAX- basal, mid-ventricular (mid), apical)
to calculate LV global longitudinal strain (GLS). Scanning
was performed by the local team of one or two technicians
at each site after being trained by the same representatives of
the software provider on performing the fSENC acquisitions
and completing a written test. Scanning parameters were
allowed to be adjusted according to the different scanners, if
needed. Heart rate (bpm) and blood pressure (mmHg) were
monitored before, during and after the exam. Variables that
might influence strain measurements, such as height, weight
and smoking behavior, were determined before the scans at
every site.

Fig. 1 Schematic outline show-
ing the scan organization with
a total of four fSENC scans per
volunteer at every site

fSENC Scan 2
fSENC Scan 1

Technical parameters
Sitel

At site I, images were acquired using a multi-element
receive coil array, consisting of an anterior part on the
patient’s chest and a posterior part embedded in the
patient table. A flexible number of up to 32 elements
was employed, where the selection of coil elements was
performed automatically by the MR software. Image
acquisition was triggered on the R-wave using a 4-lead
vector ECG. fSENC imaging parameters at site I were:
field-of-view =256 x 256 mm?, slice thickness = 10 mm,
voxel size =4 x4 x 10 mm?>, reconstructed images at
1 x1x10 mm?® using zero-filled interpolation (in-plane
ZIP 1024), spiral readout (3 interleaves) with acquisi-
tion time (TA)=10 ms, flip angle =30°, effective echo
time (TE) =0.7 ms, repetition time (TR) =12 ms, tempo-
ral resolution =36 ms, typical number of acquired heart
phases =22, spectrally selective fat suppression (SPIR),
total acquisition time per slice < 1 s (1 heartbeat), total
acquisition time per scan =6 heartbeats.

Sitell

At site II, a user-developed sequence was employed.
Images were acquired using a multi-element receive
coil array, as described for site I. fSENC spiral images
were triggered on the R-wave using a 4-lead vec-
tor ECG. Field-of-view =256 x 256 mm?, slice thick-
ness=7-8 mm, voxel size =4 x4 x 7 mm>, reconstructed
images at 1 x1x7 mm?, single-shot spiral readout (4
interleaves) with acquisition time (TA)="7.5 ms, flip
angle =20°, effective echo time (TE)=5.0 ms, repeti-
tion time (TR)=9.1 ms, temporal resolution =36.4 ms,
typical number of acquired heart phases =18, spectrally
selective fat suppression (SPIR), total acquisition time per
slice < 1 s (or one heartbeat), total acquisition time per
scan = 6 heartbeats.

Image Planning

fSENC Scan 3

Image Planning fSENC Scan 4
| I | 15 min. Break (volunteer leaves scanner) | I I
o——=o % Y
Start of Exam End of Exam
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Site 1l

In comparison to the spiral pulse sequence at sites I and
IL, fSENC at site III is an Echo Planar Imaging (EPI) user-
developed pulse sequence [19]. Volunteers were scanned
using a 32-channel body coil and image acquisition was
triggered on the R-wave using a 4-lead vector ECG. Epi-
factor=9, field-of-view =450 x 170 mm?, slice thick-
ness = 12 mm, voxel size=4.7 x 4.7 x 12 mm?>, reconstructed
resolution at 4.7 x4.7 x 12 mm>, flip angle =12°, effective
echo time (TE)=1.18 ms, repetition time (TR)=8.9 ms,
temporal resolution=35.6 ms, centric EPI recording, typi-
cal number of acquired heart phases =22, spectrally selec-
tive fat suppression (SPIR). The acquisition happened in a
single heartbeat, as for sites I and II. A separate heartbeat
was used for EPI phase correction. The total acquisition time
per slice was about 2 s (or two heartbeats) and per scan about
12 heartbeats.

Image analysis

All images were analyzed by one observer (JE) using dedi-
cated software (Myostrain 5.0, Myocardial Solutions, Inc.,

Morrisville, North Carolina, USA), after being trained by
a representative of the software company and completing
a written test, as previously described [20]. Figure 2 dem-
onstrates the process of image analysis, starting with the
acquisition of the image on the scanner (1.), proceeding onto
the color-coded image on the software, displaying the manu-
ally drawn endo- and epicardial contours at end-systole (2.)
and onto the result of the strain analysis, represented by a
color-coded map of the heart (3.). GCS was quantified in
the three long-axis images by drawing epi- and endocardial
contours manually at end-systole (as seen in Fig. 2), iden-
tified by the size of the heart and the color-coding of the
images signaling contraction (blue). Papillary muscles and
trabeculae were excluded from the endocardial contour. GLS
was quantified using the short-axis images, again by drawing
epi- and endocardial contours at end-systole (Fig. 2). The LV
was automatically divided into 16 segments in the short-axis
views and 21 segments in the long-axis views (according to
the AHA model [21]) and segmental strain was calculated
by applying an automated tracking algorithm. Peak systolic
GCS and GLS were calculated as the average strain of all
segments at end-systole in the long- and short-axis views,
respectively. Scans were only excluded from the analysis if

¢l

-y

SAX-Apical

Fig.2 fSENC- and corresponding color-coded images after post-pro-
cessing at end-systole (blue representing strain in the normal range
during contraction), as well as the myocardial segmentation as illus-
trated by the software. Legend: 1.=Images as shown on the scanner,
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2.=Color-coded images on the software after post-processing, dis-
playing manually drawn epi-and endocardial contours at end-systole,
3.=Results of the strain analysis, represented by a color-coded map
of the heart
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no view could be analyzed due to insufficient image quality
(e.g. GCS could not be determined due to insufficient image
quality of the 2-,3- and 4-chamber images). Figure 3 shows
exemplary images of the same volunteer at the three sites, as
displayed on the scanner and after post-processing.

Intra- and inter-observer reproducibility analysis

Measurements were repeated in a subset of three random
volunteers per site (9 volunteers =36 scans) by the first
observer two months after the first analysis and by a sec-
ond observer who received the same training by software
representatives beforehand, blinded to all previous strain
measurements. Before repeating the analysis, both observ-
ers came to a consensus of excluding volunteers, if both
observers considered no view to have the sufficient image
quality to determine either GCS or GLS reliably.

Statistical analysis

The distribution of all values was assessed for normality
using the Shapiro-Wilks test. Normally distributed data
is expressed as mean + standard deviation, non-normally
distributed data using median and interquartile range
(IQR). Inter-vendor agreement between the three sites was

determined using Bland-Altman analysis. Test-retest repro-
ducibility between averaged scans before (average strain of
scan 1 and 2) and after the fifteen-minute break (average
strain of scan 3 and 4) and between single scans was deter-
mined using intraclass correlation (ICC) and coefficients
of variation (CoV). Wilcoxon test (for non-normally dis-
tributed strain parameters) and paired students t-test (for
normally distributed strain parameters) were calculated to
determine if differences in strain values between the sites
and before and after the break were significant. Intra- and
inter-observer reproducibility were analyzed using ICC
and CoV. The following levels of agreement were used:
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 [2, 22]. All values are
expressed using p-values and confidence intervals. A p-value
of <0.05 was considered significant in two-tailed tests. Sta-
tistical analyses were conducted using SPSS (Version 25.0,
IBM Corp., Armonk, NY, USA).

Results

fSENC-image acquisitions of the gel-phantoms were
repeated several times. Mean strain and standard deviation
were —28.1% (x0.3) for the system used at site I, —23.7

Site I

Site 11

Site III

-

)

Fig.3 4-chamber view images of the same volunteer scanned at the three different sites, as shown on the scanner and after post-processing
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(£0.9) for the system used at site I and — 26.8 (+1.4) for
the system used at site III. Table 1 portrays the baseline char-
acteristics of the volunteers, vital signs and median (IQR)
strain values. One complete fSENC-examination includ-
ing all images was acquired in a median (IQR) scan time
of two (1-4) min at all sites. Median image analysis time
ranged from 10 to 14 min for one whole examination. A
total of four scans were performed for each volunteer (twice
before and twice after the break). At site I, one scan had to
be excluded from GLS-analysis owing to motion artifacts
during acquisition of the short-axis images. At site II, one
volunteer could not be scanned due to unexpected technical
difficulties. Further four scans were excluded from GLS- and
nine from GCS-analysis because of artifacts that would not
allow reliable contouring of the heart. At site III, no scan
was excluded. A total of 51 scans (85.0%) were left for GLS-
and 47 scans (78.3%) for GCS-analysis.

Inter-vendor agreement

Figure 4 shows box and whisker-plots to illustrate the
range of strain values with regard to the different sites and
the significance level of the differences, as calculated from
the Bland-Altman analysis. The range of GLS-measure-
ments was wider than of GCS-measurements. Differences
in strain values were significant when comparing site I
against either site II or III. Table 2 and Fig. 5 display the
results of the Bland-Altman analysis. Inter-vendor agree-
ment was good between all sites, shown by small biases
(0.01-1.88% strain), but the limits of agreement (LOA)
reflected a possible inconsistency regarding individual
patients. Biases and limits of agreement were significant
when comparing site I against either site II or III.

Table 1 Baseline characteristics of the volunteers (n=15), median (IQR) scan time and median strain values (IQR) at the different sites

Volunteer characteristics Site I Site I1 Site I

Female, n (%) 8 (53%) 8 (53%) 8 (53%)

Age (years) 25 (£5) 25 (£5) 25 (£5)

Height (cm) 174 (+9) 173 (=8) 174 (+9)

Weight (kg) 66 (+11) 66 (+11) 66 (+11)
Smoking, n (%) 2 (13%) 3 (20%) 3 (20%)

Blood pressure before exam (mmHg) 123 (£18)/68(+11) 129 (£ 18)/74 (+9) 123 (£16)/64 (+9)
Blood pressure after exam (mmHg) 112 (£ 17)/61(x7) 127 (£ 15)/70(x=7) 120 (£ 16)/62(+ 10)
Heart rate before exam (bpm) T4(x12) 77 (£15) 67 (£12)

Heart rate after exam (bpm) 69(x7) 75 (=11) 76 (£9)

Scan time (min.) 2(1-2) 3 (2-6) 3(14)

LV-GLS (%) (n=51)
LV-GCS (%) (n=47)

—19.2 (=20.5 to — 18.0)
—19.7 (=21.1 to — 18.3)

—17.8 (=20.0 to — 16.4)
—18.9 (=20.0 to —17.1)

—17.9 (-20.0 to —16.0)
—18.2(—19.2t0 —16.8)

GLS

p=0.004
l p=0968 !
p=0.012 5 p <0.001
. ! p=0083
-12.5 12.5 p <0.001 .
-15.0 -15.0
-17.5 -17.5
-20.0 -20.0
225 - 225 o
Site | Site 11 Site 111 Site I Site 11 Site 1T

Fig.4 Box and whisker-plots to illustrate the range of strain values with regard to the different sites and the significance level of the differences
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Table 2 Results of the Bland-Altman analysis illustrating inter-ven-
dor agreement

Bias (%) LOA (%) p

LV-GLS (n=51)

