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Abstract

Objectives Our aim was to evaluate the inter-vendor reproducibility of cardiovascular MR feature tracking (CMR-FT) for the

measurement of segmental strain (SS) of the left ventricle (LV) as well as to test the accuracy of CMR-FT to detect regional

myocardial pathology.

Methods We selected 45 patients: 15 with normal CMR findings, 15 with dilated cardiomyopathy, and 15 with acute myocardial

infarction. Segmental longitudinal, circumferential, and radial strains were assessed with 4 different software. The inter-vendor

difference as well as intra- and inter-observer variability was investigated. Furthermore, the accuracy of CMR-FT for the

detection of structural (infarcted segments) as well as functional pathology (septal vs. lateral wall strain in left bundle branch

block) was tested.

Results Between vendors, there were significant differences in values for all strains (p < 0.001). The software using a non-rigid

algorithm for image registration and segmentation demonstrated the best intra- as well as inter-observer variability with interclass

correlation coefficient (ICC) > 0.962 and coefficient of variation (CV) < 24%. For infarct location, the same software yielded the

highest area under the curve values for radial and circumferential SS (0.872 and 0.859, respectively). One of the other three

software using optical flow technology performed best for longitudinal SS (0.799) and showed the largest differences in SS

between septum and lateral wall in the dilated cardiomyopathy group.

Conclusion SS values obtained by CMR-FT are not interchangeable between vendors, and intra- and inter-observer reproduc-

ibility shows substantial variability among vendors. Overall, the different packages score relatively well to depict focal structural

or functional LV pathology.

Key Points

* Segmental myocardial strain values obtained by CMR feature tracking are not interchangeable between different vendors.

* Intra- and inter-observer reproducibility shows substantial variability among vendors.

* Segmental myocardial strains measured by CMR feature tracking score relatively well to depict focal structural or functional
LV pathology.
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Introduction

The assessment of left ventricular (LV) function has moved
from simple measurement of volume changes to more ad-
vanced techniques, which tries to assess the intrinsic myocar-
dial contractility—i.e., myocardial strain—in order to be able
to accurately characterize cardiac mechanics. The measure-
ment of strain in a myocardial segment is defined as the per-
centage change from the initial dimension, in a given direction
(longitudinal, circumferential, radial) throughout the cardiac
cycle, and is widely used with 2D speckle tracking, in echo-
cardiography [1, 2].

Global longitudinal strain measurement has proven to yield
prognostic value [3-5] as well as the capacity to detect myo-
cardial dysfunction earlier than standard parameters of cardiac
function like ejection fraction [6, 7].

Although strain measurements have been proven to be ro-
bust, studies still show large inter-vendor variability [8—10]
hampering the clinical applicability and stressing the impor-
tance of standardization.

Cardiac magnetic resonance (CMR) is considered the gold
standard for evaluation of global ventricular function, in addi-
tion to its excellent capability to detect focal myocardial pa-
thologies such as necrosis and/or fibrosis. In analogy to car-
diac ultrasound, feature tracking (FT)-based software pack-
ages using routinely acquired steady-state free-precession cine
images have become available, allowing to quantify longitu-
dinal, circumferential, and radial myocardial strain [11, 12].
Whereas most vendors (e.g., TomTec, Medis, and Circle) use
optical flow technology to track “features,” i.e., ventricular
boundaries; others such as Medviso use non-rigid algorithm
for image registration and segmentation [13, 14]. In brief,
optical flow uses the difference in signal intensity between
myocardium and surrounding structures to compute myocar-
dial strain, whereas an elastic, non-rigid algorithm estimates
myocardial strain curves by computing inter-frame deforma-
tion fields between images using a B-spline tensor product
transform [14]. Although the number of papers investigating
the reproducibility of CMR-FT to assess global myocardial

strain is growing, only a few have assessed how well the
CMR-FT packages score to measure segmental myocardial
strain [10, 13, 15]. In a recent study by Bourfiss et al in pa-
tients with arrhythmogenic cardiomyopathy, large differences
and poor inter-vendor correlation were shown with regard to
segment RV strain [15]. The first aim of the present study was
to compare segmental LV values obtained by four different
commercially available CMR-FT packages studying a repre-
sentative study group, including patients with normal CMR
findings, patients with focal LV pathology (i.e., acute myocar-
dial infarction), and patients with diffuse LV pathology (i.e.,
dilated cardiomyopathy). The second aim was to test the ac-
curacy of the different CMR-FT software packages to detect
regional myocardial pathology.

