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Abstract
Objectives To evaluate deformable registration algorithms
(DRA)-based quantification of cine steady-state free-preces-
sion (SSFP) for myocardial strain assessment in comparison
with feature-tracking (FT) and speckle-tracking echocardiog-
raphy (STE).
Methods Data sets of 28 patients/10 volunteers, undergoing
same-day 1.5T cardiac MRI and echocardiography were in-
cluded. LV global longitudinal (GLS), circumferential (GCS)
and radial (GRS) peak systolic strain were assessed on cine
SSFP data using commercially available FT algorithms and
prototype DRA-based algorithms. STE was applied as stan-
dard of reference for accuracy, precision and intra-/interob-
server reproducibility testing.
Results DRA showed narrower limits of agreement compared
to STE for GLS (-4.0 [-0.9,-7.9]) and GCS (-5.1 [1.1,-11.2])

than FT (3.2 [11.2,-4.9]; 3.8 [13.9,-6.3], respectively). While
both DRA and FT demonstrated significant differences to
STE for GLS and GCS (all p<0.001), only DRA correlated
significantly to STE for GLS (r=0.47; p=0.006). However,
good correlation was demonstrated between MR techniques
(GLS:r=0.74; GCS:r=0.80; GRS:r=0.45, all p<0.05).
Comparing DRA with FT, intra-/interobserver coefficient of
variance was lower (1.6 %/3.2 % vs. 6.4 %/5.7 %) and
intraclass-correlation coefficient was higher. DRA GCS and
GRS data presented zero variability for repeated observations.
Conclusions DRA is an automated method that allows myo-
cardial deformation assessment with superior reproducibility
compared to FT.
Key Points
• Inverse deformable registration algorithms (DRA) allow
myocardial strain analysis on cine MRI.

• Inverse DRA demonstrated superior reproducibility com-
pared to feature-tracking (FT) methods.

• Cine MR DRA and FT analysis demonstrate differences to
speckle-tracking echocardiography

• DRA demonstrated better correlation with STE than FT for
MR-derived global strain data.

Keywords Deformable registration algorithms .Myocardial
strain . Cardiac cine SSFPMRI . Feature-tracking .

Speckle-tracking

Introduction

Cardiovascular disease is the main cause of morbidity and
mortality worldwide with a lifetime risk of heart failure at
age 40 years of one in five [1–3]. Assessment of left ventric-
ular (LV) ejection fraction (EF) as a measure of global systolic
function is frequently performed in the evaluation of cardiac
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pathology and has prognostic value [4, 5]. Cardiac magnetic
resonance imaging (MRI) is considered the reference standard
for the assessment of ventricular volumes and global systolic
function due to its high reproducibility and low variability [6].
However, changes in global systolic function as measured by
LVEF may occur late after onset of cardiac pathology [7].
Evaluation of myocardial deformation is more sensitive for
detecting early cardiac disease [8, 9].

Cardiac MRI is also considered the standard in analysis of
regional and global myocardial deformation, referred to as
myocardial strain [10]. Cardiac MRI-measured myocardial
strain is highly reproducible and accurate [11–13]. However,
strain assessment often requires dedicated imaging techniques
with advanced processing such as myocardial tissue tagging,
strain encoded (SENC) MRI and displacement encoding with
stimulated echoes (DENSE)MRI [11, 14–16]. For that reason,
such techniques are commonly applied in research settings but
rarely used in routine clinical practice. The application of
feature-tracking (FT) algorithms derived from echocardiogra-
phy to cine steady-state free-precession (SSFP) MRI data has
been proposed for analysis of regional myocardial deforma-
tion [17–19]. Such approaches can be applied retrospectively
to clinically acquired cine SSFP in order to obtain quantitative
measures of regional myocardial motion, hence eliminating
the need for separate acquisitions [20, 21]. These algorithms
are derived from optical flow tracking techniques and follow
each limited point frommanually contoured endo- and epicar-
dial borders (on a single frame) over time [19, 20].

Efforts in quantitative myocardial assessment have most
recently expanded the use of algorithms that provide motion
correction on acquisitions such as myocardial perfusion and
myocardial mapping techniques [22–24]. Such algorithms
perform calculation of deformation maps on a pixel basis for

non-rigid image registration. Applied in a reverse fashion such
algorithms can be used for deformable registration-based anal-
ysis (DRA) of cine cardiac MRI in order to quantify regional
myocardial motion [25–27].