Site T vs. II 1.21 —5.251t07.68 0.012

Site I vs. IIT 1.24 —4.47106.92 0.004

Site I vs. TII 0.01 —4.78t0 4.81 0.968
LV-GCS (n=47)

Site T vs. II 1.14 —234t04.64 <0.001

Site I vs. IIT 1.88 —-3.02t06.79 <0.001

Site I vs. TII 0.61 ~3.99t05.20 0.083
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Test-retest reproducibility

Table 3 displays the median (IQR) strain values of the
averaged scans before and after the break and the corre-
sponding p-value, as well as the ICC (95% CI) and CoV
(+ sd). As shown by the good- to excellent ICC- and CoV-
values, test-retest reproducibility of averaged scans before
and after the break was very high for all sites. The high-
est test-retest reproducibility was observed for LV-GLS
at site II (ICC=0.97) and the lowest for LV-GLS at site 1
(ICC=0.63). At site I, test-retest reproducibility was higher
for GCS-measures, whereas at site II and III, it was higher
for GLS-measures. Nevertheless, differences in median
strain between scans before and after the break were mostly
insignificant (except for LV-GLS for site I). Table 4 shows
the scan-rescan reproducibility between single scans. Over-
all, scan-rescan reproducibility was good, independent of
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Fig.5 Bland-Altman analysis comparing GLS and GCS between the different sites. Legend: a Site I vs. II, b Site I vs. III, ¢ Site II vs. III

@ Springer
36



The International Journal of Cardiovascular Imaging

Table 3 Median (IQR) strain

Median (IQR) strai I I
before and after the 15-min edian (IQR) strain P CC O5%CD P CoV (xsd)
break at every site and results SiteI ~ LV-GLS  —20.1(=20.9t0—18.3) 0.020  0.63 (0.21 to 0.86) 0.002 0.06 (+0.05)
of the ICC (95% CI) and CoV
: —19.4 (=20.6 to —17.8)
(+sd) to display test-retest
reproducibility LV-GCS —19.0(=21.1t0—183) 0.950 0.82(0.53100.93) <0.001  0.05 (+0.03)
—19.4 (=21.0to —18.3)
Site . LV-GLS  —19.9(-21.3t0—16.8)  0.347  0.97 (0.90t00.99) <0.001  0.03 (+0.02)
—20.1 (=21.2t0 —17.0)
LV-GCS —174(=190t0—164) 0307 0.80(0.47t00.94) <0.001  0.04 (£0.04)
—17.3 (- 18.6 t0 —16.7)
Site Il LV-GLS ~ —18.8(=20.2t0o —15.1)  0.977  0.82(0.54t00.94) <0.001  0.09 (+0.07)
—18.4(-19.8t0 —16.2)
LV-GCS —172(=18.6t0—163) 0.056 0.69 (0.29 t0 0.88) 0.001 0.07 (+£0.05)

—18.5(—=19.5t0 —16.5)

scanner site (ICC=0.97-0.70). The highest scan-rescan
repeatability could be observed for site II between scans 3
and 4 and 1 and 3, the lowest regarding site I between scans
1 and 3.

Intra- and inter-observer reproducibility

Both observers independently excluded one volunteer out
of nine from strain analysis, resulting in 32 scans. Intra-
and inter-observer reproducibility were very high overall
(Table 5), but even higher for GLS than for GCS.

Discussion

It has been shown that strain, determined using either echo-
cardiography or CMR, is a valuable parameter to determine
the impact of coronary artery disease on heart function
[12], to detect LV dysfunction, especially in patients with
heart failure when EF is still preserved [1, 4, 12, 23] and to
reveal diffuse damage to the myocardium due to systemic
diseases, such as cardiac amyloidosis [24, 25], sarcoidosis
[26] or cardiotoxic effects of chemotherapy [5]. Despite
these many possible indications, the use of strain in clinical
routine is still challenging due to the impact of intra-, inter-
observer- [7] and inter-vendor reproducibility of the differ-
ent post-processing platforms [8, 9, 27] on strain results,
which could also explain the lack of inter-technique agree-
ment between echocardiography and CMR [28]. Therefore,
before conducting studies to validate strain techniques in
large patient cohorts, it is important to (1) identify the possi-
ble factors influencing strain results and to (2) minimize the
impact of these factors. To address this issue, we compared
GLS and GCS in healthy volunteers, who were all scanned
using fSENC at three different sites with MRI scanners from
major vendors.
Our results show:

@ Springer

(1) good inter-vendor agreement of strain measurements
using fSENC between all three vendors overall,
reflected by small biases but substantial limits of agree-
ment

(2) very good test-retest reproducibility of fSENC when
scanning volunteers again after a fifteen-minute break,
regardless of vendor, and

(3) good to excellent intra- and inter-observer reproduc-
ibility of fSENC strain measurements.

To our knowledge, no previous data on inter-vendor
agreement of a CMR-technique to determine strain exists.
Nevertheless, the influence of different ultrasound systems
on 2D- and 3D-STE has been reported previously [7, 29-31].
As in our study, differences in STE-strain measurements
between the different vendors were significant [7, 29, 30].
However, the bias between different ultrasound systems was
similar or higher (0.1-3.7 [7], 1.1-7.0 [30], 1-1.55% [31])
than the bias between magnetic resonance scanners deter-
mined in our study group of fifteen volunteers (0.01-1.88%),
with limits of agreement of a similar magnitude. The bias
in our cohort of healthy volunteers was significant between
site I and II or III. Moreover, the limits of agreement indi-
cate that in some individuals the difference in strain values
could be considerably higher than the bias. We believe that
this study demonstrates the importance of further exploring
inter-vendor agreement in larger cohorts to validate these
results and to determine the agreement related to different
scanners in patients. Our results indicate that it might pos-
sibly be helpful to implement scanner-related normal values
and that one should be aware of this possible bias and limits
of agreement when comparing strain results acquired at dif-
ferent scanners. This should also play a role when designing
classifications based on strain, which determine diagnostic
procedures and therapeutic decisions for patients.

An important factor that could influence inter-vendor
agreement is the difference in technical characteristics of
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Table 4 Scan-rescan reproducibility, represented using ICC (95% CI)
and CoV

Table5 Intra- and inter-observer reproducibility, reflected by ICC
(95% CI) and CoV (+sd)

ICC (95%CI)  p CoV (zsd)

ICC (95%CT) p CoV (xsd)
Site I GLS
Scan1vs.2  0.94(0.811t00.98) <0.001 0.03(0.02)
Scan2vs.3  0.75(0.16 to 0.92) 0.002 0.07 (0.04)
Scan3vs.4  0.97(0.911t00.99) <0.001 0.02 (0.02)
Scan1vs.3  0.70 (0.15 t0 0.90) 0.013 0.06 (0.06)
Scan1vs.4  0.74 (0.27 t0 0.91) 0.007 0.06 (0.06)
Scan2vs.4  0.79 (0.33 t0 0.93) 0.002 0.07 (0.05)
GCS
Scan1vs.2  0.89 (0.68 to 0.96) <0.001  0.05 (0.06)
Scan2vs.3  0.83(0.47 t0 0.94) 0.002 0.07 (0.06)
Scan3vs.4  0.86 (0.56 to 0.95) 0.001 0.05 (0.04)
Scan1vs.3  0.79 (0.37 t0 0.93) 0.004 0.06 (0.04)
Scan1vs.4  0.86(0.58 t0 0.95) <0.001  0.05 (0.04)
Scan2vs.4  0.88 (0.621t00.96) <0.001  0.06 (0.05)
Site 1T GLS
Scan1vs.2  0.88(0.61t00.96) <0.001 0.07 (0.07)
Scan2vs.3  0.94 (0.80t0 0.98) <0.001  0.04 (0.05)
Scan3vs.4  0.97 (0.91t00.99) <0.001 0.03 (0.03)
Scan1vs.3  0.97 (0.89t0 0.99) <0.001  0.04 (0.03)
Scan1vs.4  0.94 (0.81t00.98) <0.001 0.06 (0.04)
Scan2vs.4  0.95(0.77t0 0.99) <0.001  0.05 (0.04)
GCS
Scan1vs.2 0.94(0.791t00.98) <0.001 0.04 (0.04)
Scan2vs.3  0.89 (0.61t00.97) 0.001 0.05 (0.03)
Scan3vs.4  0.85(0.52t00.96) 0.001 0.05 (0.04)
Scan1vs.3  0.79 (0.20t0 0.95) 0.013 0.06 (0.04)
Scan 1vs.4  0.85(0.46 to 0.96) 0.002 0.04 (0.06)
Scan2vs.4  0.85(0.50 to 1.00) 0.002 0.05 (0.05)
Site Il GLS
Scan1vs.2  0.92(0.77t00.97) <0.001  0.08 (0.09)
Scan2vs.3  0.84 (0.51 to 0.95) 0.001 0.10 (0.11)
Scan3vs.4  0.96 (0.90 t0 0.99) <0.001  0.06 (0.05)
Scan1vs.3  0.89 (0.67 t0 0.96) <0.001  0.09 (0.09)
Scan1vs.4  0.89 (0.68 t0 0.97) <0.001  0.10 (0.08)
Scan2vs.4  0.85(0.55to 0.95) 0.001 0.10 (0.08)
GCS
Scan1vs.2  0.90(0.70 t0 0.97) <0.001  0.06 (0.03)
Scan2vs.3  0.71(0.18 to 0.90) 0.012 0.08 (0.06)
Scan3vs.4  0.85(0.56 to 0.95) 0.001 0.06 (0.05)
Scan1vs.3  0.71 (0.12 to 0.90) 0.005 0.08 (0.06)
Scan1vs.4  0.79 (0.38 t0 0.93) <0.001  0.08 (0.05)
Scan2vs.4  0.83(0.50 to 0.94) 0.001 0.07 (0.05)

the pulse sequence at the different scanners. A spiral read-
out was used at sites I and II, whereas an EPI was used
at site III, which may have different properties in terms of
geometric distortion and susceptibility to off-resonant spins.
Furthermore, the pulse sequence varied with regard to most

Intra-observer reproduc-

ibility

LV-GLS 0.99 <0.001 0.02+0.02
(0.98 to 1.00)

LV-GCS 0.77 <0.001 0.05+0.04
(0.47 t0 0.90)

Inter-observer reproduc-

ibility

LV-GLS 0.96 <0.001 0.03+0.04
(0.92 t0 0.98)

LV-GCS 0.82 <0.001 0.04+0.03
(0.58 t0 0.92)

scanning parameters for each scanner. In order to determine
the influence of the pulse sequence alone on strain meas-
urements, phantoms were scanned at sites with the three
different scanning systems before scanning the volunteers.
Mean strain values of the phantoms were higher using the
scanning systems at site II and III than using the system
at site I, similar to the pattern of median GLS and GCS of
the volunteers. This suggests that the pulse sequence itself
could contribute to differences in strain values. Other possi-
ble variables with impact on inter-vendor agreement are the
planning and training of different technicians, the experience
and training of the observers and changes in the physiology
of the volunteers. In order to minimize the effect of dif-
ferences in knowledge and training of the technicians and
observers in our study, all received training on image plan-
ning/analysis and completed written tests. Furthermore, a
standardized imaging protocol was used at all three sites, but
technicians were allowed to adjust the scanning parameters.
Additionally, if two technicians performed the scanning,
different levels of experience and planning styles resulted
in different image planning at the same scanner. Due to the
above listed reasons, the scans were of variable quality,
which may have affected strain measurements. To monitor
and reduce volunteer-related bias, volunteers were asked
questions regarding their health, medications and smoking
behavior before every scan and height, weight, blood pres-
sure and heart frequency were monitored. Volunteers with
new onset of disease or new intake of medication would
have been excluded, but the impact of changes in factors
such as weight and smoking behavior on strain measure-
ments were not ruled out. In addition, it was not possible to
keep the time difference between the scans at the three sites
consistent, so we could not eliminate changes in myocar-
dial function associated with timing of the scans. However,
previous literature studying temporal variability of T;- and
T, mapping in volunteers after approximately 90 days [32]
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and 4D flow in 10 volunteers with a difference of one year
between scans [33] reported no significant differences or
significant agreement of results, indicating that myocardial
function in healthy volunteers should be stable over a cer-
tain time period up to 1 year. Furthermore, the volunteers
were also scanned at different time-points during the day,
allowing for short-term differences in loading conditions to
possibly affect strain results. Nevertheless, we only observed
minor changes in volunteer characteristics, vital parameters
and CMR-parameters, so we assume that myocardial func-
tion was stable in our group of volunteers during the course
of the study.