Materials and methods

This study is a continuation of the paper recently published by
our group on the inter-vendor CMR-FT differences in global
strain measurements [10]. For the current study, we compared
four commercially available software packages, i.e., (a)
TomTec Arena (v. 1.3.0.124); (b) OStrain Medis (v. 2.0.12.0);
(¢) Circle cvi®? (v. 5.5), and (d) Segment Medviso (v. 2.0
R4988), which we will refer to as “TomTec,” “Medis,”
“Circle,” and “Medviso,” respectively.

Study population

The same data-set was used as we reported before on the inter-
vendor reproducibility of global LV myocardial strain [10]. In
summary, a CMR database search was conducted on studies
performed between 2016 and 2017, selecting those with a
good to excellent image quality and sinus rhythm.
Furthermore, 3 population groups were chosen, each com-
posed of 15 subjects, generating a total study population of
45 patients. The first group included patients with normal
CMR findings, i.e., LV ejection fraction > 50%, end-diastolic
LV wall thickness < 12 mm, and no myocardial enhancement
at late gadolinium enhancement imaging (control group). The
other two groups were comprised of patients with myocardial
pathology: a group of patients with dilated cardiomyopathy
(DCM group) and finally patients with reperfused acute ST-
elevation infarction (infarct group) (see Table 1). The CMR
studies in the infarct group were performed 3 +2 days (range,
2-7 days) after the acute event. Dilated cardiomyopathy was
defined as LV dilatation and dysfunction in the absence of
coronary artery disease or severe valvular disease. Nine pa-
tients from the DCM group had a left bundle branch block
(LBBB), with a mean QRS duration of 153 +20 ms. The
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Table 1 Clinical characteristics

and CMR findings for the three Controls, n=15 DCM, n=15 Infarct, n=15 p value
groups
Clinical characteristics
Age (years), mean+ SD 53+14 55+12 57+14 0.66
Male gender, n (%) 9 (60) 8 (53) 12 (80) 0.28
BSA (m?) 1.95+0.26 1.98+0.21 2.02+0.21 0.74
Heart rate (bpm) 67+15 69+11 75+9 0.21
Left bundle branch block, n (%) 0(0) 9 (60) 0(0) <0.01
Arterial hypertension, n (%) 2(13) 3(20) 11 (73)%P <0.01
Diabetes mellitus, 1 (%) 0 (0) 0 (0) 2 (13) 0.12
Dyslipidemia, n (%) 3 (20) 5(30) 10 (67) 0.03
Smoking, n (%) 427 3 (20) 9 (60) 0.05
CMR findings
LV EDV index (ml/m?) 80+ 14 165 +89¢ 85+ 14P <0.01
LV EF (%) 58+5 29+12¢ 39+8% P <0.01
LV mass index (g/m?) 51+14 91+31¢ 67+26C <0.01
LA area index (cm*/m?) 11+2 13+£3 1242 0.16
Asynchrony, 7 (%) 0 (0) 12 (80)° 0 (0)° <0.01
Number of LGE-positive 0 1.7+4.4¢ 57+1.9%P <0.01
segments, mean + SD
Infarct location - - Anteroseptal 60%
Inferior 33%

Lateral 7%

The p value shows the significance between the 3 groups obtained with ANOVA

€ Post hoc significant versus controls

P Post hoc significant versus DCM

DCM, dilated cardiomyopathy; SD, standard deviation; n, number of patients; BSA, body surface area; LV, left
ventricle; EDV, end-diastolic volume; EF, ejection fraction; LGE, late gadolinium enhancement

study was conducted in accordance with the Declaration of
Helsinki and was approved by the local research ethics
committee.

Image acquisition and analysis

All CMR studies were performed on a 1.5-T unit (Ingenia;
Philips Healthcare) by using commercially available CMR
imaging software, electrocardiographic triggering, and a
cardiac-dedicated phase-array coil.

For a detailed description of the image acquisition param-
eters, we refer to our paper on inter-vendor global strain mea-
surements [10]. Balanced steady-state free-precession breath-
hold cine images were acquired in the 3 long-axis views:
vertical and horizontal long-axes and left ventricular (LV) out-
flow tract view. Furthermore, after contrast injection, a set of
short-axis images with a between-slice gap of 2 mm,
encompassing the left ventricle entirely, was performed.

