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Abstract

Purpose Strain quantifies myocardial deformation. Despite its high diagnostic value, strain analyses using cardiovascular
magnetic resonance (CMR) feature tracking (FT) have not been fully implemented into clinical routine due to lack of
information on reproducibility. The purpose of this study was to assess the comparability of cardiovascular magnetic resonance
CMR FT strain and ejection fraction (EF) measurements, obtained from different MR scanners and analyzed using different
software platforms.

Methods CMR examinations were performed in 15 healthy volunteers using three different scanners (German Heart Center
of the Charité, Charité Campus Berlin Buch, and Theresien-Hospital Mannheim). FT was performed using Medis Suite and
Circle CVI. Inter-software/scanner agreement was determined using Bland—Altman plots, Wilcoxon test, and paired Student’s
t test. Intra-/inter-observer reproducibility was evaluated using intraclass correlation coefficients.

Results Left ventricular (LV) global longitudinal (GLS) and circumferential (GCS) strain did not differ between the three
centers (small bias of — 1.27 to 1.32% for GLS and 0.91 to 0.69% for GCS). Inter-scanner agreement was lower regarding LV
global radial strain (GRS) (bias of — 2.29 to 4.53%) and good for LV EF (bias of — 0.59 to 0.94%). Inter-software agreement
was low for GLS (bias of — 5.72 to — 4.59%), GCS (— 1.13 to — 1.55%), and GRS (18.34 to 19.83%), with higher GLS/GCS
and lower GRS values in CVI than Medis. LV EF showed better inter-software agreement (biases of — 0.07 to 0.06%). Intra-
and inter-observer reproducibility was good for strain measurements across all scanners (bias of — 0.01 to 2.05 and 0.22 to
1.92, respectively) and software packages (ICC 0.70 to 0.90 and 0.51 to 0.89, respectively).

Conclusion Inter-scanner reproducibility for CMR FT measurements was high for GLS and GCS, suggesting potential use
in routine CMR examinations. However, strain values between the two software vendors (CVI and Medis) were significantly
different, indicating the need for standardization and implementation of software-specific cutoff values.
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GRS Global radial strain

STE Speckle tracking echocardiography

SENC Strain-encoded magnetic resonance imaging
DENSE  Displacement encoding

FT Feature tracking
SSFP Steady-state free precession

Introduction

Myocardial strain has been established as a cardiac param-
eter of important value in clinical practice for quantification
of cardiac function. In echocardiography, speckle tracking
(STE) has been verified for the evaluation of myocardial sys-
tolic and diastolic function, analysis of left ventricular (LV)
and right ventricular (RV) wall deformation, and assessment
of heart failure stages [1, 2]. Cardiac magnetic resonance
(CMR) imaging is currently the gold standard for measuring
parameters such as mass, volumes, diameters, and ejection
fraction (EF) [3]. Using CMR, strain can be determined with
different techniques, such as strain encoding (SENC) [4],
displacement encoding [5], feature tracking (FT) [6] and tag-
ging [6, 7]. Depending on the technique employed for strain
analyses, various post-processing software can be used for
strain quantification [8]. Compared to the other techniques,
FT does not require the acquisition of additional sequences,
as it can be derived from routinely acquired cine steady-state
free precession (SSFP) images [8]. Thus, it allows retrospec-
tive strain analyses using previously acquired CMR scans.
Moreover, the cine SSFP sequence is available on all car-
diac scanners, irrespective of scanner manufacturer and field
strength.

In comparison with STE, CMR-based strain analysis has
not been implemented into routine clinical examinations
yet. One of the reasons for the limited use of CMR-based
strain in clinical routine could be uncertainty regarding the
comparability of strain measurements determined at differ-
ent sites with varying scanners, techniques, and software.
While the inter- and intraobserver variability, as well as the
inter-software variability of strain measurements, has been
assessed before for STE [9, 10] and FT [11, 12], the vari-
ability of FT measurements acquired using MR scanners of
different manufacturers has not been investigated yet to our
knowledge.

Hence, this prospective multicenter study aimed to exam-
ine the inter-scanner and inter-software agreement of FT
strain measurements, quantified with two different post-
processing software (Circle CVI and Medis Suite) using
scans from healthy volunteers at three sites equipped with
3 Tesla (T) scanners from different manufacturers.
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Methods
Study population

The study population consists of a group of 15 healthy
volunteers (the “traveling volunteers”) with no contraindi-
cations for CMR imaging [13]. All volunteers signed 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
atthe German Register for Clinical Studies (DRKS) (registra-
tion number: 00013253) and the World Health Organization
(WHO) (universal trial number (UTN): U1111-1207-5874).
Results from this group of subjects, not interfering with
the data of this study, have already been published before
[14-16].

Cardiac magnetic resonance imaging

The CMR imaging steps have been thoroughly described in
a previous traveling volunteer publication of our group [15].
In summary, three scans were performed in each volunteer
using three different 3 T 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 Health-
care, Milwaukee, WI, USA). CMR examinations took place
within five months at: the German Heart Institute Berlin (cen-
ter 1), the Theresien-Hospital Mannheim (center 2) and the
Max-Delbriick Center for Molecular Medicine (MDC) in col-
laboration with Charité University Medicine Berlin-Campus
Buch (center 3), each equipped with one of the above-listed
scanners [15]. A visualization of the study design can be
found in Fig. 1.