The good to excellent test-retest reproducibility of aver-
aged scans before and after the break and between single
scans observed in our group of volunteers, regardless of MRI
scanner used, matches the excellent test-retest reproducibil-
ity Giusca et al. reported in fSENC scans of eleven healthy
subjects and seven patients with heart failure repeated
63 days apart [2]. These results also suggest that effects of
short-term differences in myocardial function relating to
loading conditions, stroke volume and heart frequency are
minimal in volunteers. Furthermore, the very good to excel-
lent intra- and inter-observer reproducibility we reported
agrees with previous studies investigating fSENC [2, 15]
as well.

When comparing CMR techniques to measure strain,
obstacles preventing broad clinical use are centered around
the long acquisition and post-processing time, especially
concerning myocardial tagging [15, 34]. Due to the fast
image acquisition without the need for breath-holds, fSENC
could be a potential alternative to tagging. Strain measure-
ments using fSENC have already been shown to be valuable
to detect hypertrophic cardiomyopathy when EF is preserved
[35], right-ventricular dysfunction due to pulmonary hyper-
tension [36] and diastolic dysfunction in patients with type II
diabetes mellitus [37]. Furthermore, fSENC reliably identi-
fies myocardial regions affected by coronary artery disease
and infarction [38] and reliably estimates LV-volumes and
EF in patients with coronary artery disease, as shown by a
recent study from our group [39].

Clinical implications

Our results suggest that an average bias of 0.01% to 1.88%
strain (< 1.24% for GLS and < 1.88% for GCS) should
be taken into account when comparing fSENC results of
healthy individuals acquired using different scanners. This
implies that a strain difference of below 2% on average may
represent normal variability in the measurement and not
necessarily a decrease or increase in myocardial function, if
scanning is performed using different scanners. The limits of
agreement indicate that strain results from different scanners
should not be used totally interchangeably. Larger studies
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are needed for further validation in order to facilitate the
planning and comparison of multi-center studies, which are
needed for standardization of strain measurements and to
determine inter-vendor agreement in patients. Furthermore,
technical differences between different scanners and imaging
sequences should be assessed.

Limitations

Our study group is composed of a relatively small sample
size of healthy young volunteers, in order to eliminate the
influence of pathologies on strain measurements. Hence,
it is important to conduct further studies to assess inter-
vendor agreement in a larger study cohort and in patients.
Furthermore, in-vitro scanning was performed using differ-
ent phantoms, at different sites than where the volunteers
were scanned and with different number of repeats per site.
Unfortunately, multiple scans at site II had to be excluded
from further strain analysis due to technical complications
that similarly occur in the clinical routine, such as a defect
optical fiber cable (preventing one volunteer from being
scanned) and a malfunctioning body coil, resulting in arti-
facts during four GLS and five GCS scans. Additionally, we
only focused on fSENC in this study and did not include
conventional tagging, the gold standard for strain measure-
ments, since fSENC had previously been validated against
tagging [15]. Similarly, we did not evaluate other techniques
for measuring strain. Nevertheless, it would be interesting
to examine the impact of different MRI scanners on other
CMR techniques used to determine strain, including tagging.

Conclusion

We found good inter-vendor agreement of strain measure-
ments acquired with the fSENC technique at 3 T using MRI
scanners from three major vendors with small biases, but
considerable limits of agreement and a significant difference
in strain results. Test-retest reproducibility between repeated
scans was very high, regardless of the scanner chosen. More-
over, reproducibility of strain measurements was good to
excellent, independent of the employed MR-platform.
fSENC can be considered a reliable technique and suitable
for strain measurements at different centers and, with further
development, has the potential to improve diagnostics and
therapy in heart failure patients. Our results might help to
interpret strain assessed by fSENC at different sites using
MRI scanners from different vendors.
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Abstract

Objectives: We sought to: (1) determine the agreement in cardiovascular magnetic resonance (CMR) and speckle
tracking echocardiography (STE) derived strain measurements, (2) compare their reproducibility, (3) determine
which approach is best related to CMR late gadolinium enhancement (LGE).

Background: While STE-derived strain is routinely used to assess left ventricular (LV) function, CMR strain
measurements are not yet standardized. Strain can be measured using dedicated pulse sequences (strain-encoding,
SENQ), or post-processing of cine images (feature tracking, FT). It is unclear whether these measurements are
interchangeable, and whether strain can be used as an alternative to LGE.

Methods: Fifty patients underwent 2D echocardiography and 1.5T CMR. Global longitudinal strain (GLS) was
measured by STE (Epsilon), FT (NeoSoft) and SENC (Myocardial Solutions) and circumferential strain (GCS) by FT and
SENC.

Results: GLS showed good inter-modality agreement (r-values: 0.71-0.75), small biases (< 1%) but considerable
limits of agreement (-7 to 8%). The agreement between the CMR techniques was better for GLS than GCS (r=0.81
vs 0.67; smaller bias). Repeated measurements showed low intra- and inter-observer variability for both GLS and
GCS (intraclass correlations 0.86-0.99; coefficients of variation 3-13%). LGE was present in 22 (44%) of patients. Both
SENC- and FT-derived GLS and GCS were associated with LGE, while STE-GLS was not. Irrespective of CMR
technique, this association was stronger for GCS (AUC 0.77-0.78) than GLS (AUC 0.67-0.72) and STE-GLS (AUC =
0.58).

Conclusion: There is good inter-technique agreement in strain measurements, which were highly reproducible,
irrespective of modality or analysis technique. GCS may better reflect the presence of underlying LGE than GLS.

Keywords: Cardiac imaging, Left ventricular function, Myocardial deformation, Myocardial scar
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Introduction

Despite the important role left ventricular (LV) ejection
fraction (EF) plays in clinical practice, it is influenced by
heart rate and loading conditions. Given these limita-
tions, there has been a considerable interest in myocar-
dial strain as an alternative measure of myocardial
performance. Depending on fiber direction in the differ-
ent myocardial layers, longitudinal, circumferential and
radial strain can be differentially impacted [1]. Studies
have shown that myocardial strain is less dependent on
loading conditions than EF [2, 3], and, as a result, better
reflects subtle changes in the underlying myocardial sub-
strate [4, 5]. Strain measurements using speckle tracking
echocardiography (STE) have been widely reported, in-
cluding evidence that strain is a better predictor of out-
comes than EF [6]. Due to superior reproducibility of
strain [7-9], it is recommended for clinical use to detect
chemotherapy-related cardiotoxicity [10] and to evaluate
cardiac involvement in infiltrative diseases, such as
amyloidosis or sarcoidosis [11]. Several recent studies
suggested STE strain as a potential surrogate for cardio-
vascular magnetic resonance (CMR) late gadolinium en-
hancement (LGE) imaging [9, 12], the current reference
standard for detection of scar and infiltrative disease.
This would be useful in cases where CMR is not avail-
able, gadolinium contrast is contraindicated, or in pa-
tients at greater risk of adverse long term events, such as
children and pregnant women.

As CMR becomes more widely utilized, the need to in-
corporate strain assessment into the CMR exam is being
increasingly recognized. Although several CMR tech-
niques to assess strain have been recently described, this
methodology is still not fully developed. One technique
analyzes strain from cine-CMR images using feature
tracking (FT) algorithms, similar to STE. FT-derived
strain has been shown to detect ischemia during do-
butamine stimulation [13] and to independently pre-
dict outcomes in patients with dilated cardiomyopathy
[14]. Newer CMR techniques include dedicated pulse
sequences that create images with strain information
encoded into a color display to facilitate visual assess-
ment of abnormalities. Although this strain-encoding
(SENC) requires additional imaging, it does not sig-
nificantly prolong the exam [15], and has higher
spatial and temporal resolution even than myocardial
tagging, the current reference standard for strain [16—
18]. The ability of SENC to detect myocardial infarc-
tion and define its transmurality has been reported
[1, 17]. While echocardiographic studies showed that
global longitudinal strain (GLS) is superior to global
circumferential strain (GCS) in its ability to detect
subtle myocardial abnormalities due to better repro-
ducibility [11, 19], this has not been confirmed for
CMR-derived strain.
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Despite the growing number of strain related studies
in the literature, the methodology of CMR strain has not
been standardized, and it is not known to what extent
these measurements are interchangeable with each other
and with STE. Also, the reproducibility of these tech-
niques is not well established. Furthermore, it is not
clear whether the relationship of strain measurements
(by either STE or CMR) with LGE is strong enough for
strain to be considered as a surrogate. Finally, the differ-
ences between the strain components in this context are
not well established. Accordingly, we sought to: 1) deter-
mine the inter-technique agreement between STE, FT
and SENC strain measurements, 2) compare their repro-
ducibility, and 3) determine which modality and tech-
nique shows the strongest association with LGE.

Methods

Study population and design

We retrospectively studied 50 patients who underwent
CMR imaging (including SENC and LGE) and transtho-
racic 2D echocardiography at the University of Chicago,
Chicago, Illinois, USA over a one-year period. Patients
under 18 years of age and those who underwent a cardiac
intervention between the two imaging tests were excluded.
No patients were excluded on the basis of image quality of
either modality. The Institutional Review Board approved
this retrospective study with a waiver of consent.

Figure 1 schematically depicts the study design. The
above three techniques were used to measure strain: fea-
ture tracking (FT) and strain encoding (SENC) images
were analyzed to obtain both global longitudinal strain
(GLS) and global circumferential strain (GCS), while
speckle tracking echocardiography (STE) was used to
obtain GLS. These measurements were compared be-
tween them and also correlated with presence of LGE.