For the late gadolinium enhancement studies, a dose of
0.15 mL of gadobutrol (Gadovist; Bayer) per kilogram of
body weight was administered. At 10—15 min post-
contrast administration, T1-weighted three-dimensional
contrast-enhanced phase-sensitive inversion-recovery
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(PSIR) gradient-echo sequences were performed in cardi-
ac short-axis, vertical long-axis, and horizontal long-axis
view.

Standard image analysis for ventricular function, dimen-
sions, and mass was performed by an experienced observer
(MBP) utilizing commercially available software package
(ViewForum; Philips Medical Systems). The papillary mus-
cles were considered part of the LV cavity.

In the DCM group, the presence of apical rocking and
septal flash, which suggest asynchrony, were visually
assessed. Late gadolinium enhancement images were ana-
lyzed for the presence of myocardial enhancement, and the
number of segments was quantified using the 17-segment
classification as defined by the American Heart Association
[16].

LV myocardial feature tracking analysis

For myocardial feature tracking analysis, cine images were
uploaded in the different CMR-FT software packages. The
analysis of cine images was performed as recommended by
the different vendor user manuals. In a first step, in cardiac
short-axis, a basal, mid, and apical LV slice was defined for
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each patient which was used to measure segmental circumfer-
ential and radial myocardial strain (SCS and SRS, respectively).
Segmental longitudinal strain (SLS) tracing was performed in
vertical and horizontal long-axes and in the LV outflow tract
view. A 17-segment model of the LV was used. The software
reported the strain values for each segment after the tracings of
all 3 long-axis views were performed. Supplementary Table 1
shows the characteristics of tracings for the 4 vendors. All
CMR studies were analyzed by two skilled CMR readers
(M.B.P. and D.C.); one reader (M.B.P.) repeated the analyses
after an interval of 1 week. For segmental strain, the end-
systolic strains are reported for all vendors.

Statistical analysis

Statistical analysis was performed with SPSS Statistics soft-
ware version 25 (IBM SPSS, Inc.) and MedCalc version 1.8
(MedCalc Software bvba). Continuous variables are presented
as mean =+ standard deviation (SD). Categorical variables are
presented as numbers with percentages in parentheses.

The differences in clinical characteristics and CMR find-
ings among the three groups were tested with one-way analy-
sis of variance and post hoc unpaired ¢ test with the Bonferroni
correction.

Longitudinal Segmental Strain

T

M Medviso M Circle TomTec M Medis

| Medvisio | Circle | TomTec |
Gl #<0.001
p<0.001 p=0.914

p<0.001 p=0.35  p=0.40

The inter-vendor difference we assessed using repeated-
measures analysis of variance with the Bonferroni correction
for the post hoc pairwise comparison on the first readings of
the first reader (M.B.P.). In order to have a visual depiction of
the range of values obtained with all vendors, a Bland-Altman
analysis was used, comparing the measurements obtained for
each vendor to the mean of all vendors.

Intra-observer (2 readings) and inter-observer (two readers)
variability were assessed using interclass correlation coeffi-
cient (ICC) and coefficient of variation (CV). Reproducibility
was defined as poor (ICC < 0.4), good (0.4 < ICC <0.75), or
excellent (ICC > 0.75). The CV was calculated as the SD of the
differences between repeated analyses normalized to the mean
of the two values. The Bland-Altman analysis with 95% con-
fidence intervals was constructed in order to visualize inter-
and intra-observer variability.

Subgroup analysis was performed in the DCM group with
LBBB (i.e., 9/15 patients), to compare inter-vendor differences
in septal (antero- + inferoseptal wall) versus lateral wall
(antero- + inferolateral wall) strains and in the infarct group,
to compare strain values in segments with transmural enhance-
ment (late gadolinium enhancement > 75% of the wall width),
versus normal, non-infarcted segments. Our patient population
displayed mostly transmural infarcted segments, with only 1
segment showing isolated subendocardial scar, thus not

Circumferential Segmental Strain

: !1 |

-30

Strain (%)

® Medviso M Circle TomTec M Medis

[ Medvisio [ Circle | TomTec |
2N -
TomTec <0.001 =0.319
[Tomte: | -
p<0.001 p=0.173 p=1