Data analysis

CMR images were analyzed by two different, blinded
observers using two different software: Medis Suite™
(Medis), version 3.1 (Leiden, The Netherlands) and Circle
CVI42™ (CVI), version 5.13 (Circle Cardiovascular Imag-
ing Inc., Calgary, AB, Canada). Exemplary images of the
long-axis (LAX) 4-chamber view (4CH) at end-diastole (ED)
during post-processing using both software can be found in
Fig. 2.

Statistical analysis

The distribution of numerical values has been assessed
for normality using the Shapiro-Wilk test. Normally dis-
tributed data are expressed as mean + standard deviation,
non-normally distributed data using median and interquar-
tile range (IQR). Inter-software agreement between Medis
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and CVI was determined using the Bland-Altman analy-
sis. Wilcoxon test (for non-normally distributed parameters)
and paired Student’s t test (for normally distributed param-
eters) were calculated to determine if differences in strain
values between the centers were significant. Intra- and inter-
observer reproducibility were determined using intraclass
correlation (ICC). 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 [17, 18]. All val-
ues are expressed using p values and confidence intervals. A
p value of < 0.05 was considered significant in two-tailed
tests. Data were analyzed with SPSS (version 26, Statisti-
cal Package for the Social Sciences, International Business
Machines, Inc., Armonk, New York, USA) and GraphPad
Prism software (version 9.0.0, GraphPad Software, Inc., La
Jolla, California, USA).

Results

We were able to include scans from all 15 volunteers at the
three different centers in our measurements, resulting in 45
scans in total. The volunteers were 24 (£ 5) years old with
a body mass index (BMI) of 22 (£ 2). Their blood pressure
was within the normal range (124 (£ 17)/68 (& 10) mmHg
before the scans), and all volunteers presented a normal EF
(61 (£ 3)) %, without wall motion abnormalities or valvular
dysfunction. The baseline characteristics of the volunteers
have already been published in detail in a previous traveling
volunteer study by Erley et al. (16).

Inter-scanner agreement

Table 1 shows the functional/structural CMR parameters and
strain values, determined at the different centers using the
two post-processing software. Table 2 shows the results of
the Bland-Altman analysis. Figure 3 demonstrates the mean
strain values and mean LV EF at the different centers, deter-
mined using different post-processing software. Mean LV
EF, LV global longitudinal strain (GLS), LV circumferential
strain (GCS), and LV radial strain (GRS) did not differ sig-
nificantly between the three centers and software with the
exception of GRS in CVI (p values of 0.3, 0.9, 0.17, and
0.2 for Medis and 0.53, 0.11, 0.4 and 0.01 for CVI, respec-
tively). This is also reflected by small biases of (— 0.13 to
0.24% [limits of agreement (LOA) — 4.36 to 4.83] (Medis)
and — 1.27 to 1.32% [— 5.85 to 6.38] (CVI) for GLS; —
0.91-0.69% [— 4.72 to 4.47] (Medis) and — 0.54 to 0.26%
[— 5.13 to 5.10] (CVI) for GCS (Table 2)). In comparison
with this, the bias and LOA were considerably larger for GRS
(— 0.80t02.94% [— 13.72 to 14.59] (Medis) and — 2.29 to
4.53% [— 12.83 to 14.51] (CVI). The GRS measurements
obtained with CVI at center 2 and center 3 showed the great-
est difference (33.91 £ 6.17 at center 2 versus 29.38 4+ 4.24
at center 3, p = 0.02).

RV free wall strain values were not significantly different
(P values of 0.07 for Medis and 0.22 for CVI), except for
the comparison between center 1 versus center 2 in CVI (—
23.20 £ 6.42 at center 1 versus — 18.65 + 5.01% at center
2, p = 0.04) (Table 1).
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Inter-vendor agreement

Figure 4 shows boxplots and Bland-Altman plots of the inter-
vendor agreement. Table 2 displays the results of the Bland-
Altman analysis. Between Medis and CVI, the LV EF did
not show significant differences (center 1: p = 0.91; center
2: p = 0.82; center 3: p = 1.00). This is supported by a
small bias (— 0.07 to 0.06% for LV EF) and narrow limits
of agreement (LOA) (Table 2). LV Strain values, as well as
LV strain rates derived using the two software vendors, were
significantly different (GLS strain values & strain rates: p
< 0.01 for all centers; GCS strain values: p = 0.03 (center
1), p = 0.01 (center 2 & center 3) and GCS strain rates p
< 0.01 for all centers; GRS strain values & strain rates: p <
0.01 for all centers) (Table 3). CVI presented significantly
higher LV strain values for GLS and GCS and significantly
lower LV GRS values (Fig. 3). The range of measurements
was particularly wide for GRS with wide LOA (ranging from
34.21 to 4.53% in Fig. 3).

