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Abstract
Objectives To validate deformable registration algorithms (DRAs) for cine balanced steady-state free precession (bSSFP) as-
sessment of global longitudinal strain (GLS) and global circumferential strain (GCS) using harmonic phase (HARP) cardiovas-
cular magnetic resonance as standard of reference (SoR).
Methods Seventeen patients and 17 volunteers underwent short axis stack and 2-/4-chamber cine bSSFP imaging with matching
slice long-axis andmid-ventricular spatial modulation ofmagnetization (SPAMM)myocardial tagging. Inverse DRAwas applied
on bSSFP data for assessment of GLS and GCS while myocardial tagging was processed using HARP. Intra- and inter-observer
variability assessment was based on repeated analysis by a single observer and analysis by a second observer, respectively.
Standard semi-automated short axis stack segmentation was performed for analysis of left ventricular (LV) volumes and ejection
fraction (EF).
Results DRA demonstrated strong relationships to HARP for myocardial GLS (R2 = 0.75; p < 0.0001) and endocardial GLS
(R2 = 0.61; p < 0.0001). GCS result comparison also demonstrated significant relationships between DRA and HARP for myo-
cardial strain (R2 = 0.61; p < 0.0001) and endocardial strain (R2 = 0.51; p < 0.0001). Bothmethods demonstrated small systematic
errors for intra- and inter-observer variability but DRA demonstrated consistently lower CV. Global LVEF was significantly
lower (p = 0.0099) in patients (53.7%; IQR 43.9/64.0%) than in healthy volunteers (62.6%; IQR 61.1/66.2%). DRA and HARP
strain data demonstrated significant relationships to LVEF.
Conclusions Non-rigid deformation method–based DRA provides a reliable measure of peak systolic GCS and GLS based on
cine bSSFP with superior intra- and inter-observer reproducibility compared to HARP.
Key Point
• Myocardial strain can be reliably analyzed using inverse deformable registration algorithms (DRAs) on cine CMR.
• Inverse DRA-derived strain shows higher reproducibility than tagged CMR.
• DRA and tagged CMR-based myocardial strain demonstrate strong relationships to global left ventricular function.
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Abbreviations
BSA Body surface area
bSSFP Balanced steady-state free precession
CMR Cardiovascular magnetic resonance
CV Coefficient of variation
DENSE Displacement encoding with stimulated echoes
DRA Deformable registration algorithms
EDV End-diastolic volume
EF Ejection fraction
ESV End-systolic volume
FLASH Fast low angle shot
FT Feature tracking
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GCS Global circumferential strain
GLS Global longitudinal strain
GRAPPA Generalized autocalibrating partial parallel

acquisition
GRS Global radial strain
HARP Harmonic phase
IQR Interquartile range
LV Left ventricle
LVEF Left ventricular ejection fraction
MASS Myocardial mass
REB Research Ethics Board
SENC Strain encoded
SoR Standard of reference
SPAMM Spatial modulation of magnetization
SV Stroke volume
TPM Tissue phase mapping

Introduction

Besides being considered the standard of reference (SoR) for
quantification of ventricular volumes and global systolic func-
tion, cardiovascular magnetic resonance (CMR) is also known
as a highly accurate approach to regional function and defor-
mation assessment [1–5]. While left ventricular ejection frac-
tion (LVEF) has demonstrated prognostic implications in var-
ious cardiac pathologies, measurable deterioration of LVEV
may only occur rather late in the disease process [6]. Changes
in regional function and myocardial deformation have been
shown to provide more sensitive identification of functional
abnormalities at earlier stages than LVEF with prognostic and
therapeutic importance [2, 7].

Various dedicated CMR approaches for assessment of
myocardial deformation and strain, such as myocardial tag-
ging [8, 9], strain-encoded MRI (SENC) [10], displacement
encoding with stimulated echoes (DENSE) [11], and tissue
phase mapping (TPM) [12], have been developed and evalu-
ated. Despite further improvements in data acquisition and
ease in processing (e.g., harmonic phase magnetic resonance
imaging, HARP), none of these techniques have been incor-
porated into clinical routine CMR [13–15].