Radial Segmental Strain

75

Strain(%)

B Medviso H Circle

 aEiE

TomTec M Medis

[ Medvisio | Circle ] TomTec |
 Circle R

p<0.001  p=0.001
DTl p<0.001 p=0.001 p=1

Fig. 1 Segmental strain values for the four vendors and all three strain types for the entire patient population. Bars show mean values. Error bars depict
standard deviation. The p values are obtained by pairwise comparisons after one-way ANOVA tests
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permitting further testing of the ability of FT to distinguish
degrees of transmurality. For this analysis, a repeated-
measures analysis of variance with the Bonferroni correction
for the post hoc pairwise comparison was used. The values
obtained for each vendor for normal versus pathologic seg-
ments were compared with paired ¢ tests. Receiver operating
characteristic (ROC) curves were constructed for patients of
the infarct group and the ability to discriminate transmural scar
from normal segments was tested among vendors using the
DeLong test.

A p value <0.05 was considered to indicate statistical
significance.

Results
Inter-vendor variability

Longitudinal, circumferential, and radial segmental strain
measurements showed significant inter-vendor differences
(p<0.001, p=0.005, and p <0.001, respectively) (Fig. 1).
Medviso consistently exhibited the lowest mean values in all
strain directions, while TomTec and Medis displayed similar
results for all measurements.

The Bland-Altman plots comparing the different vendors to
the mean of all vendors are depicted in Fig. 2. Medis and
TomTec demonstrated the narrowest confidence interval (CI)
for SLS, while Medviso performed best with SRS, all these 3
vendors having similar CI when compared with the mean of
all vendors for SCS. Circle displayed a wide CI for all three
strain types measured.

Intra-observer and inter-observer reproducibility

Medviso demonstrated excellent intra- and inter-observer re-
producibility for longitudinal circumferential as well as radial
strain (ICC >0.955) (Fig. 3a, b). TomTec and Medis also
presented very good results, especially for longitudinal and
circumferential strain (ICC values >0.910 and > 0.930, re-
spectively). Circle exhibited lower, but still good intra- and
inter-observer reproducibility (ICC > 0.715) but a high coef-
ficient of variability (up to 109%) (see Table 2). To better
appreciate the reproducibility for segmental strain analysis
throughout the left ventricle, we looked at the results per level,
i.e., base (segments 1-6), mid (segments 7—12), and apical
(segments 13—16) (Table 3). These results per level are highly
consistent with the results for the entire left ventricle as men-
tioned above.

Medviso Circle Tomtec Medis
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Fig. 2 Bland-Altman plots constructed for each vendor compared with
the mean of all vendors, for all the three strain types. The horizontal green
line depicts the mean; the 2 red lines depict the upper and lower limits of
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Fig. 3 a Bland-Altman plot of intra-observer reproducibility, for all three
strain types. The horizontal green line depicts the mean; the 2 red lines
depict the upper and lower limits of agreement (+ 1.96 SD and — 1.96,
respectively). b Bland-Altman plot of inter-observer reproducibility, for
all three strain types. The horizontal green line depicts the mean; the 2 red

O DCM

lines depict the upper and lower limits of agreement (+ 1.96 SD and —
1.96, respectively). SLS, segmental longitudinal strain; SCS, segmental
circumferential strain; SRS, segmental radial strain; DCM, dilated
cardiomyopathy
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Table 2 Inter- and intra-observer

reproducibility for the entire left Strain Software Inter-observer agreement Intra-observer agreement
ventricle
ICC 95% CI CV (%) ICC 95% CI CV (%)
SLS Medviso 0.962 0.955-0.968 24 0.974 0.969-0.977 20
Circle 0.726 0.677-0.767 70 0.821 0.790-0.848 59
TomTec 0.910 0.888-0.927 31 0.923 0.909-0.934 30
Medis 0.925 0.913-0.935 27 0.946 0.937-0.953 23
SCS Medviso 0.975 0.971-0.978 19 0.978 0.974-0.981 18
Circle 0.715 0.668-0.755 109 0.846 0.820-0.868 90
TomTec 0.930 0.919-0.939 27 0.940 0.930-0.948 25
Medis 0.933 0.922-0.942 27 0.937 0.926-0.946 26
SRS Medviso 0.986 0.983-0.988 16 0.988 0.986-0.990 15
Circle 0.814 0.784-0.840 72 0.896 0.879-0.910 59
TomTec 0.855 0.832-0.875 49 0.821 0.792-0.846 53
Medis 0.812 0.767-0.846 54 0.837 0.812-0.860 53