Right-ventricular (RV) strain values of the free RV wall
were only significantly different between Medis and CVI at
center 2 (p < 0.01) (Table 3).

@ Springer

Intra- and inter-observer reproducibility

Both observers analyzed four scans from each center using
each software, resulting in 24 scans overall. Intra- and inter-
observer reproducibility of LV EF, was excellent for both
software (intraclass correlation coefficient of 0.87 to 0.88
for GLS and 0.86 to 0.89 for GCS) and good regarding intra-
observer reproducibility of GRS (ICC: 0.70 to 0.74). Only
the GRS inter-observer variability was fair to good (ICC of
0.51 to 0.72, respectively) (Tables 4 and 5). Bland-Altman
plots of both the intra- and inter-observer reproducibility can
be seen in Figs. 5 and 6, respectively.

Discussion

Our study evaluated the comparability of strain measure-
ments derived from different CMR scanners and analyzed
using different software vendors. This study shows (1) Sig-
nificant inter-software variability of strain measurements but
(2) Good inter-scanner agreement, especially regarding GLS
and GCS measurements, as well as LV EF.

While the FT strain analyses in our study were compara-
ble between different scanning sites, they varied significantly
between the two different post-processing vendors. These
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Table 2 Agreement of different software and centers
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GRS

GCS

GLS

LV EF

LOA

SD of bias

Bias

LOA

SD of bias

Bias

LOA

SD of bias LOA Bias SD of bias

Bias

33.14

6.52
1.02
5.41

79
84

6.

19.83
18.34
19.93
—0.80
2.14
2.94

2.34
2.13
1.80
4.47
2.68
2.90
5.10
2.69
4.06

—4.60
—5.23
—4.16
—3.10
—3.13
—4.72
—4.58
—3.24
—5.13

1.77

—1.13
—1.55
—1.18

0.69

—-0.71
—0.59
- 1.36

3.59
4.04

4.

—8.46
—10.84
— 791
—3.86
—3.83
—4.36
—5.85
—5.09
—3.74

1.98
2.61
1.67
1.90
2.01
2.34
2.34
2.63
2.58

—4.59
—-572
—4.64
—-0.13

0.10
0.24

3.56
2.28
2.83
5.78
2.95
4.62
7.30
4.95
5.19

—3.44
—243
—2.84
—3.93
—2.27
—5.80
—542
—4.10
—6.22

1.79
1.20
1.45
2.48
1.33
2.66
3.24
2.31
291

0.06

Medis vs. CVI
Medis vs. CVI
Medis vs. CVI

Centerl

35.66
34.46
12.12

8.

1.88
1.52
1.93
1.48
1.95
2.47
1.51

2.34

—0.07
<0.01
0.

Center2

7.41
6.59
6.35
5.40
5.38
3.62
5.09

Center3

—13.72

—10.31
—7.65
—12.83
—4.85
—545

93
34

Center 1 vs. 2

MEDIS

14.59
13.53
8.25
9.34

—-0.23
—0.91

0.26

0.

Center 1 vs. 3

83

—-0.59

0.94
0.42

Center 2 vs. 3

—2.29

2.24
4.53

3.32
5.20

6.

—1.27

0.05
1.32

Center 1 vs. 2

CVI

—0.28
—0.54

Center 1 vs. 3

14.51

38

—0.52

Center 2 vs. 3

LOA Limits of agreement. Other abbreviations as in Table 1

results are in line with previous single-center publications,
describing significant differences in CMR FT strain, depend-
ing on the post-processing software [19, 20]. However, strain
values may also be influenced by the release version of the
software used, which needs to be considered when comparing
different variability studies. This is supported by significantly
different strain values in similarly healthy cohorts, analyzed
using the same software but different release versions in pre-
vious studies [21-23]. Especially LV GLS, which has been
shown to be the most robust strain parameter in most studies
[15, 17], showed good inter-scanner reproducibility (bias of
— 0.13 to 0.24% in Medis and — 1.27 to 1.32% in CVI),
but comparatively low inter-software reproducibility (biases
of — 1.55 to — 1.13 and p < 0.01 in all centers). Intra- and
inter-observer reproducibility was good to excellent for GLS
measurements. These results indicate that the inter-software
reproducibility described in our and other studies [19, 20] is
not influenced by the examiner or the scanner choice, but
rather by the software algorithms implemented for strain
quantification. LV GLS and GCS values determined with
CVI were generally lower than with Medis. According to
communication with CVI, these discrepancies arise from dif-
ferences in the algorithms used by the respective software
platforms to calculate strain. No details were provided on the
algorithms used by any of the software vendors. Even though
the pattern can be found throughout the entire range of LV
GLS and LV GCS values, our results do not support a possible
comparability of strain values with a correction factor due to
our small sample size. However, this trend should be further
examined in a larger cohort, in order to possibly implement
software-specific cutoff values. Furthermore, software ven-
dors should try to harmonize post-processing algorithms, in
order to increase comparability and clinical use of strain.

Previous studies have shown LV GRS to be the least repro-
ducible strain parameter with high variance and fair to good
inter- and intra-observer reproducibility, depending on the
software employed [24, 25]. In our study, we were able to
confirm those observations. GRS showed the highest inter-
scanner and inter-software variability.

