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Abstract

Background: Myocardial deformation analyses using cardiovascular magnetic resonance (CMR) feature tracking
(CMR-FT) have incremental value in the assessment of cardiac function beyond volumetric analyses. Since guidelines
do not recommend specific imaging parameters, we aimed to define optimal spatial and temporal resolutions for
CMR cine images to enable reliable post-processing.

Methods: Intra- and inter-observer reproducibility was assessed in 12 healthy subjects and 9 heart failure (HF)
patients. Cine images were acquired with different temporal (20, 30, 40 and 50 frames/cardiac cycle) and spatial reso-
lutions (high in-plane 1.5 x 1.5 mm through-plane 5 mm, standard 1.8 x 1.8x8mm and low 3.0 x 3.0x 10mm). CMR-FT
comprised left ventricular (LV) global and segmental longitudinal/circumferential strain (GLS/GCS) and associated
systolic strain rates (SR), and right ventricular (RV) GLS.

Results: Temporal but not spatial resolution did impact absolute strain and SR. Maximum absolute changes between
lowest and highest temporal resolution were as follows: 1.8% and 0.3%/s for LV GLS and SR, 2.5% and 0.6%/s for

GCS and SR as well as 1.4% for RV GLS. Changes of strain values occurred comparing 20 and 30 frames/cardiac cycle
including LV and RV GLS and GCS (p <0.001-0.046). In contrast, SR values (LV GLS/GCS SR) changed significantly com-
paring all successive temporal resolutions (p < 0.001-0.013). LV strain and SR reproducibility was not affected by either
temporal or spatial resolution, whilst RV strain variability decreased with augmentation of temporal resolution.

Conclusion: Temporal but not spatial resolution significantly affects strain and SR in CMR-FT deformation analyses.
Strain analyses require lower temporal resolution and 30 frames/cardiac cycle offer consistent strain assessments,
whilst SR measurements gain from further increases in temporal resolution.

Keywords: Myocardial deformation, Strain, Cardiovascular magnetic resonance, Temporal resolution, Spatial
resolution, Reproducibility

Introduction

Myocardial deformation assessments have proven incre-
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has been demonstrated in the fields of heart failure
(HF) with preserved (HFpEF) and reduced ejection frac-
tion (HFrEF) [6-8], ischemic and non-ischemic cardio-
myopathies [9, 10] as well as following acute myocardial
infarction [11-13]. CMR represents the reference stand-
ard for the evaluation of cardiac morphology and func-
tion [14]. It allows the employment of various myocardial
deformation assessments [15—17]. In contrast to the ref-
erence standard CMR tagging [18], CMR feature tracking
(CMR-FT) can be applied on routinely acquired balanced
steady state free precession (bSSFP) cine sequences
[17] without the need for further deformation analyses
sequences. CMR-FT has proven reliable reproducibility
[19-23], being employed in a vast spectrum of cardiovas-
cular diseases [9-11, 24]. Although CMR overcomes the
limitations of anatomical plane restrictions as opposed
to echocardiography [14, 25, 26], issues have been raised
regarding through plane motion in 2 dimensional CMR-
FT post-processing and regarding its lower temporal res-
olution compared to speckle-tracking echocardiography
(STE) [26], especially since evidence from STE indicates
a distinct impact of temporal resolution on strain assess-
ment [27]. Despite the value of CMR-FT and increasing
application, to date no recommendations exist for spatial
and temporal resolutions in bSSFP cine images to allow
for optimised post-processing. Consequently, this study
aimed to determine the impact of temporal and spatial
resolution on CMR-FT derived myocardial deforma-
tion indices and on their reproducibility and recommend
imaging acquisition requirements for informed clinical
use.

Methods

Cardiovascular magnetic resonance

The study population consisted of 12 healthy subjects and
9 patients with known ischemic heart disease and symp-
toms of HE. The study was approved by the Ethics Com-
mittee of the Charité-University Medicine Berlin and
complied with the Declaration of Helsinki. All individuals
gave written informed consent before participating in the
study. Prospective electrocardiogram (ECG)-gated bSSFP
cine sequences were acquired on a clinical 1.5 T CMR
scanner (Achieva, Philips Healthcare, Best, the Neth-
erlands) for long-axis 2 chamber (2Ch)- and 4-chamber
(4Ch) views as well as a short axis stack. Imaging param-
eters included temporal resolutions of 20, 30, 40 and 50
frames/cardiac cycle. The reconstructed cardiac phases
were obtained using a fixed interpolation factor of 50%.
Spatial resolutions comprised high (1.5x 1.5 mm in
plane and 5 mm through-plane), standard (1.8 x 1.8 mm
in plane and 8 mm through-plane) as well as low
(3.0 x 3.0 mm in plane and 10 mm through-plane) set-
tings (Fig. 1). For the purposes of this manuscript, the
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resolutions are referred to by their through-plane value
of 5 mm, 8 mm and 10 mm respectively.