We hypothesize that DRA algorithms allow for accurate
and reproducible analysis of myocardial strain based on cine
SSFP MRI. The aim of this study therefore was to compare
DRA algorithms with FT cine MR analysis of cine SSFP data
sets using speckle-tracking echocardiography (STE).

Materials and methods

Study population

Imaging data were acquired as part of the ‘MR Imaging of
Diffuse Myocardial Fibrosis in Transfusion-Dependent
Anemias (MAFIO)’ trial (Clinicaltrials.gov, NCT02090699).
This study recruited 31 patients with thalassemia major and 10
age- and gender-balanced healthy controls [28]. For the cur-
rent study, data sets of three patients (significant arrhythmia;
situs inversus; data corruption during upload) were excluded
during initial data review due to segmentation failure of the
DRA prototype software. In 28 patients (34.7±9.6 years, 57.1
% male) and 10 healthy controls (31.5±4.4 years, 50.0 %
male) all MR and echo data required for comparison was
available and included into the analysis. Relevant study pop-
ulation details are outlined in Table 1. The study was approved
by the local research ethics board and written informed con-
sent was obtained from all subjects. All study participants
underwent cardiac MR imaging and echocardiography on
the same day (<6 h).

Table 1 Patient demographics
and characteristics Patients (n=28) Volunteers (n=10) Total (n=38)

Age (years) 34.7 ± 9.6 31.5 ± 4.4 33.8 ± 8.6

Sex (male)* 57.1 % (n=16) 50.0 % (n=5) 55.3 % (n=21)

Previous iron overload* 60.7 % (n=17) n.a. n.a.

Current chelation therapy 100.0 % (n=28) n.a. n.a.

LV parameters#

Ejection fraction (%) 60.7 ± 6.1 60.1 ± 3.1 60.5 ± 5.4

End-diastolic Volume (ml/m2) 89.1 ± 17.9 99.8 ± 15.3 91.9 ± 17.7

Haemodynamics in echo

Heart rate (bpm) 72.5 ± 12.3 65.6 ± 13.0 69.0 ± 12.7

Systolic blood pressure (mmHg) 98.7 ± 11.8 108.4 ± 13.6 101.3 ± 12.9

Rate pressure product 7,088.2 ± 1,123.6 6,380.8 ± 1,063.0 6,897.0 ± 1,138.3

Haemodynamics in MRI

Heart rate (bpm) 73.0 ± 10.7 59.1 ± 8.1 71.3 ± 11.4

Systolic blood pressure (mmHg) 121.7 ± 15.1 120.7 ± 23.8 121.5 ± 17.0

Rate pressure product 8,969.9 ± 1,740.3 7,970.3 ± 2,418.2 8,728.6 ± 1,927.2

* defined by T2* <20ms; # by cine MR
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Magnetic resonance imaging

Cardiac MRI examinations were performed at 1.5T
(MAGNETOM Avanto fit, Siemens Healthcare GmbH,
Erlangen, Germany) employing dedicated coil arrays. Cine
SSFP imaging was performed using retrospective ECG-
gating with acquisition of three LV long axis orientations
(2-, 3-, 4-chamber) as well as a stack of short axis slices for
LV coverage. Cine SSFP acquisitions were performed with 6-
mm slice thickness (2-mm gap for short axis) and a pixel size
of 1.4–1.6x1.4-1.6 mm (GRAPPA R=2). With the acquisition
of 11 lines/segment (TR/TE:3/1.3ms) a temporal resolution of
33 ms was achieved with subsequent reconstruction of 25
phases/RR interval.

Echocardiographic acquisition

In all patients transthoracic echocardiography was performed
by research sonographers using commercially available equip-
ment (E9/Vivid 7, GE Healthcare, Milwaukee, WI, USA) fol-
lowing American Society of Echocardiography (ASE) recom-
mendations [29]. Additional high frame rate acquisitions (>50
frames/s) were obtained in 2-, 3- and 4-chamber and mid short
axis orientation (at level of papillary muscles) for subsequent
strain analysis. All echo data were stored in the raw data for-
mat for subsequent analysis.