The best inter-scanner agreement was observed for LV
EF. This could be attributed to the fact that LV EF is a global
parameter that has been in use for a long time and is evaluated
using standardized methods. The inter-scanner agreement for
strain was overall good in our study cohort, with clinically
acceptable biases for LV GLS and GCS. This is contrary to
STE, where strain images acquired using devices from dif-
ferent vendors were previously shown to be incomparable [9,
10]. A possible reason for the good inter-scanner agreement
of CMR-based strain analyses compared to STE could be the
standardized image acquisition. In comparison with CMR,
the quality of STE images is dependent on the experience
of the reader and patient-specific factors (such as the ability
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Fig.3 Mean LV EF and mean strain values at different centers

to hold breath and BMI). Thus, it is currently only recom-
mended to perform STE strain quantification using the same
machine and observer [26]. CMR allows for acquisition of
standardized images, independent of the experience of the
examiner.

The high intra- and inter-observer reproducibility we
observed was also in accordance with other studies [15, 19,
27].

Limitations

Our study was limited by a relatively small number of healthy
volunteers. Since we only included young healthy volunteers,
our results need to be validated in different cardiovascular
pathologies. Furthermore, we only compared two software
vendors, CVI and Medis. However, two other software ven-
dors (Segment and TomTec) have been previously compared
to CVI[20]. Moreover, we only included CMR scanners with
a field strength of 3 T. At center 2, the short-axis (SAX)
slices were planned separately in six volunteers, which led

to the planes not being parallel. This resulted in CVI not
accepting the SAX slices as a stack. Instead, we analyzed the
SAX slices separately in these six volunteers and averaged
the strain values to compare them to the other centers and
Medis. Importantly, we did not compare the inter-software
and inter-scanner variability of FT to myocardial tagging
as “reference standard” [28] in this cohort. However, fast
SENC was also performed as part of this study and showed
a similar inter-scanner agreement to FT with biases of 0.01
to 1.88%, as previously published [15]. Moreover, we pre-
viously performed a systematic comparison of FT to other
techniques like tagging and fast SENC in patients and healthy
subjects, demonstrating significant biases among these meth-
ods [29]. Thus, comparing the FT strain results to other
techniques would likely not resolve the inter-software bias
observed in our FT measurements. Instead, existing compar-
ative data underline the need for vendor-specific correction
factors derived directly from FT itself [29].

@ Springer



International Journal of Computer Assisted Radiology and Surgery

Fig.4 LV EF and strain values in A 70- ns
Medis and CVI | 1
65
£
& 60-
2
55+
50—
@ K\
\*‘e'b\
C 0+
Fkkk
10
2
71
)
-20- %
[T
\ N\
& @
E 0
skekkk
—~ =104
X |
73
[&]
TR
BT
) K\
\‘3’&
G 807 ok
60 |
9
g 40 |
(L]
20+

Clinical implications

A bias of 1.5% should be accounted for when comparing
GLS and GCS measurements, acquired at different scan-
ners. We therefore recommend strain analysis using the same
post-processing platform for longitudinal follow-up studies
until prospectively validated cross-vendor conversion algo-
rithms become available. Any differences greater than 1.5%
should be considered as a clinically relevant change. Regard-
ing GRS measurements, the bias could be as high as 5%.
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Inter-software variability of strain measurements appears
greater than inter-scanner variability. Thus, larger studies
[30] in patients with heart failure are needed to implement
clinically relevant software-specific cutoff values for heart
failure classification. A potential correction factor to compare
strain values between different software might be of clini-
cal interest and should be further investigated. To enhance
comparability of strain measurements across platforms, it
would be beneficial for software vendors to collaborate on
harmonizing feature tracking algorithms and establishing
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Table 3 Agreement of different software and centers

Table 5 Inter-observer reproducibility analysis

P value (Medis vs. CVI)

Centerl Center2 Center3
LV mass (ED) 0.07 0.21 0.69
LVEDV 0.06 0.55 0.05
LVESV 0.33 0.76 0.18
LV SV 0.12 0.67 0.17
LV-EF 0.91 0.82 1.00
CcO 0.20 0.46 0.10
GLS <0.01 <0.01 <0.01
GLS rate <0.01 <0.01 <0.01
GCS 0.03 0.01 0.01
GCS rate <0.01 <0.01 <0.01
GRS <0.01 <0.01 <0.01
GRS rate <0.01 <0.01 <0.01
RVEDV 0.09 0.79 0.29
RVESV 0.06 0.45 0.83
RV SV 0.97 0.75 0.14
RV-EF 0.28 0.45 0.49
(¢f0) 0.93 0.26 0.47
RV Strain FW 0.33 <0.01 0.35
RV Strain Rate FW 0.01 <0.01 <0.01

As in Table 1

shared reference datasets. Similar recommendations exist for
echocardiographic strain analyses, as outlined by the Task
Force for speckle tracking echocardiography [31], highlight-
ing the clinical utility of such harmonization efforts.