Echocardiographic imaging and analysis

Transthoracic echocardiographic imaging was performed
using the iE33 system with the X5-1 probe (Philips
Healthcare, Best, the Netherlands). Apical long-axis, LV-
focused two-, three- and four-chamber (2Ch, 3Ch and
4Ch) views were acquired, after optimizing the sector
size, gain, depth, compress and time-gain compensation.
Frame rate was maximized (73 +20 fps) by increasing
the depth and decreasing the sector width.

The images were stored digitally and measured offline
according to the guidelines [20] by an experienced
reader, blinded to clinical data and all prior strain mea-
surements and LGE findings. End-diastole (ED) was
identified as the frame coinciding with the peak of the
QRS complex, whereas end-systole (ES) was identified
as the frame with the smallest LV cavity. LV GLS analysis
was performed on the three long-axis views using
vendor independent speckle-tracking software (Echo
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Fig. 1 Schematic representation of the study design (see text details). Note: the images in the figure highlight the three techniques in a patient
with a prior myocardial infarction in the territory of the left anterior descending coronary artery. The transmural late gadolinium enhancement in
the mid-distal anterior, mid-distal anteroseptal and distal septum, suggesting lack of viability in these areas, is represented by different colors for
the different techniques. FT, feature tracking; GCS, global circumferential strain; GLS, global longitudinal strain; LGE, late gadolinium enhancement;
STE, speckle tracking echocardiography; SENC, strain encoding

Insight, Epsilon Imaging, Ann Arbor, Michigan, USA). Specifically, for each view, strain analysis was performed
This software is based on tracking ultrasound speckles by manually tracing at ED the region of interest along the
frame-by-frame in order to quantify myocardial deform-  endocardial border from the mitral valve annulus to the
ation. It has been previously validated by comparisons LV apex and back to the annulus (Fig. 2a). The software
against other established techniques used to measure then automatically tracked the endocardial contours
myocardial strain [3, 4, 7]. throughout the cardiac cycle. Manual adjustments were

GLS

Time (sec)

Time (sec)

Fig. 2 Example of STE (4Ch) images, showing tracing contours, and corresponding strain curves in a patient with no LGE (a) and a patient with
cardiac manifestation of sarcoidosis (b)
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made to the contours as needed to optimize tracking. All
views were segmented according to the American Heart
Association (AHA) guidelines and segmental strain was
calculated automatically throughout the cardiac cycle.
GLS was calculated throughout the cardiac cycle, resulting
in a time-strain curve for each view (Fig. 2). Peak GLS
values were averaged for the three views, resulting in a
unique GLS value for each patient.

Cine CMR imaging and feature tracking analysis
CMR images were acquired on a 1.5 T scanner using a
5-channel surface coil (Achieva, Philips Healthcare).
Retrospectively gated cine images were acquired using a
balanced steady-state free precession pulse sequence in
the standard long-axis views (2Ch, 3Ch, 4Ch) and short-
axis slices (6 mm thickness, 4 mm gap), covering the LV
from base to apex. Scanning parameter were: TR = 2.9 ms,
TE = 1.5 ms, flip angle 60°, temporal resolution 30-40 ms.
FT was performed offline by an experienced observer,
blinded to all prior strain measurements and LGE find-
ings, using vendor independent software (SuiteHEART,
Neosoft, Pewaukee, Wisconson, USA). Similar to echo-
cardiographic speckle tracking, the FT algorithm identi-
fies image features in the myocardium that are
consistently identifiable throughout the cardiac cycle,
and tracks them frame-by-frame to quantify myocardial
deformation. This is achieved by the following five steps:
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(1) deformation models are created based on b-splines
using contours and images; (2) position images are cre-
ated by calculating how much each pixel within the
myocardium is displaced over the cardiac cycle; (3)
strain tensor is calculated; (4) tensor image is trans-
formed from Cartesian coordinates to the radial/cross-
radial coordinates; and (5) velocity and strain rate ten-
sors are calculated using the central difference.

The long-axis cine images were used to determine GLS
and short-axis slices covering the entire heart to deter-
mine GCS. First, ED and ES were determined automatic-
ally in each view and manually corrected as needed. The
tracing of the region of interest in the long-axis images
was performed by an automated machine-learning based
process, tracking epi- and endocardial contours from the
mitral valve annulus to the apex and back to the annulus.
These contours were then reviewed on every frame
throughout the cardiac cycle and manually corrected as
needed to optimize endocardial detection and tracking
while taking care to exclude papillary muscles and endo-
cardial trabeculae from the LV cavity (Fig. 3a). All views
were segmented according to the AHA guidelines and
segmental strain was calculated automatically throughout
the cardiac cycle. If segments were inadequately tracked,
tracing was repeated until optimal tracking was achieved.
Peak systolic GLS and GCS were calculated as a mean
value of all segments (Fig. 3).
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Fig. 3 Example FT (4Ch, SAX Basal) images, showing tracing contours, and corresponding strain curves in the same two patients a and b as in Fig. 2
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CMR strain encoding and analysis

SENC images were acquired in three long-axis (2Ch,
3Ch, 4Ch) and three short-axis views (basal, mid, apical)
with the following settings: TR =13 ms; TE =0.7 ms;
FA =30 256x256mm?2; slice thickness =10 mm; 24 ms
SENC magnetization preparation prior to continuous ac-
quisition of 40 ms (3 spiral interleaves) per temporal
frame over 1 R-R cycle.

GLS was quantified using the three short-axis slices
and GCS using the long-axis slices by the same observer
three weeks after the analysis of the FT images to pre-
vent bias, using vendor independent software (Myostrain
5.0, Myocardial Solutions, Morrisville, North Carolina,
USA). Unlike STE and FT, SENC measures strain in the
direction perpendicular to the imaging plane: circumfer-
ential from the long-axis and longitudinal from the
short-axis images. Radial strain is not usually assessed
using SENC. This is achieved by using specialized pulse
sequences designed to measure strain and generate
color-encoded strain maps superimposed on a static
anatomic image of the heart [18].

ED and end-systole (ES) were selected manually in all
slices according to the size of the myocardial cavity and the
color-coding of the images, representing the state of con-
traction (blue = contracting- yellow = relaxing). Epi- and
endocardial contours were drawn manually at ES, again
using the mitral valve annulus and apex as landmarks in
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the long-axis views and excluding the papillary muscles
and trabeculae from the LV cavity (Fig. 4). GLS and GCS
were automatically calculated for each view and then aver-
aged. No segments were excluded from analysis.

Late gadolinium enhancement

LGE images were acquired in the same long-axis planes as
the cine images and also in the short-axis slices covering
the entire LV, 5-10 min after the infusion of gadolinium
contrast (OmniscanTM or MultiHance TM, 0.05-0.1
mmol/kg, injected at 4 ml/s, IV), using a T1-weighted gra-
dient echo pulse sequence with a phase sensitive inversion
recovery reconstruction (TR=4.5ms; TE=22ms; TI=
250-300ms, flip angle 30°, flip angle 5°, voxel size=
2x2x10 mm, SENSE factor = 1-2, no gaps). An inversion
time scout sequence was used to select an inversion time
between 200 and 300 ms for optimal nulling of normal
myocardium. The presence of LGE was qualitatively eval-
uated by a clinical expert (Level II or III certified [21])
blinded to all strain results, but with access to patients’
clinical data, to identify areas of hyper-enhancement in
the myocardium consistent with either post-infarct scar or
cardiac involvement in infiltrative disease [22].

Reproducibility analysis
In a subset of 10 randomly selected patients, measure-
ments were repeated by the same observer, two weeks
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Fig. 4 Example of SENC (4-Ch, basal short axis) images, showing tracing contours, and corresponding strain curves in the same two patients a
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after the first analysis (to prevent recall bias) and by a sec-
ond independent observer for every modality and tech-
nique, all blinded to prior measurements and LGE findings.

Statistical analysis

All values were assessed for normality using the Shapiro-
Wilk test. Normally distributed data is expressed as
mean = SD, non-normally distributed data using median
and interquartile range (IQR). Linear regression and
Bland-Altman analyses were used to determine inter-tech-
nique agreement between STE, FT and SENC for GLS
and between FT and SENC for GCS. Intra- and inter-ob-
server variability was expressed in terms of intraclass-cor-
relations (ICC) and coefficients of variation (CoV).
Receiver operating characteristics (ROC) - curves were
generated to establish the relationship of each strain par-
ameter (STE-GLS, FT-GLS, FT-GCS, SENC-GLS, SENC-
GCS) to the presence of LGE and the area under curve
(AUC) was calculated. A Mann-Whitney test was con-
ducted to determine if strain values measured using each
technique, differed significantly between the patient
groups with and without LGE. Binary logistic regression
analyses were performed to determine the associations be-
tween strain measurements and the presence of LGE,
which was expressed in terms of odds ratios (OR). A p-
value of <0.05 was considered significant in two-tailed
tests. Variables that were significantly associated with LGE
presence were checked for collinearity by Spearman rank
correlations and entered into separate multivariate logistic
regression models for each technique to avoid overfitting
and identify strain parameters that were independently as-
sociated with LGE. Statistical analyses were conducted
using SPSS (Version 25.0, Statistical Package for the Social
Sciences (SSPS), International Business Machines, Inc.,
Armonk, New York, USA).

Results

The patient cohort included 15 patients with ischemic
heart disease, 33 patients with non-ischemic heart dis-
ease and two patients with clinical indications for CMR
but no cardiac diagnosis. The average time between
echocardiogram and CMR-exam was 8.5 + 9.8 days, with
35 patients (68.6%) scanned within the same week, and
the remaining 15 patients with 30 days. Strain was evalu-
able using all techniques in 44/50 (88%) patients. In four
patients, echocardiographic GLS could not be measured
for technical reasons related to image transfer, in one
patient FT-GLS and in another patient SENC-GLS could
not be determined due to insufficient image quality.
Table 1 shows the baseline characteristics, as well as
CMR and echocardiographic measurements. Analysis
time ranged from 3 to 5min for STE, 8—44 min for FT
(majority of time needed for GLS measurement), and 4—
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Table 1 Baseline Characteristics of the Patient Population (n =

50)

Age (years) 51+9
Female, n (%) 26 (52%)
Median (IQR) BSA (m?) 1.91 (1.71-2.06)
Ischemic heart disease, n (%) 15 (30%)
Non-ischemic heart disease, n (%) 33 (66%)

No cardiac diagnosis, n (%) 2 (4%)

LVEF (from CMR) (%) 56 (38-61)
Median (IQR) LVEDV Index (ml/m?) 87 (69-113)
Median (IQR) LVESV Index (ml/m?) 37 (30-56)
Average LV Mass Index (g/m?) 61.16 +24.95
LGE present, n (%) 22 (44%)

Median (IQR) GLS for Echo (n = 46) —158 (=189 to —12.1)

Median (IQR) GLS for FT (n=50) —154 (=184 to —10.6)

Median (IQR) GLS for SENC (n = 50) —149 (=193 to —11.1)

Median (IQR) GCS for FT (n =50) -143 (=183 t0 - 11.1)
(IQR)

Median (IQR) GCS for SENC (n = 50) —13.7 (=155 to - 10.8)

Abbreviations: BSA Body surface area, LVEF left ventricular ejection fraction,
LVEDV, LVESV left ventricular end diastolic/end systolic volume, LGE late
gadolinium enhancement, GLS global longitudinal strain

7 min for SENC. Both GLS and GCS values were similar
among the techniques used.