With the development of feature-tracking (FT) algorithms,
assessment of myocardial deformation and strain based on
routine cine balanced steady-state free precession (bSSFP)
data has recently gained attraction [16, 17]. Underlying tech-
niques have been vastly described in the literature and, with
some exceptions, comparison to myocardial tagging have
demonstrated good levels of agreement [18–21]. However,
tracking algorithms of most commercially available software
solutions are not openly accessible (Bblack box^ approaches),
as such limiting insight from operators and reengineering for
standardization purposes.

As an alternative method to FT algorithms, deformable
registration–based analysis (DRA) tools, originally aimed at
motion correction, have been described for strain assessment
combining automated/semi-automated cine bSSFP segmenta-
tion with deformation field calculation [22–24]. Studies have
demonstrated superior intra- and inter-observer reproducibili-
ty of DRA in comparison to FT approaches and also indicated
diagnostic benefit in longitudinal follow-up of therapy man-
agement [22, 23, 25].

To the best of our knowledge, DRA has not yet been val-
idated against an accepted standard of reference technique for
CMR strain evaluation.

We hypothesize that DRA-based strain assessment based
on cine bSSFP data provides accurate and reproducible mea-
sures of myocardial strain. The aim of the present study there-
fore was to validate DRA assessment of global longitudinal
strain (GLS) and global circumferential strain (GCS) with
harmonic phase (HARP) CMR serving as SoR.

Materials and methods

Study population

The patient study was designed as a prospective cohort study.
Seventeen patients (43.0 years old; IQR, 27.5/49.3 years old;
m/f = 10/7) referred to clinical CMR for suspicion of/known
cardiac disease were consecutively enrolled into the study.
Referral diagnosis included non-ischemic cardiomyopathies
(n = 10), inflammatory heart disease (n = 3), ischemic cardio-
myopathy (n = 1), valvular heart disease (n = 1), and repaired
congenital heart disease (n = 2).

A separate cohort of 17 healthy volunteers (47.0 years old;
IQR, 35.8/64.3 years old; m/f = 5/12) were prospectively in-
cluded. These participants were enrolled as part of the healthy
volunteer arm of the ongoing EMBRACE-MRI trial
(NCT02306538) and were free of cardiovascular disease or
cardiovascular risk factors.

The study has been approved by the Research Ethics Board
(REB) and all study participants provided written informed
consent.

Detailed cohort information is provided in Table 1.

Magnetic resonance imaging

CMR was performed at 1.5 Tesla (MAGNETOM Avanto fit,
Siemens Healthineers). In all instances, the imaging protocol
included multiplanar cine bSSFP techniques applied in multiple
long-axes orientations (2-/4-chamber) and a stack of parallel
short axes slices for ventricular coverage from base to apex.
Cine bSSFP was acquired in 8-mm slice thickness (2-mm gap
for short axis) and all slice planning was performed using semi-
automated planning support for consistency.
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Myocardial tagging was performed in 2-/4-chamber orien-
tation and at a mid-ventricular short axis orientation using
spatial modulation of magnetization (SPAMM) prepared fast
low angle shot (FLASH) cine imaging. Slice positions were
matched to respective cine bSSFP orientations (Fig. 1).
Detailed sequence parameters are provided in Table 2.

Image analysis

Ventricular function analysis

Analysis of global LV volumetric and functional parameters
was performed by a single observer (M.M.L.) using a com-
mercially available software package (MEDIS Suite 2.3.,
MEDIS). The following parameters were measured: end-
diastolic volume (EDV), end-systolic volume (ESV), stroke
volume (SV), ejection fraction (EF), and myocardial mass
(MASS). All volumes were indexed to the patient’s body sur-
face area (BSA).