Image processing

Echocardiography and cardiac MR data were analysed for
principal myocardial strain (Fig. 1). Analysis was performed
on all available long axes orientations in both modalities as
well as a single mid-ventricular short axis location. To ensure
comparable short axis slice locations for both echocardiogra-
phy and MRI data, two readers selected the appropriate mid-
ventricular slice based on a comparative review of anatomical
features (LV/RV trabeculations, moderator band and papillary
muscles) in a consensus setting. Subsequently data were
assessed for longitudinal strain (Ell) as well as circumferential

(Ecc) and radial (Err) strain. Peak systolic global longitudinal
strain (GLS), global circumferential strain (GCS) and global
radial strain (GRS) data are reported for both modalities using
Lagrangian strain priniciples.

Magnetic resonance imaging data analysis

Cine SSFP-based peak systolic strain measurements in all
subjects were analysed by two different post-processing ap-
proaches using FT analysis and deformable registration anal-
ysis (DRA).

GLS values for both cine SSFP approaches were based on
calculation of the mean of the peak systolic GLS results for the
individual long axis orientations.

In order to assess for intra-observer variability, a single
observer (M.M.L.) performed repeated analysis of all MRI
data with a minimal interval of 2 weeks and blinded to results
of the initial measurements. To assess for interobserver vari-
ability, all datasets were analysed by a second experienced
observer (B.J.W.).

MR feature-tracking

Feature-tracking analysis was performed using commercially
available software algorithms (2D Cardiac Performance
Analysis MR, Tomtec, Germany) on a dedicated off-line
workstation [19]. Following data import, the endocardial bor-
der was drawn manually on an end-diastolic frame of all three
long axes and the selected single short axis image. The drawn
contour was subsequently projected and tracked on consecu-
tive frames of cine SSFP series by the FTalgorithm. In case of
incorrect endocardial contour tracking, the observer corrected
contours on both end-diastolic and end-systolic frames for a
maximum of three times after which the generated contours
were accepted. After observer contour approval, strain data
and curves including peak systolic strain were generated and
results exported.

Fig. 1 The three methods used for strain analysis represented in a four-chamber (identical patient) view after segmentation being (a) speckle-tracking
echocardiography (STE), (b) feature-tracking (FT) and (c) deformable registration analysis (DRA)
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MR deformable registration analysis

Inverse DRA was performed using a prototype automated
segmentation tool programmed in Visual C++ (Trufi Strain,
Siemens Healthcare, Medical Imaging Technologies,
Princeton, NJ, USA). The software automatically identifies
anatomical landmarks such as the mitral valve points and apex
point on long axis slices and the RVinsertion points and lateral
point on short axis images. The software subsequently auto-
matically delineates endo- and epicardial myocardial borders
on short axis data sets [26, 30]. In order to ensure temporal
consistency of the endo- and epicardial contours, the
segmentation algorithm relies on a deformable registra-
tion algorithm that calculates dense deformation fields
between any two frames in a slice. After a contour is
identified in one frame, it is automatically propagated to
the other frames in the slice [27].

Analysis of long axis strain followed a semi-automated
approach with the observer drawing an initial endocardial

and epicardial contour on diastolic frames of all three avail-
able long axis orientations without further corrections.
Processing was then automatically performed with propaga-
tion of these contours to all other frames using the same de-
formable registration algorithm [27].

Deformation fields calculated for the purpose of contour
segmentation can directly be used to calculate strain values
inside the myocardium because the Lagrangian strain tensor
can directly be expressed in term of the gradients of the dis-
placement fields (online appendix) (Figs. 2 and 3). All results
were exported for data analysis.

Echocardiography speckle-tracking analysis

Strain analysis was performed using a commercially available
software package (EchoPAC, Version 112, GE Healthcare,
Milwaukee,WI,USA)byanexperiencedphysician(P.T.)blinded
to all clinical data. After initial review of source data, strain anal-
ysis was only pursued in case of overall sufficient image quality.