Figures 2, 3, 4 and 5 show examples of STE, FT, SENC
and LGE analyses of two patients: one patient with no car-
diac diagnosis (Figs. 2a, 3a, 4a and 5a) and another with a
cardiac manifestation of sarcoidosis (Figs. 2b, 3b, 4b and
5b). Compared to the former case (Figs. 2a, 3a and 4a),
the sarcoidosis patient had a peak GLS/GCS magnitude
that was lower, as depicted by the strain curves obtained
by all 3 imaging modalities/techniques (Figs. 2b, 3b and
4b). Figure 5 shows the corresponding LGE images of
these two patients, depicting diffuse, patchy enhancement
in most myocardial segments in the sarcoidosis patient
(Fig. 5b), while the ventricle of the other patient (Fig. 5a)
appears uniformly unenhanced.

Inter-technique agreement

Table 2 summarizes the results of inter-technique agree-
ment, including linear regression and Bland-Altman ana-
lysis. GLS measurements showed high levels of inter-
modality agreement, reflected by good correlations: r-
values of 0.71 and 0.75 between STE and FT and SENC,
respectively. The biases were small (all <1% in strain
units, corresponding to approximately 5% of the mean
measured value; NS) with limits of agreement of -7 to
8% in strain units (corresponding to approximately 30—
40% of the mean measured value), reflecting good inter-
technique agreement but possible discordance in some
individual patients. The agreement between the CMR
techniques (FT and SENC) was better for GLS than GCS
(r=0.81 vs 0.67) and a smaller bias (- 0.2 vs 1.0%).
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Fig. 5 Example of LGE (short axis, 4Ch) in the same two patients as in Fig. 2. The ventricle of the patient (a) appears uniformly unenhanced,
whereas in the sarcoidosis patient (b), there is diffuse, patchy enhancement in most myocardial segments

Reproducibility analysis

Intra- and inter-observer variability, for both GLS and
GCS, was very low for all modalities and techniques
tested, reflecting excellent reliability based on ICC values
of 0.86-0.99 and CoV 3-13% (Table 3). Regarding both
modalities and techniques, intra- and inter-observer
variability for GLS measurements were the lowest for
SENC, represented by the highest ICC and the lowest
CoV values. Concerning CMR-derived GCS, the intra-
observer variability between FT and SENC was similar,
while the inter-observer variability was lower for FT.

Association between strain and LGE

LGE was present in 22 (44%) patients. In 9/22 (41%) pa-
tients, LGE pattern was consistent with prior myocardial
infarction, in 13/22 (59%) patients, LGE pattern sug-
gested an underlying fibrosing, infiltrative (e.g. cardiac

Table 2 Results of the linear- regression and Bland-Altman
analyses to determine inter-technique agreement between the
different modalities and techniques

r p Bias (%) LOA (%) p
LV-GLS
Echo vs. FT 071 <0.001 09 -581t0 76 0.07
Echovs. SENC 075 <0001 06 -59t072 021
FT vs. SENC 0.81 <0.001 -0.2 -66t063 072
LV-GCS
FT vs. SENC 067 <0.001 1.0 5810738 0.05

amyloidosis) or inflammatory process (e.g. myocarditis),
recognized by the location (not matching with vessel ter-
ritories) and pattern (diffuse, patchy) of LGE.

Table 4 and Fig. 6 summarize median strain values of
patients with and without LGE and the results of the
Mann-Whitney test. Table 5 displays the results of the
ROC-analysis and the logistic regression. There was a
significant difference in strain between patients with and
without LGE when measured using FT or SENC, but
not with STE. Both SENC- and FT-derived GLS and
GCS were significantly associated with LGE, while STE
GLS was not. Irrespective of CMR-technique, the associ-
ation with LGE was stronger for GCS than for GLS and
STE GLS. Interestingly, CMR-derived GCS showed

Table 3 Results of the Reproducibility Analysis

ICC CoV

Intra-Observer Variability GLS STE 094 0.07 £ 0.05
FT 0.89 013 £0.12

SENC 0.99 0.04 £ 0.02

GCS FT 0.98 0.03 £ 0.03

SENC 0.98 0.05 £ 0.05

Inter-Observer Variability GLS STE 091 0.07 £ 0.08
FT 0.86 011 £0.19

SENC 0.99 0.03 £ 0.03

GCS FT 0.99 0.03 £ 0.03

SENC 0.94 0.08 £ 0.04
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Table 4 Median strain values, measured using each technique,
in patients without and with LGE and results of the Mann-
Whitney test
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Table 5 Results of ROC analysis and the univariate logistic
regression analysis, demonstrating the association between
strain measurements and LGE

Patients without LGE Patient group with LGE p

Echo-GLS —-160(-19.1t0 -127) —156(=179to-116) 0212
FT - GLS -173 (=188 1t0 —13.1) =125 (157 to =10.0) 0.003
FT - GCS -178 (=191 t0 =135) —120(-143t0 —9.10) <0.001
SENC-GLS -173(-202to—140) —135(-149t0—-102) 0010
SENC-GCS —-148 (-=175t0-129) —-124(-1381t0-890) <0.001

Data presented as median (interquartile range)

higher odds ratios than GLS, with SENC-derived GCS
having the highest OR value. The two separate multivari-
ate logistic regression models accounting for GLS and
GCS derived by FT and SENC (Table 6) showed that
GCS from either technique was a significant independ-
ent factor associated with presence of LGE over GLS.

Discussion

Echocardiography is typically the first imaging modality
used to assess LV function in clinical routine, due to its
low cost and widespread availability. In recent years,
GLS using STE has been increasingly considered as an
important parameter beyond the conventional measure
of EF. An important step to make STE-derived GLS part
of the clinical routine was the recent publication of a
consensus document to standardize strain measure-
ments [20]. Although several CMR-based strain meas-
urement techniques have been described, this
methodology has yet to be widely adopted into the clin-
ical realm, and there is no consensus on what the opti-
mal approach is. Similar to echocardiographic strain

1.0 | I
T
0.8
ul
E 0.6
2
o 04
)]
—STE-GLS
' —SENC-GCS
~—FT-GLS
FT-GCS
0.0 Reference Line
0.0 0.2 0.4 0.6 0.8 1.0
1 - Specificity
Fig. 6 Receiver operating characteristic (ROC)- curves depicting the
relationship between strain parameters and the presence of LGE

ROC analysis Univariate logistic regression

AUC  95% Cl p OR 95% Cl p
Echo-GLS 058 042-075 0346 1.09 0.95-1.24 0213
FT - GLS 067 052-083 0048 1.19 1.04-1.36 0.013
FT - GCS 0.77  062-091 0003 1.30 1.11-1.53 0.001
SENC-GLS 072 057-088 0011 1.18 1.04-1.34 0.010
SENC-GCS 078 064-091 0002 141 1.14-1.74 0.002

measurements, CMR strain also needs standardization
prior to widespread clinical use.

Our study was designed as a step in this direction by
comparing strain measurements obtained using the dif-
ferent modalities and techniques. In our study group: 1)
on the average, there was a good inter-modality agree-
ment between GLS from STE and CMR (both FT and
SENC) and the agreement between CMR techniques
was better for GLS than GCS; 2) in all comparisons, the
limits of agreement were rather wide, indicating possible
discordance in individual patients, 3) strain analyses, ir-
respective of modality or technique, were highly repro-
ducible; and 4) STE-GLS was not significantly associated
with LGE, whereas CMR-derived strain was, and the re-
lationship was stronger for GCS than for GLS.

The good inter-modality agreement between GLS
measured using CMR- and STE-derived strain is in line
with most previous studies [23-26], although there is no
consensus on this, as poor correlations have also been
described [27]. Of note, previous authors have reported
limits of agreement for both modalities and techniques
that were similar or wider than in our study, indicating
that inter-technique differences may be considerable in
individual patients [23, 25, 26]. We also observed inter-
technique agreement being higher for GLS than for
GCS. One factor that may be affecting inter-modality
and inter-technique agreement is the variability in strain
measurements between vendors, even when using the
same technique [28-31]. Also, intrinsic methodological

Table 6 Results of the multivariate logistic regression analysis
for FT (Model 1)- and SENC (Model 2)-derived GLS and GCS,
showing the strength of the association between strain
measurements and LGE

OR 95% Cl p
Model 1
FT - GLS 0.95 0.75-1.22 0.696
FT - GCS 135 1.01-1.81 0.041
Model 2
SENC - GLS 1.02 0.86-1.22 0.828
SENC - GCS 1.38 1.04-1.82 0.025
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differences may be an additional contributing factor. Im-
portantly, however, the low inter- and intra-observer
variability found in our study for both modalities and
techniques, is similar to previous studies [17, 23, 26, 27,
32, 33], confirming that myocardial strain derived by
both STE and CMR-techniques is highly reproducible.
From a clinical perspective, the high reproducibility im-
plies that strain techniques may be particularly valuable
in the follow-up of the course of a patient’s disease.
Nevertheless, it would be important to adhere to the
same technique and to refrain from using different mo-
dalities interchangeably. Although no variation in clinical
characteristics of the patients were noted between the
two exams, we could not rule out changes in strain re-
lated to different loading conditions during the CMR
and echocardiographic imaging, which were not per-
formed on the same day.

In our study group, CMR-derived strain was signifi-
cantly and independently associated with LGE, whereas
STE-GLS was not. This relationship was stronger for
GCS than for GLS. To our knowledge, this is the first
study to establish the association between strain parame-
ters and LGE for more than two modalities or
techniques in the same patient cohort. Although echo-
cardiography and CMR examinations were not per-
formed on the same day, it is unlikely that differences in
loading conditions alone could explain why CMR-de-
rived strain was more closely associated with presence of
scar than echocardiographic strain, because scar is not
load dependent and was most likely consistently present
during both examinations.

Moreover, our study group was composed of patients
with heart disease of ischemic and non-ischemic eti-
ology, unlike previous studies that focused on one spe-
cific diagnosis. Siegel et al. compared STE and FT in
patients with Duchenne muscular dystrophy, and re-
ported that, similar to our observation, FT was able to
demonstrate presence of LGE, whereas STE was not
[33]. However, their study used a small number of pa-
tients with a rare diagnosis. Altiok et al. only investi-
gated GCS by STE and SENC in a group of patients
with ischemic heart disease and concluded that both
modalities were significantly associated with LGE [12].
Several previous studies of STE-GLS reported an associ-
ation with LGE [11, 34, 35], which is contrary to our
findings. This is probably due to the differences in pa-
tient populations (e.g. percentage of patients with LGE
of ischemic origin) and the potential underlying differ-
ences in the prevalence, severity and specific patterns of
strain abnormalities, as well as differences in measure-
ment methodologies used.