Strain analysis

Inverse deformable registration algorithm Acquired 2-/4-
chamber long-axis cine as well as a single slice of short axis
(slice location matching to tagging acquisition) cine bSSFP
data was transferred to an offline workstation for further pro-
cessing. Inverse DRA was based on a prototype automated
segmentation tool programmed in Visual C++ (Trufi Strain,
Siemens Healthineers, Medical Imaging Technologies). The
detailed algorithm and approaches to data processing have
been described previously [22, 25].

Myocardial tagging All acquired tagging data sets were trans-
ferred to an offline workstation and analyzed using a commer-
cially available post-processing tool (HARP, Myocardial
Solutions). Processing required contouring on an initial phase
by placing markers along the endo- and epicardial borders that
are then automatically propagated across all phases of the
same slice. Following adjustment in the raw data domain,
the software calculates displacement maps based on identifi-
cation of harmonic peaks in the frequency domain of tagging
data with their respective phase changes over time [26, 27].

Strain results for individual long-axis longitudinal strain as
well as for global circumferential strain were transferred for
further analysis.

Intra-/inter-observer agreement analysis For the purpose of
intra-observer agreement analysis, all data sets were re-
analyzed using both algorithms, inverse DRA and HARP, by
observer 1 with a 4-week minimum interval blinded to results
of the first analysis.

For the purpose of inter-observer agreement analysis, both
inverse DRA strain analysis and HARP strain analysis were

performed by two observers (M.M.L., C.P.H.) blinded to all
clinical information and each other’s measurements.

General strain definitions For both approaches, peak systolic
GCS was defined as the maximal circumferential strain (for
the entire circumference of the acquired slice) within systole
(visually defined by minimum LV volume). For peak systolic
GLS, respective peaks of individual axes (2ch and 4ch) values
were averaged.

From both methods, strain data was reported separately for
myocardial strain (entire wall thickness) as well as endocardial
strain (endocardial 3rd of the wall thickness).

Based on the nature of the applied analysis techniques, all
DRA results are reported as Lagrangian strain while HARP
results are reported in Eulerian (Natural) strain. These defini-
tions relate to a difference in the frame of reference [28].

Statistical analysis

Continuous variables are reported as median and IQR un-
less stated otherwise. All strain data are reported in per-
centages. Assessment of normal distribution was per-
formed using the Kolmogorov-Smirnov test. Comparison
of baseline data between patients and volunteers was per-
formed using Student’s t test for independent samples or a
Mann-Whitney test as appropriate. Comparison of indi-
vidual strain values between both methods was performed
using Student’s t test for paired samples or a Wilcoxon
signed-rank test and intra-method comparison between
patients and volunteers employed Student’s t test for in-
dependent samples or the Mann-Whitney test as appropri-
ate. Assessment of the degree of association between both
methods and the relationship of individual strain data to
global functional parameters was performed using linear
regression analysis.

For assessment of systematic and random error in repeated
evaluations (intra-/inter-observer), Bland-Altman analysis
was employed. For assessment of intra-observer and inter-
observer agreement, calculation of the coefficient of variation
(CV) was performed. Statistical comparison of coefficients of
variation was performed using an F-test.

All statistical analysis was performed using MedCalc®
(Version 17.2, MedCalc Software bvba) and statistical signif-
icance was assumed at p < 0.05.

Results

Global LV parameters

Comparison of global LV parameters demonstrated a signifi-
cantly lower median LVEF (53.7%; range, 16.2–77.1%) in the
patient population as compared to the healthy volunteer
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population (62.6%; range, 57.7–80.0%) (p < 0.01).
Furthermore, the patients’median LVMASSi was significant-
ly higher than that in volunteers (p = 0.001). No significant
differences were identified for LV EDVi and LV ESVi.
Details of the population are shown in Table 1.

Myocardial strain

Feasibility

Cine bSSFP and tagging-based strain post-processing and
evaluation were feasible in all 34 cases (100%). In general,
DRA analysis does not require any correction of segmentation
and as such generation of strain results was less time-

consuming than HARP. An overview of all strain results is
provided in Table 3.