Fig. 2 Deformable registration
analysis (DRA)-based analysis of
longitudinal strain on a (a) four-
chamber view and (b) two-
chamber view cine steady-state
free-precession (SSFP) data. (c)
Resulting longitudinal strain
curves over the cardiac cycle for
individual 3-ch (cine SSFP not
shown), 4-ch and 2-ch orientation
with superimposed (solid line)
global longitudinal strain curve
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Peak systolic global longitudinal strain (GLS) was measured
using automatedmyocardial contours generated by placing three
seed points on each of the three long axis viewswith subsequent
automatic contour generation. Any contour adjustment was per-
formed as necessary. However, after 3 attempts, poorly tracked
segments were excluded. The GLS was calculated based on the
average of the peak systolic global longitudinal strain from the
threelongaxisorientations.Circumferentialandradialstrainanal-
ysis was performed on short axis slices obtained at the papillary
muscle level (midleftventricular level).Forshortaxisanalysis the
entire endocardium had to be traced manually and adjusted as
necessary. For radial and circumferential strain the peak systolic
strainvaluesforeachofthesixsegmentswereaveragedtoobtaina
measure of global strain for that slice.

Statistical analysis

Strain data are presented as mean ± SD and with strain values
reported in percentages. CardiacMR and echocardiography data
weretestedfornormaldistribution(D’Agostino-Pearsontest)and
subsequentlycomparedusingStudent’s t-test. Inaddition,Bland-
Altman analysis, linear regression analysis and Spearman’s cor-
relation coefficient were used for method comparison. Analysis
for potentially influencial data points was perfomed extracting
Cooks distance and leverage values. Thresholds for either value
for exclusion were set to 4/n. Intra- and interobserver variability
for repeatedanalysisof allMRdatawithMRfeature-trackingand
DRAwere assessedwith intra-class correlation (ICC) and coeffi-
cient of variation (COV) in addition to Bland-Altman analysis.
For all statistical analysis MedCalc® (Version 15.2.2, MedCalc
Software bvba, Ostend, Belgium) and SPSS (Version 23, IBM,
NewYork,USA)wasused.Statisticalsignificancewasdefinedas
p < 0.05 and Bonferroni correction was applied for multiple
pairwise comparisons as necessary.

Results

Speckle-tracking echocardiography strain evaluation was suc-
cessful in 89 % (34/38) of subjects for global longitudinal

strain and 97 % (37/38) of all subjects for both radial and
circumferential strain. The rest of the data was excluded due
to poor image quality. In one patient a single segment was
excluded from GLS computation but data were otherwise in-
cluded. Both MR approaches allowed successful strain anal-
ysis of cine SSFP data for all data sets (100 %; 38/38).

Global longitudinal strain

GLS values for cine MR-based quantification were -23.2±3.9
% (95 % CI: -24.6, -21.8) by FT and -16.0±1.7 % (95 % CI: -
16.5, -15.4) by DRA (P<0.0001). Comparison of both MRI
approaches to STE-derived GLS data (-20±1.6 % [95 % CI: -
20.5, -19.4]) demonstrated significant differences (both
P<0.0001) (Table 2). Comparison with STE-derived data
demonstrated narrower limits of agreement with a slightly
higher mean bias for DRA (bias: -4.0, limits of agreement
(LOA): -0.9,-7.9) than FT (bias: 3.2, LOA: 11.2,-4.9)
(Table 3). Including all data points, GLS data generated by
DRA (r=0.31,p=0.07) and FT (r=0.09,p=0.6) did not show
significant correlation with STE results, while there was good
correlation between both MR approaches (r=0.74, p<0.0001).
Exclusion of the most influencial data points (n=2) as de-
scribed resulted in significant correlation of DRA to STE
(r=0.47, p=0.006) while no relevant change was identified
for FT (r=0.25, p=0.16) (Fig. 4). Furthermore, FT- and
DRA-derived GLS correlated signficiantly to LV EF
(Table 4).

Global circumferential strain

MR-based GCS analysis demonstrated significant differences
in pairwise comparisons to STE GCS data. FT-based GCS
data were -28.3±4.9 % (95 % CI: -29.9, -26.7) (P<0.0001)
while DRA-measured values were -19.4±2.6 % (95 %CI: -
20.3, -18.6) (P<0.0001); both were different from STE-
based data (-24.5±2.3 % (95 % CI: -25.2,-23.7) (Table 2).
Comparison with STE-derived data demonstrated higher
mean bias but narrower limits of agreement for DRA-(bias: -
5.1, LOA: 1.1, -11.2) based GCS values than FT-based data

Fig. 3 Left mid-ventricular slice at (a) end-diastole and (b) end-systole with resulting (c) global circumferential strain curve during the cardiac cycle
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(bias: 3.8, LOA: 13.9, -6.3) (Table 3). There was no significant
correlation with STE for either DRA or FT (r=0.17, p=0.3 and
r=0.13, p=0.4, respectively), but there was a good correlation
between FT and DRA (r=0.8, p<0.0001) (Fig. 5). No
influencial data points were identified by further statistical
analysis. FT- and DRA-derived GCS correlated signficiantly
with LV EF (Table 4).