When comparing the relationship with LGE for the
CMR-techniques, we found that they performed simi-
larly and that the relationship with LGE was stronger for
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GCS than for GLS, irrespective of the technique. Previ-
ous studies that investigated the association of CMR-de-
rived strain with LGE in patients with acute ischemic
heart disease also reported superior association for GCS
compared to GLS when using both SENC [1, 17] and FT
[14]. Up to this point, only a limited number of studies
with small patient cohorts focused on either non-ische-
mic heart diseases [36—38] or chronic infarctions [17,
39]. Further studies are needed to investigate the differ-
ences in strain behavior and the association between
strain and LGE in different patient populations.

Clinical implications

Our results show that abnormal GCS measured by
CMR-derived techniques indicates that LGE may be
present. This may be clinically important when contrast
use is problematic. Therefore, CMR may be useful in pa-
tients with suspected scar or other forms of myocardial
damage, even when LGE imaging cannot be performed.
Additionally, larger prospective studies to validate our
results, and standardization of CMR-derived strain tech-
niques are needed in order to facilitate the integration of
this approach into clinical routine.

Limitations

This is a retrospective study with the intrinsic limitations
of no fully standardized protocol of image acquisition,
resulting in variable image quality that may have affected
strain measurements. Also, this was a single-center study
with a relatively small sample size, which requires fur-
ther validation for the conclusions to be generalized.
One of the consequences of the small sample size was
that it did not allow us to include more than two vari-
ables in the multivariate logistic regression analysis.
Also, it would be interesting to compare patients with is-
chemic heart disease (focal LGE) and those with non-is-
chemic etiology (diffuse LGE). However, our
retrospective study was designed to include all patients
who underwent CMR with SENC and echocardiography
(within a month of each other) over a 1-year period,
resulting in a total of 50 studies suitable for analysis. Un-
fortunately, the number of patients in each of the above
two categories was too small to allow statistically mean-
ingful comparisons.

Because segmental strain is not a commonly used par-
ameter due to inferior reproducibility and inter-tech-
nique agreement compared to global strain [40, 41], we
focused only on global strain, which does not provide
information on the location of scar. Moreover, this as-
pect of our study was motivated by the fact that our
study included comparisons between two different CMR
techniques used in the same setting and same imaging
planes against echocardiography, which is a completely
independent imaging modality. Because spatial

51



Erley et al. Journal of Cardiovascular Magnetic Resonance

registration between modalities is a well-known prob-
lem, we felt that segmental comparisons would be un-
fairly —stacked against echocardiography because
potential segment misalignment would affect these com-
parisons more than comparisons of global strain. Fur-
thermore, intra-modality comparisons between SENC
and FT would not be feasible in all patients because im-
ages of the scar may not have been acquired in both the
long- and short-axis planes, which are utilized differently
by the two CMR techniques. Nevertheless, it would be
valuable to conduct analysis of regional strain in order
to determine whether strain can reliably detect the loca-
tion of scar, rather than its presence alone. In addition,
the relationship between quantitative burden of LGE
and strain was outside the scope of our study, which was
designed to primarily investigate the inter-technique
agreement and reproducibility of strain measurements.

Additionally, we did not include CMR-tagging in our
study, although it is the current reference standard for
strain measurements. Our study did not include tagging
because various studies have already reported FT and
SENC to be accurate compared to this reference [17, 42,
43], although the FT algorithm we used has not yet been
evaluated on a large scale and may differ from the algo-
rithms implemented in other software packages. We also
did not investigate displacement encoding with stimu-
lated echo (DENSE) strain imaging, although it would be
interesting to include this modality as well, because
there is no consensus in the literature regarding the level
of inter-technique agreement between FT, SENC, and
DENSE [41, 42].

Conclusion

We found good inter-technique agreement in strain
measurements between STE and CMR techniques and
among CMR techniques, with small biases but consider-
able limits of agreement, indicating possible discordance
in individual patients. Importantly, all strain measure-
ments were highly reproducible, irrespective of modality
or analysis technique. When measured by any technique,
CMR-GCS was the strain parameter most related with
LGE in our cohort and may potentially be considered as
a surrogate for LGE when contrast administration is
contraindicated.
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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—Universitats 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-
nique 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
* 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 1). 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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40 40
30 — 30
20 ? ? 20
10 % 10
0
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Table 1 Global strain values derived from different cardiovascular
magnetic resonance techniques

SENC

19.4 (17.1-20.7)
20.3 (16.5-22.3)

FT TAG

5(22.0-25.9) 14.9(11.8-16.9)
1(21.8-27.8) 17.8(16.4-19.5)

GLS (%) 2
2

3.
GCS (%) 26.

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.

FT vs TAG

(%)
20
Q
s
10
° P <0.001
Y = 0.6629°X + 1.062
0 10 20 30 (%)
FT
(%) FTvs TAG
20
SRR .. .. S L
~ ] Y
2 % o e Bias = 6.92
o ° °_®
= ° -1.96SD = 1.07
~ 04
"o 10 20 30 (%)

(FT + TAG)/2

SENC vs TAG

r=0.938
e P <0.001
Y =1.008"X - 2.301
10 20 30 (%)
SENC
SENC vs TAG
+1.96SD = 5.13

e ° Bias =2.15

°
LN
v ] ?% -1.965D = -0.83

) FT vs SENC %)
20 20
[}
: 2
« 10 10
r=0.903
P <0.001
Y = 0.6590°X + 3.293
0 0
0 10 20 0 (%) 0
FT
% FTvs SENC -
20 20
P " [0}
+1.96SD =989
2 10 oo, X 10
u 2 Bias=486 |
’; co L 4
£ o .96sp=-0.18 W
(™ . )
o 10 20 30 (%) -

(FT+ SENC)/2

10 20 30 (%)

(SENC + TAG)/2

ESC Heart Failure (2019)
DOI: 10.1002/ehf2.12576

58



P. Bucius et al.

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 3.1 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 43 0.99
Inter-study reproducibility
FT
GLS —0.69 4.7 10.8 0.91
GCS 0.37 35 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.zo'21 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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Effect of comprehensive initial
training on the variability of left
ventricular measures using fast-
SENC cardiac magnetic resonance
Imaging

Tomas Lapinskas®?’, Hanane Hireche-Chikaoui?, Victoria Zieschang?, Jennifer Erley?,

Christian Stehning?, Rolf Gebker'’, Sorin Giusca*, Grigorios Korosoglou*, Remigijus Zaliunas?,
Soren Jan Backhaus®8, Andreas Schuster®®9, Burkert Pieske'” & Sebastian Kelle'®’

Cardiac magnetic resonance (CMR) is becoming the imaging modality of choice in multicenter studies
where highly reproducible measurements are necessary. The purpose of this study was to assess the
effect of comprehensive initial training on reproducibility of quantitative left ventricular (LV) parameters
estimated using strain-encoded (SENC) imaging. Thirty participants (10 patients with heart failure
(HF) and preserved LV ejection fraction (HFpEF), 10 patients with HF and reduced LV ejection fraction
(HFrEF) and 10 healthy volunteers) were examined using fast-SENC imaging. Four observers with
different experience in non-invasive cardiac imaging completed comprehensive initial training course
and were invited to perform CMR data analysis. To assess agreement between observers, LV volumes,
mass, ejection fraction (LVEF), global longitudinal strain (GLS) and global circumferential strain (GCS)
were estimated using dedicated software (MyoStrain, USA). To test intraobserver agreement data
analysis was repeated after 4 weeks. SENC imaging and analysis were fast and were completed in

less than 5 minutes. LV end-diastolic volume index (LVEDVi), LVEF and strain were significantly lower
in HFpEF patients than in healthy volunteers (p =0.019 for LVEDVi; p=0.023 for LVEF; p = 0.004 for
GLS and p < 0.001 for GCS). All LV functional parameters were further reduced in HFrEF. Excellent
interobserver agreement was found for all LV parameters independently of the level of experience. The
reproducibility of LV mass was lower, especially at the intraobserver level (ICC 0.91; 95% CI 0.74-0.96).
LV volumetric and functional parameters derived using fast-SENC imaging, are highly reproducible.
The appropriate initial training is relevant and allows to achieve highest concordance in fast-SENC
measurements.

In addition to clinical signs and symptoms, a detailed assessment of structural and functional cardiac parameters
is considered to be essential and provides important diagnostic information in patients with heart failure (HF)"%
Over the past decade cardiac magnetic resonance (CMR) has evolved into the reference standard to assess car-
diac anatomy and function®*. Because of its excellent endocardial border definition, cine CMR imaging is the
accepted gold standard for quantification of ventricular volumes, mass and ejection fraction®°. While important

IDepartment of Internal Medicine/Cardiology, German Heart Center Berlin, Berlin, Germany. 2Department of
Cardiology, Medical Academy, Lithuanian University of Health Sciences, Kaunas, Lithuania. 3Philips Healthcare,
Hamburg, Germany. “Department of Cardiology and Vascular Medicine, GRN Hospital Weinheim, Weinheim,
Germany. *Department of Cardiology and Pneumology, University Medical Center, Georg-August University,
Goéttingen, Germany. SDepartment of Internal Medicine/Cardiology, Charité Campus Virchow Clinic, Berlin, Germany.
’DZHK (German Centre for Cardiovascular Research), Partner Site Berlin, Berlin, Germany. 8DZHK (German Centre
for Cardiovascular Research), Partner Site Gottingen, Gottingen, Germany. °Department of Cardiology, Royal
North Shore Hospital, The Kolling Institute, Northern Clinical School, University of Sydney, Sydney, Australia.
Correspondence and requests for materials should be addressed to T.L. (email: tomas.lapinskas@Ilsmuni.lt)

64

SCIENTIFIC REPORTS |

(2019) 9:12223 | https://doi.org/10.1038/s41598-019-48685-1



www.nature.com/scientificreports/

Fast-SENC Training Flowchart
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Figure 1. Fast-SENC training flowchart. Before starting the analysis of CMR data, observers acquired similar
comprehensive expert-guided training. The training consisted of a 2 to 4-hour training course designed to
provide the skills necessary to correctly use the software. After successful completion of the training course and
examination observers were allowed to start study data analysis.

achievements in CMR techniques have reduced total scan time, quantitative volumetric analysis has not changed
significantly and requires time and human resources”®.

Growing evidence suggests that conventional functional parameters such as left ventricular ejection fraction
(LVEF) may not be sensitive enough to detect subtle changes in ventricular function’. Tissue-tracking techniques
have enabled the non-invasive assessment of myocardial deformation and it appears that myocardial strain might
be a more robust marker of the failing myocardium'*-'% Strain-encoded magnetic resonance (SENC) imaging
was developed on the concepts of myocardial tagging and first described in 2001'°. In line with other tissue track-
ing techniques, SENC provides quantitative information about myocardial mechanics and has been validated and
applied in multiple experimental and clinical settings'*~'®. Fast-SENC technique is a real-time version of SENC
that has shortened the scan duration to a single heartbeat'”. The absence of contrast agent and free breathing
during data acquisition are important advantages that make the technique desirable in daily routine. Moreover,
recent achievements in fast-SENC data analysis tools have enabled quantification of conventional left ventricular
(LV) volumetric and functional parameters with excellent accuracy and minimal educational efforts'®.