Global longitudinal strain

Cine bSSFP DRA analysis-based myocardial GLS
(− 14.3; IQR, − 16.6/− 11.4) was significantly lower than
HARP-based myocardial GLS (− 13.3; IQR, − 14.6/− 9.5;
p < 0.001) but results of DRA demonstrated a strong relation-
ship to HARP data (R2 = 0.75 p < 0.0001) (Table 3) (Fig. 2a).
For endocardial GLS data, DRA (− 14.4; IQR, − 16.4/− 11.8)
did not differ from HARP (− 13.7; IQR, − 16.0/− 10.5);
p = 0.078) and again there was a strong association between
the two techniques (R2 = 0.61; p < 0.0001) (Table 3) (Fig. 2b).

Table 1 Patient demographics
and characteristics Total (n = 34) Patients (n = 17) Volunteers (n = 17)

General

Age (year) 46.0 [35.0, 57.0] 43.0 [27.5, 49.3] 47.0 [35.8, 64.3] p = 0.084

Gender (m/f) 15/19 10/7 5/12 n.a.

BSA (m2) 1.82 [1.63, 2.01] 1.84 [1.68, 2.02] 1.75 [1.60, 2.02] p = 0.588

Global LV parameters

LV EF (%) 61.3 [53.7, 66.0] 53.7 [43.9, 64.0] 62.6 [61.1, 66.2] p < 0.01

LV EDVi (mL/m2) 81.3 [74.7, 98.6] 83.0 [73.2, 118.1] 79.6 [76.8, 91.9] p = 0.760

LV ESVi (mL/m2) 31.4 [27.1, 38.5] 35.4 [27.9, 55.6] 29.3 [26.7, 34.8] p = 0.131

LV MASSi (g/m2) 51.2 [42.6, 68.2] 68.2 [50.1, 97.5] 47.0 [39.9, 51.0] p = 0.001

Data (except gender) is presented in median [IQR]

Fig. 1 Matching short axis,
4-chamber/2-chamber view slice
locations/orientations for (a)
myocardial tagging (SPAMM)
and (b) cine bSSFP used for
analysis with HARP and DRA,
respectively
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Global circumferential strain

For GCS results across the entire myocardium, there was no
significant difference in strain values between DRA (− 14.3;
IQR, − 15.8/− 12.3) and HARP (− 14.3; IQR, − 15.7/− 11.2;
p = 0.0182) with a strong relationship between both methods
(R2 = 0.61; p < 0.0001) (Table 3) (Fig. 2a). The endocardial
GCS analysis revealed significantly lower values for DRA
(− 20.2; IQR, − 22.2/− 16.8) than for HARP (− 16.1; IQR,
− 18.8/− 13.8; p < 0.001) and results demonstrated a good rela-
tionship to each other (R2 = 0.51 p < 0.0001) (Table 3) (Fig. 2b).

Intra-/inter-observer agreement

For all repeated analyses by a single observer (intra-observer),
Bland-Altman evaluations demonstrated small systematic bias
for both methods. However, for all evaluated strain parameters,
DRA demonstrated substantially narrower limits of agreement
(Table 4) (Fig. 3). Furthermore, DRA demonstrated significant-
ly lower coefficients of variation (CV) than HARP analysis as a

measure for intra-observer agreement across all evaluated pa-
rameters (1.6–3.7% vs. 6.6–9.3%; all p < 0.01) (Table 4).

The repeated analysis by a second observer for the pur-
pose of inter-observer agreement demonstrated a larger
systematic bias for HARP analysis in all strain measures
but endocardial GCS as well as substantially wider limits
of agreement (Table 4) (Fig. 4). Furthermore, DRA again
demonstrated significantly lower coefficients of variation
(CV) than HARP analysis as a measure for inter-observer
agreement for all parameters (3.6–4.7% vs. 11.1–18.0%;
all p < 0.001) but endocardial GCS (5.6% vs. 7.0%;
p = 0.156) (Table 4).