Global radial strain

No significant differences were found between FT- and DRA-
based analysis of cine MR for GRS (p=0.79). However, re-
sults for both FT (36.1±9.7 % (95 % CI: 33.0, 39.5);
p=0.0005) and DRA (36.6±7.3 % (95 % CI: 34.2, 39.1);
p=0.0003) differed significantly from STE (44.9±12.0 % (95
%CI: 40.9, 48.9)) (Table 2). Bland-Altman plots demonstrated
relatively wide limits of agreement with only minimal mean
bias between both MR-based methods (bias: -0.4, LOA: 17.4,
-18.2) while in comparison with STE both presented wide
LOA and comparable bias (bias: 8.5, LOA: 34.1, -17.1 for
DRA and bias: 8.8, LOA: 36.0, -18.4 for FT) (Table 3).
Both DRA and FT demonstrated no significant correlation
with STE (r=0.14, p=0.38 for DRA and r=0.19, p=0.24 for
FT) and correlation was moderate between DRA and FT

(r=0.45, p=0.0038) (Fig. 6). Again, no specifically influencial
data points were identified by further statistical analysis.

Intra-observer and inter-observer reproducibility

Intra-observer reproducibility (GLS)

Bland-Altman plots demonstrated narrower limits of agree-
ment for DRA-derived GLS data with less scatter around the
bias and fewer outliers (bias: 0.05, LOA: -0.67, 0.77 for DRA
vs. bias: -0.38, LOA: -4.45, 3.67 for FT) (Fig. 7a). ICC for
intra-observer analysis was higher for DRA (0.99, 95 % CI:
0.98, 0.99) in comparison with FT (0.91, 95% CI: 0.84, 0.95).
COV was lower for DRA (1.6 %) compared with FT (6.4 %)
(Table 5).

Interobserver reproducibility (GLS)

Agreement was better for DRA (bias: 0.45, LOA: -0.67, 1.57)
than FT (bias: -0.03, LOA: -3.75, 3.68) (Fig. 7b). ICC was
also higher for DRA (0.97, 95%CI: 0.84, 0.98) in comparison
with FT (0.92, 95 % CI: 0.86, 0.96) and COV was also lower
for DRA (3.2 %) as compared to FT (5.7 %) (Table 5).

Intra-observer reproducibility (GCS, GRS)

Due to the fully automated contouring in DRA, ICC was 1.0
and COV was 0.0 for both GCS and GRS while with FT ICC
and COV for GCS was 0.95 (95 % CI: 0.90, 0.97) and 5.2 %
and for GRS was 0.91 (95 % CI: 0.82, 0.95) and 11.8 %,
respectively (Table 5). On Bland-Altman plots, DRA analysis
showed perfect agreement for GCS (Fig. 8a) and GRS while
the variability for FT was larger (Table 5).

Table 2 Overview of results for global longitudinal (GLS),
circumferential (GCS) and radial (GRS) strain values based on speckle-
tracking echocardiography (STE), cine SSFP-based feature-tracking (FT)

and inverse deformable registration analysis (DRA) techniques. Results
are provided for the total cohort as well as for the patient and volunteer
subgroups

DRA FT STE

Mean (%) SD 95 % CI Mean (%) SD 95 % CI Mean (%) SD 95 % CI

GLS Total (n=34) -16.0 1.7 -16.5,-15.4 -23.2 3.9 -24.6,-21.8 -20.0 1.6 -20.5,-19.4

Patients (n=25) -16.1 1.6 -16.8, -15.5 -24.1 3.7 -25.6, -22.5 -19.7 1.5 -20.3, -19.1

Volunteers (n=9) -15.6 2.1 -17.2, -14.0 -20.8 3.6 -23.6, -18.0 -20.8 1.8 -22.3, -19.4

GCS Total (n=37) -19.4 2.6 -20.3,-18.6 -28.3 4.9 -29.9,-26.7 -24.5 2.3 -25.2,-23.7