More and more clinical decision making relies on CMR derived data'*-*!; hence, interobserver and intraob-
server variability may become an important source of bias. Although recommendations exist for CMR acqui-
sition*? and data post-processing?***, the lack of proper initial training of the observers may lead to significant
measurement variance which becomes more apparent in multicenter studies. Indeed, appropriate education*
as well as repeated measurements®” might improve interobserver reproducibility for volumetric and functional
measures of the left ventricle.

We set up this study to investigate the effect of comprehensive initial training on reproducibility of LV vol-
umes, mass, ejection fraction and strain derived using fast-SENC imaging. The main hypothesis was that appro-
priate initial training has an important impact in terms of cardiac imaging of the readers on the concordance of
measurements.

Materials and Methods

Study population. The study population comprised patients with heart failure and preserved LVEF (HFpEE,
n=10), reduced LVEF (HFrEE, n=10) and healthy volunteers (n = 10). The study complies with the Declaration
of Helsinki and was approved by the ethics committee board of the Charité-Universitatsmedizin Berlin. All par-
ticipants provided written informed consent before entering the study.
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Left ventricular volumetric and functional analysis performed by 4 different observers:

Short-axis at mid-ventricular level SENC image in Healthy Volunteer
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Figure 2. Example of fast-SENC images acquired in a healthy volunteer and uploaded into a dedicated
MyoStrain software. CMR images were derived in three long-axis and three short-axis views. Endocardial and
epicardial borders were traced at end-diastolic and end-systolic cardiac phases by four observers: CMR expert
(A,E) CMR beginner (B,F) echocardiography expert (C,G) and non-cardiac technician (D,H). CMR = cardiac
magnetic resonance; SENC = strain-encoded imaging.

CMR acquisition. All CMR studies were performed on a 1.5 T MRI scanner (Achieva, Philips Healthcare,
Best, The Netherlands) using a five-element phased array cardiac coil in supine position.

A previously described!” real-time free breathing SENC imaging technique (Myocardial Solutions, Inc.,
Morrisville, North Carolina, USA) based on the acquisition of two images with different frequency modulation
was employed. Images were taken in three different LV long-axis (two-, three- and four-chamber) and three
LV short-axis (at basal, mid-ventricular and apical level) views. The slices of different LV short-axis levels were
identified as follows: basal level slice was considered and used for quantitative analysis if complete LV myocar-
dium was visible throughout the entire cardiac cycle; mid-ventricular level slice was selected at the level of both
papillary muscles; and apical level slice was considered if blood pool was still visible throughout the entire cardiac
cycle (no obliteration of the LV cavity at end-systolic phase). Typical fast-SENC parameters were as follows:
field-of-view = 256 x 256 mm?, slice thickness = 10 mm, voxel size =4.0 X 4.0 X 10 mm?, single-shot spiral read-
out (3 interleaves) with acquisition time (TA) = 10 ms, flip angle = 30°, effective echo time (TE) = 0.7 ms, repeti-
tion time (TR) = 12 ms, temporal resolution = 36 ms, typical number of acquired phases =22, spectrally selective
fat suppression (SPIR), total acquisition time per slice < 1s.

Study observers. The four observers with different knowledge and experience in CMR imaging were invited
to perform analysis of acquired CMR data: (1) CMR expert (TL) (level 3 certified, performing routine clinical
CMR scanning and data post-processing for >5 years); (2) CMR beginner (VZ) (with basic knowledge and <3
months of experience in CMR imaging); (3) Echo expert (HHC) (level 3 certified, performing advanced echo-
cardiography studies including speckle tracking echocardiography in high-volume cardiovascular unit) and (4)
Non-cardiac technician (JE) (fully-trained radiographer without any experience in data post-processing).

Training protocol. Before starting the CMR data analysis, all observers were trained similarly by a repre-
sentative of the software company with an emphasis on possible sources of error. A Quick-Reference Guide was
given to each trainee before starting the training. The training consisted of a 2 to 4-hour training course designed
to provide observers with the skills necessary to correctly use the dedicated MyoStrain software (Fig. 1). A set of
8 cases was used during the training including different cardiac conditions (healthy, cardiomyopathies, ischemic
heart disease) and possible image quality issues (suboptimal field-of-view, patient movement or image artifacts)
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Left ventricularvolumetric and functional analysis performed by 4 different observers:

Short-axis at mid-ventricular level SENC image in Heart Failure with reduced LVEF Patient

CMR Expert CMR Beginner Echo Expert Non-Cardiac Technician

Figure 3. Example of fast-SENC images acquired in HFrEF patients and uploaded into a dedicated MyoStrain
software. Endocardial and epicardial borders were traced at end-diastolic and end-systolic cardiac phases

by four observers: CMR expert (A,E) CMR beginner (B,F) echocardiography expert (C,G) and non-cardiac
technician (D,H). CMR = cardiac magnetic resonance; SENC = strain-encoded imaging; HFrEF = heart failure
with reduced left ventricular ejection fraction.

LVEDVi (ml/m?) 87.80 £7.65 7520+ 11.66 133.74422.00 0.019 <0.001 <0.001
LVESVi (ml/m?) 34.71£5.35 33.42+7.38 100.314+26.51 0.579 <0.001 <0.001
LVEF (%) 60.41 £5.57 55.96 £3.40 25.64+10.45 0.023 <0.001 <0.001
LVMi (g/m?) 55.36+7.35 59.894+9.25 88.60+17.22 0.315 <0.001 <0.001
GLS (%) —20.4541.46 —18.924+0.84 —10.924+4.33 0.004 <0.001 <0.001
GCS (%) —21.25+1.19 —17.35+1.89 —11.8943.07 <0.001 <0.001 <0.001

Table 1. Comparison of LV volumes, mass, ejection fraction and strain parameters among healthy volunteers
and patients with heart failure with preserved (HFpEF) and reduced LV ejection fraction (HFrEF). Results
are reported as mean + standard deviation. LV =left ventricular; LVEDVi - left ventricular end-diastolic
volume index; LVESVi=left ventricular end-systolic volume index; LVEF = left ventricular ejection fraction;
LVMi = left ventricular mass index; GLS = global longitudinal strain; GCS = global circumferential strain;
HFpEF = heart failure with preserved ejection fraction; HFrEF = heart failure with reduced ejection fraction.

which may arise when using the software. Each trainee had a hands-on analysis session in a blinded manner with
personal feedback from the expert. Observers were instructed not to analyze if they thought image quality was
inadequate. After completion of the 8 cases, 2 additional datasets were provided and analyzed independently
from the expert. The analyses were collected and reviewed by the training site to ensure that measurements were
performed correctly. Estimates collected from these analyses had to fall within acceptable ranges. A written test
was also mandatory and comprised 50 questions covering cardiac anatomy, view identification and image quality
as well as identification of systolic and diastolic cardiac phases. A score of 80% or above on the written exam was
considered “passed”. After completion of the training course and positive feedback from the training site, observ-
ers were allowed to start study data analysis.
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Limits of

Mean difference + SD agreement ICC (95% CI)
Parameter CMR Expert vs. CMR Beginner
LVEDVi (ml/m?) 1.07£5.86 —10.42 to 12.56 0.99 (0.98 to 1.00)
LVESVi (ml/m?) 0.10+7.14 —13.89 to 14.09 0.99 (0.98 to 1.00)
LVMi (g/m?) —2.244+6.57 —15.13 to 10.64 0.97 (0.93 t0 0.99)
LVEF (%) 0.76+5.64 —10.30to 11.82 0.97 (0.94 t0 0.99)
GLS (%) —0.0240.39 —0.78 10 0.73 1.00 (1.00 to 1.00)
GCS (%) 0.2240.66 —1.07 to 1.52 0.99 (0.99 to 1.00)

CMR Expert vs. Echo Expert
LVEDVi (ml/m?) 3.29+5.89 —8.25t0 14.83 0.99 (0.96 to 1.00)
LVESVi (ml/m?) 1.45+5.24 —8.81to11.72 0.99 (0.99 to 1.00)
LVMi (g/m2) —2.3246.04 —14.16 10 9.51 0.98 (0.94 to 0.99)
LVEF (%) 0.07+4.23 —8.22t08.36 0.99 (0.97 t0 0.99)
GLS (%) —0.1340.50 —1.11t00.85 1.00 (1.00 to 1.00)
GCS (%) 0.1940.59 —0.96t0 1.33 1.00 (0.99 to 1.00)

CMR Expert vs. Non-Cardiac Technician
LVEDVi (ml/m?) 3.12+8.87 —14.27 t0 20.51 0.98 (0.95 t0 0.99)
LVESVi (ml/m?) 1.514+4.79 —7.88t010.90 1.00 (0.99 to 1.00)
LVMi (g/m2) 0.7547.40 —13.76 t0 15.25 0.97 (0.93 to 0.98)
LVEF (%) 0.3845.60 —10.60 to 11.35 0.98 (0.95 t0 0.99)
GLS (%) 0.254+0.43 —0.58 to 1.09 1.00 (0.99 to 1.00)
GCS (%) 0.1940.85 —1.47 to 1.85 0.99 (0.98 to 1.00)

Table 2. Bland-Altman analysis and ICC of pairwise comparison between study observers for LV volumes,
mass, ejection fraction and strain parameters (analysis of entire study population, n =30). Results are reported
as mean = standard deviation. ICC = intraclass correlation coefficient; CI = confidence interval; CMR = cardiac

magnetic resonance. Other abbreviations as in Table 1.

First Second Mean Limits of ICC

Par 1 ement ement | difference agreement (95% CI)

LVEDVi (ml/m?) 97.84+29.26 99.36£30.31 | —1.524+9.42 | —19.98 t0 16.95 0.98 (0.95 t0 0.99)
LVESVi (ml/m?) 56.05+34.16 60.38+£35.90 | —4.33+8.13 | —20.27to 11.60 0.98 (0.95 t0 0.99)
LVMi (g/mz) 70.19+£20.20 64.45+16.45 5.75+9.34 | —12.57 to 24.06 0.91 (0.74 t0 0.96)
LVEF (%) 46.58 +17.02 43.10+£17.01 3484476 | —5.85t012.81 0.97 (0.88 t0 0.99)
GLS (%) —16.74+5.03 —16.601-4.87 —0.144+9.11 | —1.93t0 1.65 0.99 (0.98 to 1.00)
GCS (%) —16.614+4.47 —16.28 +4.58 —0.33+0.95 | —2.19t0 1.54 0.99 (0.97 t0 0.99)

Table 3. Bland-Altman analysis and ICC of pairwise comparison to assess intraobserver agreement for LV
volumes, mass, ejection fraction and strain parameters (analysis of entire study population, n = 30). Results are
reported as mean =+ standard deviation. Abbreviations as in Table 1.