ICC, interclass correlation coefficient; CI, confidence interval; CV, coefficient of variation; SLS, segmental lon-
gitudinal strain; SCS, segmental circumferential strain; SRS, segmental radial strain

Detection of focal myocardial pathology

All vendors displayed significant differences in segmental
strain values between pathologic and normal segments (i.e.,
infarct group) and between septal and lateral strains in LBBB
patients. The only exception was for SLS obtained by
Medviso in the LBBB group (see Supplementary Tables 2
and 3). Circle showed the highest difference between normal
and pathologic segments. Between vendors, there were signif-
icant differences in SLS, SCS, and SRS when measuring
strain in infarcted versus normal segments (Fig. 4). The same
was observed for strain measurement of the septal and lateral
wall in patients with left bundle branch block (Fig. 5).

Infarct detection ability as shown by the ROC analysis
showed moderate specificity and sensibility for longitudinal
strain, but acceptable performance for circumferential and ra-
dial strain (see Fig. 6). Circle demonstrated significant better
area under the curve (AUC) values than TomTec and Medis
for longitudinal strain (0.799 versus 0.614 and 0.636, respec-
tively). Medviso performed better than Circle for circumfer-
ential strain (AUC 0.859 versus 0.793). For radial strain, there
was no significant inter-vendor difference in scar detection
(values ranging from 0.810 to 0.872).

Discussion

The scope of the study was to assess how well the current
commercially available software packages for CMR-FT per-
form to assess segmental LV strain in a selected group of pa-
tients with normal CMR findings or known with focal or with
diffuse LV pathology. For this study, the same data-set was
used as we reported before on the inter-vendor reproducibility
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of global LV myocardial strain [10]. The present study results
show substantially higher CV and lower ICC values for all
vendors when it comes to segmental strain analysis.
Importantly, as mentioned for global strain analysis as well,
segmental strain values are not interchangeable between ven-
dors, and reproducibility is strongly influenced by the software
package used for segmental strain analysis, regardless whether
the results are expressed for the left ventricle or per level. With
regard to the depiction of focal structural or functional LV
pathology, however, most software packages perform reason-
ably well.

Although there are a fair number of publications on the
CMR-FT reproducibility of global myocardial strain, studies
on segmental strain are sparse. Kempny et al reported poor
intra-observer agreement of segmental LV and right ventricu-
lar strain in a group of tetralogy of Fallot patients and normal
volunteers using TomTec software with a CV of 29.6% for
SLS, 23.7% for SCS, and 36.7% for SRS [17]. On the other
hand, a study by Schmidt et al assessing patients with acute
myocarditis and normal volunteers—also using similar
software—showed good intra- and inter-observer reproduc-
ibility (ICCs range, 0.81-1.00 and 0.66—0.93, respectively)
for longitudinal and circumferential strain but poor agreement
for radial strain [18]. Only one study so far has assessed inter-
vendor agreement for segmental myocardial strains, reporting
low ICC values (0.373) for RV segmental strains in patients
with preclinical arrhythmogenic right ventricular dysplasia/
cardiomyopathy [15].