Patients (n=28) -19.5 2.7 -20.5, -18.4 -28.7 5.1 -30.6, -26.7 -24.5 2.3 -25.4, -23.6

Volunteers (n=9) -19.2 2.2 -20.9, -17.5 -27.2 4.5 -30.7, -23.7 -24.4 2.3 -26.1, -22.6

GRS Total (n=37) 36.6 7.3 34.2,39.1 36.1 9.7 33.0,39.5 44.9 12.0 40.9,48.9

Patients (n=28) 37.1 7.0 34.4, 39.8 37.6 10.5 33.5,41.6 45.9 12.0 41.2, 50.5

Volunteers (n=9) 34.0 7.7 28.1, 39.9 31.6 5.9 27.1, 36.1 41.7 12.1 32.4, 51.1

For comparability reasons presented data is based on numbers of cases where data was availabile for all three techniques. No significant differences were
found between patients and volunteers for any of the applied methods and parameters

Table 3 Bland-Altman results for the applied methods for global
longitudinal (GLS), circumferential (GCS) and radial (GRS) strain

STE vs. DRA STE vs. FT FT vs. DRA

GLS -4.0 (-0.9, -7.9) 3.2 (11.2, -4.9) -7.2 (-1.9, -12.5)

GCS -5.1 (1.1, -11.2) 3.8 (13.9, -6.3) -8.9 (-2.6, -15.2)

GRS 8.5 (34.1, -17.1) 8.8 (36.0,-18.4) -0.4 (17.4, -18.2)

Values are bias with BA limits of agreement in parenthesis
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Interobserver reproducibility (GCS, GRS)

The interobserver analysis demonstrated ICC of 1.0 and COV
of 0.0 for both GCS and GRS analysis with DRA. For FT, ICC
and COV for GCS was 0.93 (95 % CI: 0.84, 0.96) and 6.1 %
while for GRS was 0.72 (95 % CI: 0.47, 0.85) and 18.9 %,
respectively (Table 5). On Bland-Altman plots, DRA data
showed perfect agreement for GCS (Fig. 8b) and GRS while
the variability with FT was higher (Table 5).

Discussion

Presented results demonstrate that the inverse application of
DRA on routinely acquired cine SSFP data allows for assess-
ment of global longitudinal, circumferential and radial myo-
cardial strain. DRA provided lower variability for measure-
ment of GLS and GCS than FT in comparison with speckle-
tracking echocardiography. In addition, DRA analysis had

superior inter and intra-observer reproducibility compared to
FT for all strain measurements. However, although there was
good correlation between the MR-based techniques, the cor-
relation with STE was limited, especially for FT analysis.

Although myocardial tagging is not commonly used in
clinical practice due to its complexity and the need for dedi-
cated acquisition/post-processing, its excellent reproducibility
is among the reasons for MR tagging being considered the
reference standard for evaluation of regional function, and as
such also applied in various research and validation studies
[20]. In a healthy population, MR tagging based normal
values are approximately -15 %, -20 % and 35 % for GLS,
GCS and GRS, respectively [31].

While in routine MRI quantitative analysis of regional
function is rarely performed, echocardiography is, at present,
increasingly being used for assessment of myocardial strain.
This is partly driven by availability, the ease of acquisition and
post-processing. With STE, the addition of longitudinal strain
analysis to the evaluation of LVEF improves sensitivity for
identifying subclinical disease in a large spectrum of cardiac
d i sease [8 , 9 , 21 , 32–34] . A meta -ana lys i s by
Yingchoncharoen et al. suggested that normal values for
STE-measured GLS were between -15.9 % and -22.1 %,
GCS between -20.9 % and -27.8 % and GRS between 35.1
% and 59 % [35]. However, there are inconsistent data on
normal strain values by echocardiography due to variability
between vendors and strain algorithms resulting in vendor-
specific normal GLS ranges (between -17.3 % and o -21.5
%) within standard guidelines [29, 35, 36].