Conclusion

Our study suggests that CMR FT strain values are com-
parable between different scanning sites with a small bias,

inter-observer reproducibility

Bias SDof LOA ICC(95%)
bias
MEDIS LV 024 1.78 — 3.72 0.84
EF 3.25
GLS -— 1.42 — 1.88 0.88
0.90 3.69
GCS 1.02 150 — 3.95 0.86
1.91
GRS 1.03 11.10 -— 22.80 0.51
20.73
CVI LV 022 159 — 3.34 0.82
EF 2.90
GLS - 1.01 — 1.66 0.87
0.31 2.29
GCS - 1.11 — 1.45 0.89
0.72 2.89
GRS — 5.02 — 7.92 0.72
1.92 11.76
As in Table 4

especially for GLS and GCS, regardless of the software used.
The inter-software variability between CVI and Medis was
higher than the inter-scanner variability, reflecting the impor-
tance of software-specific reference values. More effort needs
to be undertaken to standardize strain measurements before
implementing CMR FT strain into clinical routine. Strain
measurements hold significant clinical value, and CMR-
derived FT strain seems to be a promising tool for the
quantification and stratification of various types of cardio-
vascular pathologies, with considerably low inter-scanner
agreement.

Table 4 Intra-observer
reproducibility analysis

intra-observer reproducibility

Bias SD of bias LOA ICC(95%)
MEDIS LV EF —0.15 0.91 —1.93 1.64 0.90
GLS 0.07 0.91 —1.72 1.85 0.88
GCS 0.07 0.97 —1.83 1.97 0.89
GRS 1.48 5.78 —9.86 12.82 0.70
CVI LV EF - 0.01 1.26 —2.49 2.47 0.85
GLS —0.06 0.77 - 1.57 1.46 0.87
GCS —0.63 0.75 —2.10 0.84 0.89
GRS 2.05 3.86 —5.52 9.63 0.74

ICC Intraclass correlation coefficient. Other abbreviations as in Table 3
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Fig.5 Intra-observer agreement
analysis
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Fig. 6 Inter-observer agreement
analysis

A

GRS Difference (%)

GLS Difference (%) LVEF Difference (%)

GCS Difference (%)
o

43 3.72
° °
o.a® s L] 024
0 = s '3
47 & -3.25
Bias = 0.24
o SD of bias = 1.78
8 T T T T T -
56 58 60 62 64
Average LVEF (%)
4
" 1.88
0 ™ | ==
. » ¥{-0.90
44 . . -3.69
Bias =-0.90
N SD of bias = 1.42
8 — 77T
-26 -24 -22 -20 -18 -16
Average GLS (%)
4 * 3.95
° LY
{ J
. ] 1.02
° v
. -1.91
-4
Bias = 1.02
. SD of bias = 1.50
-8 T T T . T -
-24 -22 -20 -18 -16
Average GCS (%)
40
203 s 22.80
L]
4 . oo )
™ 1.03
0 L. 2
20 - 20.73
4 Bias = 1.03
SD of bias = 11.10
'40 1 l 1
30 40 50 60 70

Average GRS (%)

LVEF Difference (%)

GLS Difference (%)

GCS Difference (%)

GRS Difference (%)

@

4_
" 334
e o o
0 o 0.22
L
- ) -2.90
-4
Bias = 0.22
N SD of bias = 1.59
8 — 77— 71—
56 58 60 62 64 66
Average LVEF (%)
4
1.66
L)
0 0o e 0,31
- 229
4
Bias =-0.31
SD of bias = 1.00
8 v T v T .
-18 -16 -14 -12
Average GLS (%)
4
s v 1.45
0 °
g o < -0.72
-2.89
-4
Bias = -0.72
SD of bias = 1.11
O : T : T T T T T :
-22 -20 -18 -16 -14 -12
Average GCS (%)
40
204
e . 11.76
0 »? g 1.92
- o -7.92
-204
| Bias =-1.92
SD of bias = 5.02
-40 T T T
20 25 30 35 40
Average GRS (%)
CVI

@ Springer



International Journal of Computer Assisted Radiology and Surgery

Funding Open Access funding enabled and organized by Projekt
DEAL.

Declarations

Conflict of interest There are no conflict of interest. The study was
approved by the Ethics Committee of the Charité-University-Medicine
in Berlin and complied with the Declaration of Helsinki. All study
subjects provided written informed consent.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Inciardi RM, Galderisi M, Nistri S, Santoro C, Cicoira M,
Rossi A (2018) Echocardiographic advances in hypertrophic car-
diomyopathy: three-dimensional and strain imaging echocardio-
graphy. Echocardiography 35:716-726. https://doi.org/10.1111/
echo.13878

2. Marwick TH, Shah SJ, Thomas JD (2019) Myocardial strain in the
assessment of patients with heart failure: a review. JAMA Cardiol
4:287-294

3. Schulz-Menger J, Bluemke DA, Bremerich J, Flamm SD, Fogel
MA, Friedrich MG, Kim RJ, von Knobelsdorff-Brenkenhoff F,
Kramer CM, Pennell DJ, Plein S, Nagel E (2020) Standardized
image interpretation and post-processing in cardiovascular mag-
netic resonance—2020 update. J Cardiovasc Magn Reson 22:19.
https://doi.org/10.1186/s12968-020-00610-6