In a direct comparison with global strain reproducibility
[10], segmental strain reproducibility is rather poor, i.e., CV
15-90% versus 2.8-27.7% and CV 16-109% versus 4.0—
28.8% for intra- and inter-observer reproducibility, respective-
ly. Moreover, these findings are consistent when the strain is
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Table 3 Inter- and intra-observer
reproducibility per LV level: base Region Software Inter-observer agreement Intra-observer agreement
— mid — apex
Icc 95% C1 CV (%) IcC 95% C1 CV (%)
Longitudinal segmental strain
Base Medviso 0.936 0.919-0.950 -23 0.965 0.955-0.972 —-16
Circle 0.750 0.672-0.809 -70 0.868 0.829-0.899 —62
TomTec 0.900 0.872-0.921 -32 0.902 0.874-0.923 —-31
Medis 0914 0.890-0.932 -28 0.949 0.935-0.960 -22
Mid Medviso 0.965 0.955-0.972 —21 0.968 0.960-0.975 -19
Circle 0.647 0.534-0.733 -6l 0.791 0.725-0.841 =51
TomTec 0.898 0.869-0.920 —-31 0.926 0.905-0.942 -28
Medis 0.905 0.879-0.925 -27 0.932 0.914-0.947 -23
Apex Medviso 0.975 0.967-0.981 -18 0.976 0.968-0.981 -17
Circle 0.765 0.679-0.827 —66 0.775 0.695-0.835 —60
TomTec 0.949 0.931-0962 -20 0.946 0.928-0.960 -18
Medis 0.955 0.942-0.966 —-25 0.958 0.946-0.968 —24
Circumferential segmental strain
Base Medviso 0.970 0.962-0.977 - 18 0.971 0.963-0.977 -19
Circle 0.701 0.615-0.768 —111 0.854 0.812-0.887 -85
TomTec 0.919 0.897-0.937 —26 0.923 0.901-0.939 —-25
Medis 0.912 0.888-0.931 -25 0.926 0.906-0.942 —24
Mid Medviso 0.980 0.974-0.984 —16 0.983 0.978-0.986 -17
Circle 0.704 0.622-0.768 -95 0.834 0.788-0.869 -92
TomTec 0.930 0.911-0.945 —28 0.937 0.921-0.951 -25
Medis 0.934 0.916-0.948 -27 0.937 0.920-0.951 -25
Apex Medviso 0.974 0.965-0.981 —24 0.978 0.970-0.984 -22
Circle 0.763 0.677-0.826 -84 0.846 0.790-0.887 —-76
TomTec 0.936 0.914-0.952 -27 0.955 0.939-0.966 -25
Medis 0.949 0.932-0.962 -25 0.949 0.932-0.962 -23
Radial segmental strain
Base Medviso 0.984 0.979-0.987 17 0.981 0.976-0.985 14
Circle 0.776 0.713-0.825 81 0.891 0.861-0.915 68
TomTec 0.865 0.828-0.894 53 0.820 0.771-0.859 57
Medis 0.852 0.811-0.884 45 0.805 0.752-0.847 50
Mid Medviso 0.990 0.987-0.992 11 0.992 0.990-0.994 12
Circle 0.824 0.776-0.862 66 0.880 0.847-0.905 67
TomTec 0.839 0.795-0.873 52 0.811 0.759-0.851 56
Medis 0.788 0.731-0.833 57 0.872 0.837-0.899 51
Apex Medviso 0.983 0.977-0.987 19 0.989 0.985-0.992 17
Circle 0.871 0.826-0.904 50 0.921 0.894-0.941 41
TomTec 0.859 0.811-0.895 45 0.840 0.785-0.881 49
Medis 0.822 0.761-0.868 51 0.841 0.786-0.882 51

ICC, interclass correlation coefficient; CI, confidence interval; CV, coefficient of variation; SLS, segmental lon-
gitudinal strain; SCS, segmental circumferential strain; SRS, segmental radial strain

Base segment, S1-S6; mid segment, S7-S12; apex segment, S13-S16

assessed per LV level, i.e., base/mid/apex. Software packages
that perform well for global strain analysis yield the best re-
sults for segmental strain analysis as well. Overall, Medviso
performed the best, with an acceptable CV, especially for ra-
dial strain, i.e., CV of 15% and 16% for intra- and inter-

observer reproducibility, respectively. TomTec and Medis
showed reasonable CVs in line with previous reports, except
for radial strain with CV values around 50%. Circle performed
less well for segmental strain analysis with high CV values for
all segmental strains. As discussed before, part of the observed
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differences is likely related to the software algorithm used for
strain analysis, i.e., optical flow technology versus non-rigid,
elastic algorithm. The lack of clear reference points—such as
provided with myocardial tagging—hampers reliable tracking
of regional deformation, and apparently the Medviso software
is currently the most reliable with regard to this issue. As
TomTec and Medis both use Advanced Medical Imaging
Development software for CMR-FT, this likely explains the
similarity in performance. Circle shows modest reliability and
a high coefficient of variation, which were not noted for global
strain. The widest confidence interval when compared with
the mean of all vendors also suggests higher dispersions of
values. This may be due to the fact that one can correct the
tracings in all time frames, resulting in a more genuine track-
ing but inducing high variability between measures. We re-
ported before the most contour corrections for Circle software
[10].