Fig. 4 Linear regression analysis
for peak systolic GLS between all
applied methods showing (a)
results for speckle-tracking
echocardiography (STE)-
deformable registration analysis
(DRA) comparison, (b) STE-
feature-tracking (FT) comparison
and (c) FT-DRA comparison. In
(a) the dotted line shows
regression after exclusion of
influencial data points (white data
points) as described

Table 4 Correlation
between cardiac MR-
derived left ventricular
EF and GCS and GLS by
both MR methods

Cardiac MR EF vs. r p

DRA GLS 0.50 0.0014

GCS 0.78 <0.0001

FT GLS 0.52 0.0007

GCS 0.67 <0.0001

p<0.05 was considered stat ist ical
significant
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Modified FT algorithms, which are generally based on the
principle of tissue voxel motion tracking, have recently gained
attention for use on cine MRI. As such, regional myocardial
motion can quantitatively be assessed on cine SSFP without

the need for add-on acquisitions [20, 21]. These techniques
have previously been compared to STE as well as MR tag-
ging. Onishi et al. demonstrated good correlation with STE for
GLS and GCS [21] and others have demonstrated reasonably

Fig. 6 Linear regression analysis
for peak systolic GRS between all
applied methods showing (a)
results for speckle-tracking
echocardiography (STE)-
deformable registration analysis
(DRA) comparison, (b) STE-
feature-tracking (FT) comparison
and (c) FT-DRA comparison

Fig. 5 Linear regression analysis
for peak systolic GCS between all
applied methods showing (a)
results for speckle-tracking
echocardiography (STE)-
deformable registration analysis
(DRA) comparison, (b) STE-
feature-tracking (FT) comparison
and (c) FT-DRA comparison
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good agreement between FT and MR tagging for LVanalysis,
with a tendency to higher absolute values with FTcompared to
MR tagging [37, 38]. Moody et al. demonstrated mean values
of -19.5±3.5% and -24.8±2.9% for FT-derivedGLS and GCS
while MR tagging-based results were lower at -18.0±3.5 %
(p=0.01) and -18.6±2.5 % (p<0.001), respectively [37].
However, as shown in previous studies, correlation between

FT and STE is fairly inconsistent, possibly driven by great
variability among studies. Differences in measurements be-
tween these two techniques can be related to differences in
the region of myocardium tracked [39]. Orwat et al. demon-
strated only moderate correlation between FT and STE for
GLS (ICC=0.57, COV=14.4 %) and poor correlation between
both techniques for GCS (ICC=0.15, COV=19.4 %) [40]. The

Fig. 7 Bland-Altman plots
demonstrating (a) intra-observer
and (b) interobserver agreement
for global longitudinal strain
(GLS)

Table 5 Intra- (A) and
interobserver (B) reproducibility
in both applied cine MR-based
techniques for global longitudinal
(GLS), circumferential (GCS) and
radial (GRS) strain

Intra-observer reproducibility

GLS GCS GRS

A)

DRA Intra-class correlation 0.99 (0.98, 0.99) 1.0 (1.0, 1.0) 1.0 (1.0, 1.0)

Coefficient of variation (%) 1.6 0.0 0.0

Mean Bias 0.05 (-0.67, 0.77) 0.0 (0.0, 0.0) 0.0 (0.0, 0.0)

FT Intra-class correlation 0.91 (0.84, 0.95) 0.95 (0.90, 0.97) 0.91 (0.82, 0.95)

Coefficient of variation (%) 6.4 5.2 11.8

Mean bias -0.38 (-4.45, 3.67) 0.41 (-3.73, 4.56) -1.65 (-13.44, 10.14)

B)

DRA Intra-class correlation 0.97 (0.84, 0.98) 1.0 (1.0, 1.0) 1.0 (1.0, 1.0)

Coefficient of variation (%) 3.2 0.0 0.0

Mean Bias 0.45 (-0.67, 1.57) 0.0 (0.0, 0.0) 0.0 (0.0, 0.0)

FT Intra-class correlation 0.92 (0.86, 0.96) 0.93 (0.84, 0.96) 0.72 (0.47, 0.85)

Coefficient of variation (%) 5.7 6.1 18.9

Mean Bias -0.03 (-3.75, 3.68) 1.11 (-3.39, 5.63) 2.01 (-16.23, 20.26)

For ICC data in parenthesis represent 95 % CI intervals; for BA analysis data in parenthesis represent limits of
agreement
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dependency of STE on image quality and acoustic windows
for individual segment visualization may further affect results,
and have been reported to result in poor agreement between
STE and FT in Fontan patients for GLS and GCS (CV 29.9 %
and 29.6 %, respectively) [39, 41].