4. Neizel M, Lossnitzer D, Korosoglou G, Schéufele T, Lewien A,
Steen H, Katus HA, Osman NF, Giannitsis E (2009) Strain-encoded
(SENC) magnetic resonance imaging to evaluate regional hetero-
geneity of myocardial strain in healthy volunteers: comparison with
conventional tagging. J Magn Reson Imaging 29:99-105. https://
doi.org/10.1002/jmri.21612

5. Aletras AH, Ding S, Balaban RS, Wen H (1999) DENSE: dis-
placement encoding with stimulated echoes in cardiac functional
MRI. J Magn Reson 137:247-252. https://doi.org/10.1006/jmre.
1998.1676

6. CaolJ, Ngai N, Duncanson L, Cheng J, Gliganic K, Chen Q (2018)
A comparison of both DENSE and feature tracking techniques with
tagging for the cardiovascular magnetic resonance assessment of
myocardial strain. J Cardiovasc Magn Reson 20:26. https://doi.org/
10.1186/512968-018-0448-9

7. Scatteia A, Baritussio A, Bucciarelli-Ducci C (2017) Strain imag-
ing using cardiac magnetic resonance. Heart Fail Rev 22:465-476.
https://doi.org/10.1007/s10741-017-9621-8

8. Amzulescu MS, De Craene M, Langet H, Pasquet A, Vancraeynest
D, Pouleur AC, Vanoverschelde JL, Gerber BL (2019) Myocardial
strain imaging: review of general principles, validation, and sources
of discrepancies. Eur Heart J Cardiovasc Imaging 20:605-619.
https://doi.org/10.1093/ehjci/jez041

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. Farsalinos KE, Daraban AM, Unli S, Thomas JD, Badano

LP, Voigt J-U (2015) Head-to-head comparison of global lon-
gitudinal strain measurements among nine different vendors. J
Am Soc Echocardiogr 28:1171-1181.e2. https://doi.org/10.1016/
j-echo.2015.06.011

Collier P, Phelan D, Klein A (2017) A test in context: myocardial
strain measured by speckle-tracking echocardiography. J] Am Coll
Cardiol 69:1043-1056

Dobrovie M, Barreiro-Pérez M, Curione D, Symons R, Claus
P, Voigt JU, Bogaert J (2019) Inter-vendor reproducibility and
accuracy of segmental left ventricular strain measurements using
CMR feature tracking. Eur Radiol 29:6846—6857. https://doi.org/
10.1007/s00330-019-06315-4

Lapinskas T, Zieschang V, Erley J, Stoiber L, Schnackenburg B,
Stehning C, Gebker R, Patel AR, Kawaji K, Steen H, Zaliunas
R, Backhaus SJ, Schuster A, Makowski M, Giusca S, Korosoglou
G, Pieske B, Kelle S (2019) Strain-encoded cardiac magnetic reso-
nance imaging: a new approach for fast estimation of left ventricular
function. BMC Cardiovasc Disord 19:52. https://doi.org/10.1186/
s12872-019-1031-5

Dill T (2008) Contraindications to magnetic resonance imaging.
Heart 94:943-948. https://doi.org/10.1136/hrt.2007.125039
Demir A, Wiesemann S, Erley J, Schmitter S, Trauzeddel RF,
Pieske B, Hansmann J, Kelle S, Schulz-Menger J (2022) Traveling
volunteers: a multi-vendor, multi-center study on reproducibility
and comparability of 4D flow derived aortic hemodynamics in car-
diovascular magnetic resonance. J Magn Reson Imaging. https://
doi.org/10.1002/jmri.27804

Erley J, Zieschang V, Lapinskas T, Demir A, Wiesemann S, Haass
M, Osman NF, Simonetti OP, Liu Y, Patel AR, Mor-Avi V, Unal
0, Johnson KM, Pieske B, Hansmann J, Schulz-Menger J, Kelle S
(2020) A multi-vendor, multi-center study on reproducibility and
comparability of fast strain-encoded cardiovascular magnetic reso-
nance imaging. Int J Cardiovasc Imaging 36:899-911. https://doi.
org/10.1007/s10554-020-01775-y

Manini C, Hiillebrand M, Walczak L, Nordmeyer S, Jarmatz L,
Kuehne T, Stern H, Meierhofer C, Harloff A, Erley J, Kelle S,
Bannas P, Trauzeddel RF, Schulz-Menger J, Hennemuth A (2024)
Impact of training data composition on the generalizability of
convolutional neural network aortic cross-section segmentation in
four-dimensional magnetic resonance flow imaging. J Cardiovasc
Magn Reson 26:101081. https://doi.org/10.1016/J.JOCMR.2024.
101081

Giusca S, Korosoglou G, Zieschang V, Stoiber L, Schnackenburg
B, Stehning C, Gebker R, Pieske B, Schuster A, Backhaus S,
Pieske-Kraigher E, Patel A, Kawaji K, Steen H, Lapinskas T, Kelle
S (2018) Reproducibility study on myocardial strain assessment
using fast-SENC cardiac magnetic resonance imaging. Sci Rep
8:14100. https://doi.org/10.1038/s41598-018-32226-3