The second aim of this study was to look at the discrimi-
native power of segmental strain analysis, by selecting a group
of patients with focal myocardial pathology, as well as patients
with ventricular dyssynchrony due to LBBB. Our findings are
in line with previous work. For instance, in patients with acute
myocardial infarction, Khan et al reported an AUC of 0.772
and 0.572 for SCS and SLS, respectively [19]. Moreover,
Schneeweis et al demonstrated a good performance of SCS
for the detection of significant coronary artery disease during
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dobutamine stress testing [20]. Also, in patients with preclin-
ical arrhythmogenic right ventricular dysplasia/cardiomyopa-
thy, segmental strain measured by CMR-FT demonstrated a
good discriminative ability to distinguish regional myocardial
pathology [15]. Remarkably, in the present study, SRS and
SCS performed better than SLS to detect infarcted segments.
These values are in line with a recent inter-vendor study on the
accuracy of longitudinal strain using echocardiographic
speckle tracking to detect myocardial scar (i.e., AUC 0.74—
0.83 compared to AUC 0.61 to 0.80 in our study) [21]. To
assess how well the software packages perform to detect seg-
mental strain differences in patients with inhomogeneous
myocardial workload, we compared the strain differences in
the septal and lateral LV wall in the subgroup of DCM patients
presenting LBBB [22]. Indeed, in this small subgroup of 9
patients, we found significant differences in myocardial strain
between the septal and lateral LV wall, suggesting that CMR-
FT may be used to depict ventricular dyssynchrony. Circle
consistently yielded the largest difference in strain values be-
tween the septal and lateral wall. The slight superiority shown
in pathology detection for Circle may be explained by the
large range of values but comes at the cost of a large amount
of tracing correction and lack of reproducibility. This apparent
superiority of Circle to the other software packages to discrim-
inate focal LV pathology, however, needs some consider-
ations. Remarkably, in the infarcted myocardium, Circle
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Fig. 4 Segmental strain values for normal versus infarcted segments in the infarct group. Bars show mean values. Error bars depict standard deviation.
The p values are obtained by pairwise comparisons after one-way ANOVA tests
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Fig. 5 Segmental strain values for septum versus lateral wall segments in patients with left bundle branch block. Bars show mean values. Error bars
depict standard deviation. P values are obtained by pairwise comparisons after one-way ANOVA tests. Lat Wall, lateral wall

yields overall positive circumferential strains—i.e., systolic ~ circumferential septal stretch of 10.2% which does not seem
infarct bulging—which may be found in severe myocardial ~ realistic as most DCM patients had moderate to severe LV
infarctions but in most infarcts, some circumferential strainis  dilatation and dysfunction but not extreme forms. Again, the
still preserved as shown by the three other vendors. A similar ~ values obtained by the three other vendors seem more
finding in the DCM group where Circle shows a mean  realistic.
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The lack in discriminative power with regard to longitudi-
nal strain in the DCM group for Medviso may be related to the
overall lower strain values obtained by the non-rigid elastic
algorithms, compared with the algorithms based on optical
flow technology.

In addition to the limitations we mentioned in the paper on
global strain reproducibility [10], with regard to segmental
strain analysis, we would like to mention that part of the ob-
served differences between vendors, readers or readings may
be related to the differences how the 17 segments were de-
fined. Small differences in segment definition may impact
significantly reproducibility. Of all strains, apparently the ra-
dial strain is the most difficult to reproducibly measure for
most software. The most likely explanation is that systolic
strain in radial direction (i.e., systolic wall thickening) is in
the order of millimeters. For instance, a myocardial wall with
an end-diastolic wall thickness of 8 mm, thickening 50% dur-
ing systole, means 4 mm in absolute values. With the current
spatial resolution of CMR cine sequences, this makes strain
assessment likely more challenging than in longitudinal or
circumferential direction where strains are measured over a
longer distance. Finally, although the subgroup of DCM pa-
tients with LBBB contained only nine patients, in each patient,
we compared SS of the 6 septal segments with the 6 lateral
segments, making a total of 54 septal and 54 lateral segments.

In conclusion, taking into account the moderate to high
variability in segmental strain values with current CMR-FT
packages, assessment of segmental myocardial LV strain re-
mains challenging. Nevertheless, these packages have the rea-
sonable discriminative ability for depicting regional pathology.
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