Relationship of strain and global left ventricular systolic
function

Both DRA- and HARP-based GLS results (myocardial and
endocardial) demonstrated significant relationships with
LVEF (all p < 0.001) (Fig. 5a, b).

Table 2 Details of performed
sequence techniques for strain
assessment

Cine bSSFP SPAMM tagging

Repetition time (TR) 2.8 ms 8.1 ms

Echo time (TE) 1.2 ms 3.9 ms

Flip angle 70 degrees 14 degrees

Parallel imaging GRAPPA R = 2 GRAPPA R = 2

Temporal resolution (Tres) 36 ms 41 ms

Slice thickness 8 mm 8 mm

Pixel size 1.6 × 1.6 mm2 1.4 × 1.4 mm2

Other Grid tagging; 8-mm tag distance

Table 3 Overview of results for
global longitudinal (GLS) and
circumferential (GCS) strain
values based on inverse
deformable registration analysis
(DRA) and HARP techniques.
Results are provided for the total
cohort as well as for the patient
and volunteer subgroups

DRA HARP
Median (IQR) Median (IQR)

GLS myocardial Total (n = 34) − 14.3 [− 16.6, − 11.4] − 13.3 [− 14.6, − 9.5] p < 0.001

Patient (n = 17) − 11.4 [− 12.9, − 9.7]& − 9.5 [− 10.6, − 7.7]& p = 0.002

Volunteers (n = 17) − 16.6 [− 17.9, − 15.2] − 14.6 [− 17.4, − 14.1] p = 0.026

GLS endocardial Total (n = 34) − 14.4 [− 16.4, − 11.8] − 13.7 [− 16.0, − 10.5] p = 0.078

Patient (n = 17) − 11.8 [− 14.3, − 10.6]& − 10.9 [− 13.4, − 7.5]& p = 0.054

Volunteers (n = 17) − 16.0 [− 16.9, − 14.8] − 16.0 [− 17.7, − 14.0] p = 0.661

GCS myocardial Total (n = 34) − 14.3 [− 15.8, − 12.3] − 14.3 [− 15.7, − 11.2] p = 0.182*

Patient (n = 17) − 12.3 [− 14.0, − 8.0]& − 12.0 [− 14.3, − 9.5]& p = 0.452

Volunteers (n = 17) − 15.8 [− 17.9, − 14.4] − 15.6 [− 18.0, − 14.4] p = 0.453

GCS endocardial Total (n = 34) − 20.2 [− 22.2, − 16.8] − 16.1 [− 18.8, − 13.8] p < 0.001*

Patient (n = 17) − 16.8 [− 20.7, − 12.9]& − 14.5 [− 17.4, − 13.0]& p = 0.040*

Volunteers (n = 17) − 20.7 [− 22.6, − 20.0] − 16.9 [− 19.9, − 15.8] p = 0.002*

Data is presented in median [IQR]; & p < 0.05 in comparison to healthy volunteers (same method); *Wilcoxon
signed-rank test
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Similar findings are shown for DRA- and HARP-derived
GCS data (myocardial and endocardial), with all values dem-
onstrating significant relationships to LVEF (all p < 0.001)
(Fig. 5c, d).

Discussion

Our study demonstrates that DRA-based algorithms ap-
plied to cine bSSFP images provide global longitudinal
and circumferential strain results that strongly correlate
to measurements obtained using HARP-based analysis of
tagged CMR. Furthermore, repeated analysis confirms a
significantly lower intra- and inter-observer variability for
DRA compared to HARP. To the best of our knowledge,
this is the first study to report DRA results with HARP as
standard of reference for both longitudinal and circumfer-
ential strain information.