Oppo K, Leen E, Angerson WJ, Cooke TG, McArdle CS (1998)
Doppler perfusion index: an interobserver and intraobserver repro-
ducibility study. Radiology 208:453-457. https://doi.org/10.1148/
radiology.208.2.9680575

Lim C, Blaszczyk E, Riazy L, Wiesemann S, Schiiler J, von
Knobelsdorff-Brenkenhoff F, Schulz-Menger J (2021) Quantifi-
cation of myocardial strain assessed by cardiovascular magnetic
resonance feature tracking in healthy subjects—influence of seg-
mentation and analysis software. Eur Radiol 31:3962-3972. https://
doi.org/10.1007/s00330-020-07539-5

Militaru S, Panovsky R, Hanet V, Amzulescu MS, Langet H, Pis-
ciotti MM, Pouleur A-C, Vanoverschelde J-LJ, Gerber BL (2021)
Multivendor comparison of global and regional 2D cardiovascular
magnetic resonance feature tracking strains vs tissue tagging at 3T.
J Cardiovasc Magn Reson 23:54. https://doi.org/10.1186/s12968-
021-00742-3


http://creativecomm\penalty -\@M ons.org/licenses/by/4.0/
https://doi.org/10.1111/echo.13878
https://doi.org/10.1186/s12968-020-00610-6
https://doi.org/10.1002/jmri.21612
https://doi.org/10.1006/jmre.1998.1676
https://doi.org/10.1186/s12968-018-0448-9
https://doi.org/10.1007/s10741-017-9621-8
https://doi.org/10.1093/ehjci/jez041
https://doi.org/10.1016/j.echo.2015.06.011
https://doi.org/10.1007/s00330-019-06315-4
https://doi.org/10.1186/s12872-019-1031-5
https://doi.org/10.1136/hrt.2007.125039
https://doi.org/10.1002/jmri.27804
https://doi.org/10.1007/s10554-020-01775-y
https://doi.org/10.1016/J.JOCMR.2024.101081
https://doi.org/10.1038/s41598-018-32226-3
https://doi.org/10.1148/radiology.208.2.9680575
https://doi.org/10.1007/s00330-020-07539-5
https://doi.org/10.1186/s12968-021-00742-3

International Journal of Computer Assisted Radiology and Surgery

21.

22.

23.

24.

25.

26.

217.

Shen L-T, Jiang L, Zhu Y-W, Shen M-T, Huang S, Shi R, Li Y,
Yang Z-G (2022) Additive effect of aortic regurgitation degree on
left ventricular strain in patients with type 2 diabetes mellitus eval-
uated via cardiac magnetic resonance tissue tracking. Cardiovasc
Diabetol 21:37. https://doi.org/10.1186/s12933-022-01471-2

Cai J, Bryant JA, Le T-T, Su B, de Marvao A, O’Regan DP, Cook
SA, Chin CW-L (2017) Fractal analysis of left ventricular trabec-
ulations is associated with impaired myocardial deformation in
healthy Chinese. J Cardiovasc Magn Reson 19:102. https://doi.org/
10.1186/s12968-017-0413-z

Yang W, Xu J, Zhu L, Zhang Q, Wang Y, Zhao S, Lu M
(2024) Myocardial strain measurements derived from MR feature-
tracking: influence of sex, age, field strength, and vendor. JACC
Cardiovasc Imaging 17:364-379

Backhaus SJ, Metschies G, Billing M, Kowallick JT, Gertz RJ,
Lapinskas T, Pieske B, Lotz J, Bigalke B, Kutty S, Hasenfuf} G,
Beerbaum P, Kelle S, Schuster A (2019) Cardiovascular magnetic
resonance imaging feature tracking: impact of training on observer
performance and reproducibility. PLoS ONE. https://doi.org/10.
1371/journal.pone.0210127

Vo HQ, Marwick TH, Negishi K (2018) MRI-derived myocardial
strain measures in normal subjects. JACC Cardiovasc Imaging.
https://doi.org/10.1016/j.jemg.2016.12.025

Badano LP, Cucchini U, Muraru D, Al Nono O, Sarais C, Iliceto
S (2013) Use of three-dimensional speckle tracking to assess left
ventricular myocardial mechanics: inter-vendor consistency and
reproducibility of strain measurements. Eur Heart J Cardiovasc
Imaging 14:285-293. https://doi.org/10.1093/ehjci/jes184
Maceira AM, Tuset-Sanchis L, Lépez-Garrido M, San Andres M,
Lépez-Lereu MP, Monmeneu JV, Garcia-Gonzalez MP, Higueras
L (2018) Feasibility and reproducibility of feature-tracking-based
strain and strain rate measures of the left ventricle in different dis-
eases and genders. J] Magn Reson Imaging 47:1415-1425. https://
doi.org/10.1002/jmri.25894

Authors and Affiliations

Collin Goetze' - Wensu Chen® . Patrick Doeblin'2 . Aylin Demir? - Stephanie Wiesemann* . Jochen Hansmann
Volkmar Falk’821011 . jeanette Schulz-Menger®# . Jennifer Erley?