This present study focused on the use of a deformable
registration analysis (DRA) tool in combination with
automated/semiautomated LV short axis and long axis seg-
mentation, respectively. All phases of a slice are registered
to the first phase within this slice and subsequently morphed
to the other phases using forward and backward deformation
fields. This approach has been shown to result in fast and
efficient analysis, with accurate and consistent results [26, 27].

Regarding strain results, we found statistically significant
differences between all three methods for GLS and GCS.
While FT demonstrated higher absolute values when compared
to STE, DRA-derived absolute values were systematically low-
er when compared to STE. In comparison with STE, higher
absolute strain values have previously been reported for FT
[21]. Furthermore, for both 2D and 3D STE, higher absolute
strain values have been demonstrated in comparison with MR
tagging, especially for GLS and GCS [42–44]. Results of pre-
sented DRA analysis are within normal ranges of reported MR
tagging data [31, 37, 38, 45]. This may in part explain the
significant differences between STE and DRA results, although
a direct comparison withMR tagging has not been performed in
this study. In addition, the differences in haemodynamic status
with lower systolic blood pressure and rate-pressure product
during the echocardiography study may further contribute to

higher absolute strain values in STE [46]. Despite offsets to
STE, no significant differences were identified for global radial
strain between FT and DRA analysis.

Besides agreement, reproducibility of quantitative measure-
ments isofhigh importance inmethodassessment.Previousstud-
iesonfeature-trackingreported intra-classcorrelationcoefficients
(ICC) of ≥0.85 for intra-observer analysis of all threemain strain
directions and interobserver analysis of GLS andGCS data [47].
These results are consistent with the results of the present study.
Augustine et al. reported coefficients of variation in feature-
tracking for GLS, GCS andGRS of 10.9, 4.9, and 32.3 for inter-
observer and 12.3, 2.8, and 22.9 for intra-observer analysis, re-
spectively. These values were higher for GLS and GRS than re-
ported in the present study but lower for GCS [38].

DirectcomparisonoflongaxisDRAandFTdatademonstrates
superior intra- and interobserver reproducibility forDRA inGLS
analysis; perfect reproducibilitywas demonstrated for short axis-
derived DRA related to the fully automated segmentation ap-
proach. Even for GLS the robust DRA segmentation approach
most likely is a major contributor to the superior reproducibility
by significantly eliminating user interaction and bias.

Despite the high reproducibility of DRA-based strain anal-
ysis, the partial lack of significant correlation between both
MR-based approaches to STE is of concern with respect to the
overall rating of these techniques. As described in detail, DRA
GLS demonstrated significant correlation with respective STE
results after removal of two highly influential data points. For
FT, however, correlation remained non-significant even after
further data analysis while good correlation between both MR

Fig. 8 Bland-Altman plots
demonstrating (a) intra-observer
and (b) interobserver agreement
for global circumferential strain
(GCS)
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techniques was consistent. The combination of the above find-
ings may propose general modality/acquisition differences be-
tween echo and MRI in addition to different underlying prin-
ciples of ‘tissue tracking’ and strain data evaluation [26, 39,
41]. Although the interval between both examinations (echo,
MRI) was short (<6 h), interval variation in haemodynamics
may have contributed to differences as described (Table 1). In
previously published studies comparing FT on MR images
and STE, very little detail has been presented about potential
haemodynamic changes. While differences in temporal reso-
lution may be another underlying reason, applied cine MRI,
however, demonstrate a temporal resolution within the range
of typical MR tagging studies.

Study limitations

Although comparison of strain data to the current clinical
standard of speckle-tracking echocardiography has been per-
formed, MR tagging data was not available in our study pop-
ulation. Secondly, as the focus of this study was the intra-
individual comparison of various methods, we included both
healthy volunteers and patients into this study. As presented
strain results were primarily within normal ranges, the accu-
racy of DRA could not be explored across a wide range of
normal and abnormal strain values.

Conclusions

Deformable registration-based analysis of cine SSFP data is a
novel automated method that could allow assessment of myo-
cardial deformation with reduced variability and superior re-
producibility compared to MR feature-tracking. As such,
DRA may prove to be an excellent tool for added information
in clinical scenarios with especially normal global systolic
function. Further studies are warranted in order to assess its
accuracy in comparison to MR tagging.
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