While myocardial strain assessment in routine echocar-
diography has recently become available, dedicated CMR
imaging techniques have not gained attraction in clinical
scenarios while commonly being applied in research set-
tings. This is most likely attributed to the need for dedi-
cated data acquisitions resulting in extended scan times.
Contrary to dedicated approaches in CMR (e.g., tagging,
SENC, DENSE, TPM), cine bSSFP-based approaches rely
on data acquired as part of the assessment of global car-
diac function [16]. This has renewed the interest in assess-
ment of myocardial deformation and strain assessment in
a clinical setting.

The vast majority of these approaches are based on feature
tracking (FT). However, despite a large body of literature on
FT-derived strain, published data on a rigorous comparison
using an accepted SoR such as myocardial tagging remains

Fig. 2 Relationship between DRA and HARP for both (a) myocardial
strain (GLS, GCS) and (b) endocardial strain (GLS, GCS) for all subjects

Table 4 Results of intra-observer and inter-observer comparison based on (a) Bland-Altman analysis and (b) coefficient of variation (CV)

(a)

Bland-Altman analysis (intra-observer) Bland-Altman analysis (inter-observer)

DRA HARP DRA HARP

Bias Limits of agreement Bias Limits of agreement Bias Limits of agreement Bias Limits of agreement

GLS myocardial 0.1 − 0.5; 0.7 − 0.7 − 2.8; 1.4 − 0.4 − 1.5; 0.8 − 1.9 − 6.2; 2.4
GLS endocardial 0.1 − 1.1; 1.4 − 0.3 − 2.7; 2.0 0.4 − 1.3; 2.1 − 2.0 − 6.3; 2.3
GCS myocardial 0.0 − 0.9; 0.9 − 0.9 − 3.7; 1.8 0.1 − 1.3; 1.5 − 1.3 − 4.2; 1.7
GCS endocardial 0.1 − 1.9; 2.1 − 0.1 − 3.4; 3.3 − 0.8 − 3.2; 1.6 − 0.2 − 3.2; 2.9
(b)

CV (%) (intra-observer) CV (%) (inter-observer)

DRA HARP Significance DRA HARP Significance

GLS myocardial 1.6 7.6 p < 0.001 3.6 18.0 p < 0.001

GLS endocardial 3.3 6.6 p = 0.002 4.7 17.3 p < 0.001

GCS myocardial 2.3 9.3 p < 0.001 3.6 11.1 p < 0.001

GCS endocardial 3.7 7.7 p = 0.002 5.6 7.0 p = 0.156
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sparse. In a small subset (n = 20) of a volunteer study, reason-
ably good levels of agreement of FT to myocardial tagging
were reported for circumferential strain while such levels were
not achieved for longitudinal and radial strain measures [21].
Other studies have demonstrated mixed results regarding the
correlation of FT-derived strain to HARP analysis with the
largest cohort study by Hor et al reporting a high correlation
of mid-ventricular circumferential FT strain to HARP data
[29, 30].

All of the above studies applied the same commercially
available FT software algorithm. A small volunteer study on
inter-vendor comparison demonstrated that results vary based
on the applied commercially available algorithms [31, 32].
Most recently, Barreiro-Pérez et al [33] have confirmed such
variations stating that despite excellent intra- and inter-
observer reproducibility, results for GLS and GRS are not
interchangeable between different FT algorithms. This high-
lights the problem of implementations of algorithms in quan-
titative imaging that are not accessible in its entirety to the
public (Bblack box^ approaches).

Besides accuracy of results, reproducibility is of high
importance. HARP analysis has been reported to result in
low intra-observer and inter-observer variability for cir-
cumferential strain analysis [27, 34]. Furthermore,

approaches using myocardial tagging demonstrate better
intra-/inter-observer agreement in circumferential strain
assessment than FT [29, 30, 35]. Feisst et al [35] also
demonstrated that the reliability of FT results is to a
higher degree dependent on user experience. DRA has
recently been reported superior to FT in intra-/inter-ob-
server agreement [22]. The current study confirms the
excellent intra-observer agreement of automated/semi-
automated DRA and as such also confirms the results of
recent studies conducted by Keller et al and Jolly et al
[23, 25]. The direct comparison of DRA and HARP in
the current study demonstrates that DRA has a signifi-
cantly lower intra-observer variability than HARP for
both circumferential and longitudinal global systolic
strains with additionally substantially lower random error
in repeated analysis (Table 4) (Fig. 3).