B Sebastian Kelle

sebastian.kelle @dhzc-charite.de

Department of Cardiology, Angiology and Intensive Care
Medicine, Deutsches Herzzentrum der Charité, Campus
Virchow-Klinikum Augustenburger Platz 1, 13353 Berlin,
Germany

German Center for Cardiovascular Research (DZHK), Berlin,
Germany

Department of Diagnostic and Interventional Radiology and
Nuclear Medicine, University Medical Center
Hamburg-Eppendorf, Hamburg, Germany

Department of Cardiology and Nephrology, Working Group
on Cardiovascular Magnetic Resonance, Experimental and
Clinical Research Center, a Joint Cooperation Between the
Charité-Universitdtsmedizin Berlin, Department of Internal
Medicine and Cardiology, and the Max-Delbrueck Center for
Molecular Medicine, HELIOS Klinikum Berlin Buch, Berlin,
Germany

28.

29.

30.

31.

Donekal S, Ambale-Venkatesh B, Berkowitz S, Wu CO, Choi EY,
Fernandes V, Yan R, Harouni AA, Bluemke DA, Lima JAC (2013)
Inter-study reproducibility of cardiovascular magnetic resonance
tagging. J Cardiovasc Magn Reson 15:37. https://doi.org/10.1186/
1532-429x-15-37

Bucius P, Erley J, Tanacli R, Zieschang V, Giusca S, Korosoglou
G, Steen H, Stehning C, Pieske B, Pieske-Kraigher E, Schuster
A, Lapinskas T, Kelle S (2020) Comparison of feature tracking,
fast-SENC, and myocardial tagging for global and segmental left
ventricular strain. ESC Heart Failure 7(2):523-532. https://doi.org/
10.1002/ehf2.12576

Witt UE, Miiller ML, Beyer RE, Wieditz J, Salem S, Hashemi D,
Chen W, Cvetkovic M, Nolden AC, Doeblin P, Blum M, Thiede G,
Huppertz A, Steen H, Remppis BA, Falk V, Friede T, Kelle S (2024)
A simplified approach to discriminate between healthy subjects
and patients with heart failure using cardiac magnetic resonance
myocardial deformation imaging. Eur Heart J. https://doi.org/10.
1093/ehjimp/qyae093

Balinisteanu AE, Duchenne J, Puvrez A, Wouters L, Bezy S,
Youssef A, De Groef K, Van Langenhoven L, Papangelopoulou
K, Cieplucha A, Cattapan I, Tostes P, Vinereanu D, Voigt JU
(2024) Inter-vendor differences in speckle tracking strain—a ten
year follow-up on the strain standardization task force inter-vendor
comparison study. Eur Heart J. https://doi.org/10.1093/eurheartj/eh
2e666.042

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

5 .

. Sebastian Kelle'2

Department of Radiology, Theresienkrankenhaus Und St.
Hedwig-Klinik, Mannheim, Germany

Department of Cardiology, The Affiliated Hospital of Xuzhou
Medical University, 99 Huaihai West Road, Xuzhou 221002,
China

DZHK (German Center for Cardiovascular Research), Partner
Site Berlin, 13353 Berlin, Germany

Department of Cardiothoracic and Vascular Surgery,
Deutsches Herzzentrum der Charité, Berlin, Germany

Charité-Universititsmedizin Berlin, Corporate Member of
Freie Universitit Berlin, Humboldt-Universitidt Zu Berlin,
Charitéplatz 1, 10117 Berlin, Germany

Berlin Institute of Health at Charité - Universitidtsmedizin,
Berlin, Germany

Translational Cardiovascular Technologies, Institute of
Translational Medicine, Department of Health Sciences and
Technology, Swiss Federal Institute of Technology (Eth),
Zurich, Switzerland

@ Springer


https://doi.org/10.1186/s12933-022-01471-2
https://doi.org/10.1186/s12968-017-0413-z
https://doi.org/10.1371/journal.pone.0210127
https://doi.org/10.1016/j.jcmg.2016.12.025
https://doi.org/10.1093/ehjci/jes184
https://doi.org/10.1002/jmri.25894
https://doi.org/10.1186/1532-429x-15-37
https://doi.org/10.1002/ehf2.12576
https://doi.org/10.1093/ehjimp/qyae093
https://doi.org/10.1093/eurheartj/ehae666.042
http://orcid.org/0000-0002-4855-7698

	A multicenter study on the comparability of myocardial strain values acquired with different CMR scanners and analyzed with different post-processing software: insights into the “Traveling Volunteers” study
	Abstract
	Abbreviations
	Introduction
	Methods
	Study population
	Cardiac magnetic resonance imaging
	Data analysis
	Statistical analysis

	Results
	Inter-scanner agreement
	Inter-vendor agreement
	Intra- and inter-observer reproducibility

	Discussion
	Limitations
	Clinical implications

	Conclusion
	References