Image analysis. All fast-SENC images were uploaded from the MRI scanner and analyzed using dedicated
MyoStrain, version 4.2 software (Morrisville, NC, USA). LV end-diastolic (LVEDV), LV end-systolic volumes
(LVESV) and LV mass (LVM) were quantified using manual planimetry of the endocardial and epicardial surface
from three long-axis fast-SENC images and LVEF was calculated (Figs 2 and 3). The quality of the contouring was
evaluated by visually comparing the tracking process with the underlying myocardial motion. Papillary muscles
were considered part of the blood pool. LV volumes and mass were adjusted to body surface area. The LV longitu-
dinal and circumferential strain was extracted from three LV short-axis and three LV long-axis fast-SENC images,
respectively. The global strain values were calculated by averaging measurements obtained from 16 segments for
global longitudinal strain (GLS) and 17 segments for global circumferential strain (GCS).

Statistical analysis. Data were analyzed using IBM SPSS Statistics, version 21.0 software (SPSS Inc.,
Chicago, IL, USA) for Windows. Continuous variables were expressed as mean =+ standard deviation. The distri-
bution of continuous variables was assessed using the Shapiro-Wilk test and comparisons between groups were
performed with the 2-sample ¢ test and the Mann-Whitney U test where appropriate. Interobserver and intraob-
server variability was assessed by intraclass correlation (ICC) (2-way mixed model, absolute agreement between
single measurements) and Bland-Altman analysis*’. Agreement was considered excellent for ICC >0.74, good for
ICC 0.60-0.74, fair for ICC 0.40-0.59, and poor for ICC <0.40%. A p value of <0.05 was considered statistically
significant.
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Figure 4. Bland-Altman plots with limits of agreement (1.96 standard deviations) demonstrate the
interobserver agreement of fast-SENC for LVEDVi, LVESVi and LVMi. The middle-dashed line is the mean of
difference of measures. The upper and lower dotted lines are £1.96 standard deviation. SENC = strain-encoded
imaging; LVEDVi=left ventricular end-diastolic volume index; LVESVi=left ventricular end-systolic volume
index; LVMi = left ventricular mass index.

Ethics approval and consent to participate. The local ethics committee (Charité-Universitidtsmedizin
Berlin) approved the research and consent was obtained for all study participants.

Results

All study participants were able to complete the entire study protocol. SENC imaging and analysis was fast with a
15second scan time and a 3 to 5 minute post-processing time for complete quantitative assessment including LV
volumes, mass, ejection fraction and global longitudinal and circumferential strain.

There was no significant difference in LVESV and LVM indices between healthy volunteers and HFpEF
patients (p=0.579 for LVESVi and p = 0.315 for LVMi), while LVEDVi, LVEF and strain values were signif-
icantly lower in HFpEF (87.80 £ 7.65 ml/m? vs. 75.20 & 11.66 ml/m?, p = 0.019 for LVEDVi; 60.41 4 5.57% vs.
55.96 £ 3.40%, p = 0.023 for LVEF; —20.45 £ 1.46% vs. —18.92 £ 0.84%, p =0.004 for GLS and —21.25+1.19%
vs. —17.354+1.89%, p < 0.001 for GCS). All LV functional parameters were further reduced in HFrEF patients
compared with healthy volunteers or HFpEE. LV volumes and mass were significantly larger in HFrEF than in
other study subjects. Table 1 demonstrates fast-SENC derived parameters in the study population.

Excellent interobserver reproducibility was found for volumetric and functional LV parameters independently
of the previous reader’s experience. The least reproducible measure was LVMi with lowest agreement at intra-
observer level (ICC 0.91; 95% confidence interval 0.74-0.96) (intraobserver analysis was performed by CMR
beginner). Tables 2 and 3 summarize values for mean difference 4= SD, limit of agreement and ICC between study
observers for LV volumes, mass and function. Correspondingly, Bland-Altman plots for LVEF and strain are dis-
played in Figs 4 and 5. Bland-Altman plots for intraobserver reproducibility are depicted in Fig. 6.

Discussion

The current study was designed to test whether comprehensive initial training has more relevant impact on the
reproducibility of LV volumetric and functional parameters estimated using fast-SENC technique than observers
experience. Our data analysis demonstrated that:
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Figure 5. Bland-Altman plots with limits of agreement (1.96 standard deviations) demonstrate the
interobserver agreement of fast-SENC for LVEF, GLS and GCS. LVEF =left ventricular ejection fraction;
GLS = global longitudinal strain; GCS = global circumferential strain.

e LV volumetric and functional parameters can be precisely derived from fast-SENC images in a single short
data analysis session.

« Appropriate initial training is important and has impact on the concordance in measurements among observ-
ers independently of their previous experience.

o Excellent interobserver and intraobserver agreement is present for all quantitative LV parameters, especially
for GLS and GCS, whereas measures of LV mass appear less robust.

The assessment of LV function is probably the most important part of every cardiac imaging study. The major-
ity of clinical decision making algorithms largely rely on quantitative variables such as LVEF**~*, It has been
shown that this single measure is critical for diagnosis of HF and selection of optimal medical or device therapy™.
However, there is evidence that advanced measures of myocardial performance, such as strain or torsion, are bet-
ter predictors of outcome than LVEF or wall motion score index***. Tissue-tracking techniques such as speckle
tracking echocardiography, CMR tagging, displacement encoded with stimulated echoes (DENSE) imaging or
feature tracking appear very promising and have shown the ability to detect early changes in myocardial motion™.
Historically, CMR tagging was the first technique implemented for the analysis of myocardial deformation®’.
However, time-consuming data acquisition and analysis remain important limitations of this standard of refer-
ence technique®®*.

In 2001 Osman et al., proposed a new method for measuring the myocardial strain orthogonal to the imag-
ing plane, called SENC-MRI". The method required the acquisition of two images and allowed straightforward
and fast computation of longitudinal strain. Recent achievements in SENC technique have shortened the scan
duration to a single heartbeat and eliminated the demand of multiple breath-holds*. Fast-SENC was validated
against the conventional CMR tagging and excellent correlation between the methods was shown**2. The ability
to obtain accurate measurements in a short time is highly desirable, especially in severely ill patients and children.
We successfully completed image acquisition and data analysis in less than five minutes, while participants were
still in the MRI scanner. Such achievements make the implementation of this technique in the clinical realm very
promising.

The reliability and reproducibility of LV functional measures are of great importance for patient management,
therapy monitoring and outcome studies*’. A lower level of variability permits detection of smaller changes and
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Figure 6. Bland-Altman plots with limits of agreement show the intraobserver agreement of fast-SENC for
LVEDVi, LVESVi, LVMi, LVEE GLS and GCS. The middle-dashed line is the mean of difference of measures.
The upper and lower dotted lines are +-1.96 standard deviation. SENC = strain-encoded imaging; LVEDVi=left
ventricular end-diastolic volume index; LVESVi=left ventricular end-systolic volume index; LVMi = left
ventricular mass index; LVEF = left ventricular ejection fraction; GLS = global longitudinal strain; GCS = global
circumferential strain.

may reduce the necessary sample size for clinical trials***°. Neizel et al., evaluated interobserver agreement in

healthy volunteers and found very high reproducibility in SENC strain measurements (r = 0.87), which was supe-
rior to CMR tagging (0.81)*2. Hamdan et al., reported similar findings in healthy volunteers scanned ona 3.0 T
MRI system with ICC between observers and repeated studies ranging from 0.92 to 0.98". Our findings are in line
with the results of previous studies. We found excellent interobserver and intraobserver agreement of LV global
longitudinal and circumferential strain. Moreover, for the first time we demonstrated excellent interobserver
and intraobserver reproducibility of LV volumes and ejection fraction estimated using fast-SENC imaging. As
reported previously, the agreement of LV mass measurements was lower, especially at the intraobserver level (ICC
0.91; 95% confidence interval 0.74-0.96).

At present, CMR is becoming the imaging modality of choice in multicentric cardiovascular trials*’; therefore,
inter-institutional agreement of derived measures must be recognized as a relevant source of error. Sample size
calculation is an important aspect of study design and depends on the concordance of measurements. Much
attention has been attributed to CMR scanning and data analysis guidelines>->*. However, little is known on
whether knowledge, experience or appropriate initial training has more impact on the precision of measure-
ments. Beerbaum et al., investigated the impact of interobserver variance between the institutions for volumet-
ric and flow CMR data. Images were analyzed by experienced readers only. Inter-institutional agreement was
assessed before and after a dedicated training course. Interestingly, in patients, on transverse planes, variation
coefficient for LV volumes was significantly decreased by training (p < 0.007). For short-axis volumetry training
also resulted in narrower limits of agreement. The reproducibility did not improve significantly with training in
healthy volunteers. However, the highest variability after training in volunteers was found for LV mass (transverse
acquisition: 12-15%, short-axis acquisition: 9-12%)*.

In a recent study, Negishi et al. evaluated the role of experience in the precision and validity of strain meas-
urements derived using speckle tracking echocardiography. Their study revealed that although the group with
the highest level of experience achieved better agreement than those with no experience, the ICC of the inexpe-
rienced observers was still very high (0.996 vs. 0.975; p=0.0002)*. To examine the importance of initial training
we selected four study observers with different knowledge and experience background but provided comprehen-
sive and expert-guided training. Data analysis demonstrated that interobserver agreement was excellent inde-
pendently of readers’ expertise. Nevertheless, it should be noted that LV mass measurements were more variable,
especially at the intraobserver level (analysis performed by a CMR beginner), confirming that degree of experi-
ence might be also important and should not be underestimated. Despite higher variability, the concordance of
LV mass measurements is still clinically acceptable (ICC 0.91).

Our very recent study was conducted to evaluate the impact of proper training on the variability of myocardial
strain measurements derived using different commercially available CMR feature tracking software packages.
Study results demonstrated that dedicated training of the observer significantly improves reproducibility of LV
GLS and GCS™. Findings of this study are in line with previous studies and confirm that appropriate initial
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training might be more important to achieve highest concordance in CMR measurements. In the light of inad-
equate experience in CMR imaging fast-SENC technique would be highly desirable in non-expert CMR centers
where precise quantitative LV analysis could be performed rapidly even by unexperienced readers.

Limitations

Several limitations of the current study should be noted. First, the population of this study was relatively small.
Second, it was single center, single vendor, single software and single MRI lab protocol. Third, only fast-SENC
imaging was used to investigate the performance of observers without reflection of other CMR tissue tracking
techniques such as tagging, DENSE or feature tracking. We also did not compare fast-SENC images acquired by
MRI scanners of different vendors. Lastly, we did not assess the variability of measurements before the training
of the observers.

Conclusion

Excellent reproducibility of LV volumetric and functional parameters makes fast-SENC a reliable imaging modal-
ity for future studies. Although level of experience is important, it appears that appropriate initial training has
much more impact on the agreement of derived measurements. However, larger multicenter studies using MRI
scanners and software packages from different vendors are necessary to confirm our findings.

Data Availability
The datasets used and/or analyzed during the current study are available from the corresponding author on rea-
sonable request.
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