While for all aspects of DRA-based results a significant
relationship to HARP results has been demonstrated (Fig. 2),
direct comparison with HARP also demonstrated some signif-
icant differences in absolute values. DRA data for myocardial
GLS as well as data for endocardial GCS were significantly
lower than respective HARP results. These differences apply
to the total study population as well as across the patient and
volunteer subgroups (Table 3). Fairly similar differences

Fig. 3 a–d Comparative Bland-Altman analysis for repeated analysis (intra-observer) of strain data with DRA and HARP
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between DRA and HARP have recently been reported by
Jolly et al [25] in a longitudinal chemotherapy study.
Possible reasons for this finding include potential minor var-
iations in slice position dependent on the subjects’ respiratory
levels in consecutive breath-holds. Furthermore, bSSFP cine
based algorithms tend to focus on Bfeatures^ along high-
contrast interfaces such as the endocardial/blood border while
tagged CMR provides pan-myocardial assessment of motion.
Very likely, the consistently lower (more negative) DRA re-
sults also relate to the different frame of reference of reported
strain results (Lagrangian vs. Eulerian). While HARP pro-
vides highly automated processing for faster analysis, this
fast-tracking method is predominately limited to Eulerian
strain with knowingly less extreme values compared to the
Lagrangian equivalent [28, 36]. However, as not all strain data
demonstrated significant differences between both methods,
variations in the approach to strain computation (including
algorithm differences) may also have contributed. Such differ-
ences generally also explain result differences among different
CMR FT algorithms.

Beyond these described differences in absolute strain
values, results of both approaches, DRA and HARP,
demonstrated a significant relationship to global LVEF
(Fig. 4). As for endocardial GCS, this relationship to
EF was significantly higher for DRA than for HARP.

Various studies have recently demonstrated such a rela-
tionship for DRA to measures of global LV function
while literature results for HARP are not as consistent
[22, 25]. While showing a significant relationship be-
tween LVEF- and DRA-based strains, Jolly et al [25]
could not find such a relationship for HARP. Lu et al
[29] reported various levels of relationship of HARP-
based peak systolic circumferential strain to global
LVEF measures; while, like in this study, at the mid-
ventricular level HARP correlated significantly to LVEF
for circumferential peak systolic strain, such a relation-
ship was not present for the global (along entire ventri-
cle) circumferential strain data.

In general, the following limitations apply to this study.
The overall study cohort was limited in size (n = 34) and,
despite covering a wide range of global LV function with
different underlying pathologies in the patient population,
the overall number of patients with moderate to severe LV
impairment was low. Furthermore, we had opted to not
include analysis of radial strain data as tagged CMR
might not provide the high-level standard as it does for
circumferential and longitudinal strain analysis. As docu-
mented in previous studies, large variations of peak sys-
tolic radial strain values may occur in myocardial tagging
(including HARP analysis) [29, 37]. While intra- and

Fig. 4 a–d Comparative Bland-Altman analysis for repeated analysis (inter-observer) of strain data with DRA and HARP
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inter-observer variability are important measures, inter-
study variability has not been assessed in this study.
Further studies are required to close this gap.

Conclusion

The current study demonstrates that non-rigid deformation
method-based assessment of myocardial strain using cine
bSSFP images not only provides reliable measures of peak
systolic global circumferential and longitudinal strain with
good correlation to HARP, but also superior reproducibility
to HARP. Further studies are warranted regarding the valida-
tion of DRA-based radial strain using an appropriate SoR such
as DENSE. However, standardization of methods, consensus
approaches, and avoidance of black box algorithms remain the
most crucial aspect in pushing the envelope for clinical strain
assessment in CMR.
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Methodology
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