Feature-tracking

CMR-FT was performed using the commercially availa-
ble software QStrain (version 3.1.16.9, Medis Medical
Imaging Systems, Leiden, Netherlands, Fig. 1 and Addi-
tional file 1: Figure S1) for left ventricular (LV) global as
well as segmental longitudinal and circumferential strain
as well as associated systolic strain rates (GLS/GCS GLS
SR/ GCS SR) and right ventricular (RV) global longitudi-
nal strains (RV GLS). LV and RV were tracked at endo-
cardial borders. The LV was tracked in long axis (2Ch and
4Ch) and short axis orientations. The RV was tracked in
the 4Ch only [21]. Contours were manually traced in
end-diastole and end-systole, the tracking algorithm was
then applied following the tissue features over the cardiac
cycle. Strain is reported as the percentage value of abso-

lute shortening (Strain [%] =

Length endsystole —Length enddiastole .
Tength enddiastole 100). Accuracy was visu-

ally reviewed, where appropriate corrections were made
by the observer to the initial contours only. Short axis
strains (GCS) were assessed at basal (requiring circular
myocardium and the absence of LV outflow tract during
the cardiac cycle), midventricular (with both papillary
muscles visible) and apical (maintained blood-pool
throughout the cardiac cycle) positions. Intra-observer
and inter-observer reproducibility was calculated within
two operators in a core-laboratory with proven excellent
intra- and inter-observer reproducibility in previous tri-
als [21, 22, 28]. Both observers were well experienced in
CMR and received dedicated training in CMR. Observer
one performed two rounds 4 weeks apart for the assess-
ment of intra-observer reproducibility, observer two per-
formed one round for the assessment of inter-observer
reproducibility respectively. Each round consisted of 3
repeated measurements, final strain values were based on
the average to enhance reproducibility and decrease vari-
ability [21, 22]. Reproducibility of GLS and GCS was
assessed on segmental level based on the segments pro-
posed in the American Heart Association 16 segments
model [29].

Statistics

Intra- and inter-observer variability was evaluated based
on Bland-Altman analyses [mean difference between
measurements and corresponding 95% confidence inter-
val (CI)] [30], intra-class correlation coefficients (ICC)
for absolute agreements and the coefficient of varia-
tion (CoV, SD of mean difference divided by the mean
%) [20]. An ICC>0.74 was considered excellent,

good between 0.60 and 0.74, fair between 0.4 and 0.59
and poor below 0.4. Continuous variables are expressed
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Spatial Resolution — SA midventricular

1.5x1.5mm 1.8x1.8 mm 3.0x3.0 mm

Fig. 1 Strain and strain rate (SR) analyses with different spatial and temporal resolutions. Example of a healthy subject and end-diastolic

mid left ventricular short axis views using high (1.5 x 1.5 mm in plane and 5 mm through-plane), standard (1.8 x 1.8 mm in plane and 8 mm
through-plane) and low (3.0 x 3.0 mm in plane and 10 mm through-plane) spatial resolutions. Below different temporal resolutions of 20, 30, 40
and 50 frames/cardiac cycle in high spatial resolution (1.5 x 1.5 mm in plane and 5 mm through-plane) with traced borders at end-diastole (ED)
and end-systole (ES) are displayed. Strain and strain rate (SR) curves for global circumferential strain (GCS) are exemplary shown for high spatial with
either lowest (20) or highest (50) temporal resolution. Final strain values are based on endocardial strain only
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as mean = standard deviation (SD). Dependent variables
were tested using the Wilcoxon signed-rank test. An
alpha level of 0.05 was considered statistically significant.
Statistical analyses were performed using SPSS (version
24 for Windows, Statistical Package for the Social Sci-
ences, International Business Machines, Inc., Armonk,
New York, USA) and Excel (Microsoft Corporation, Red-
mond, Washington, USA).

Results

Demographics

The study population comprised 12 healthy subjects
and 9 HF patients. Healthy subjects had a median age
of 29 years (IQR 25, 34) with normal LV ejection frac-
tion (LVEF) (median 60%; IQR 59, 60). HF patients had
a median age of 67 years (ICR 51, 69) with LVEF (median
56%; IQR 47, 57). The median heart rate during CMR
acquisition was 66/min (IQR 60, 71). LV strain and SR
as well as RV strain values are reported in association to
spatial and temporal resolution in Table 1.

Cardiac function

Temporal resolution

Increasing temporal resolution was associated with
increasing absolute strain and SR (Table 1 and Fig. 2).
The lowest temporal resolution was associated with
the lowest absolute strain and SR. Absolute changes
between 0.3 and 1.8% for LV GLS and 0.24-0.30%/s for
associated GLS SR, 1.7-2.5% for GCS and 0.48-0.57%/s

Table 1 Cardiac function patients

Page 4 of 12

for associated GCS SR and 1.2-1.4% for RV GLS were
observed comparing the lowest to the highest temporal
resolution.

Significant changes in strain analyses were observed
exclusively comparing the low temporal resolutions of
20 to 30 frames/cardiac cycle at a spatial resolution of
5 mm (LV p=0.017 and RV GLS p=0.046 as well as GCS
p<0.001), 8 mm (GCS p = 0.015) and 10 mm (LV GLS
p=0.001). In contrast, significant changes occurred up to
the highest temporal resolution for SR (LV GLS and GCS
SR) measurements and amongst all spatial resolutions
(Table 1).

Spatial resolution
Consistent absolute strain and SR values were obtained
irrespective of different spatial resolutions.

Reproducibility

Mean differences as well as corresponding SD, ICC
and CoV of assessed strain and SR values are reported
in Figs. 3 and 4 as well as in the supplements for LV
GLS (Table 2), LV GLS SR (Table 3), LV GCS (Table 4),
LV GCS SR (Table 5) and RV GLS (Additional file 1:
Table S1) and Additional file 1: Figures S2—-S13. Repro-
ducibility on segmental level was excellent for LV GLS
and GCS (ICC>0.81) as well as associated strain rates
(ICC>0.77). Reproducibility in segments with wall
motion abnormalities was good to excellent for GLS and
GCS (ICC=>0.73) and associated strain rates (ICC > 0.82)
(Additional file 1: Tables S2-S5).

Resolution Cardiac function
Spatial Temporal LV GLS (%) LV GLS SR (%/s) GCS (%) GCS SR (%/s) RV GLS (%)
(mm) (frames/

cycle)
5 20 —204 (3.66) —0.77 (0.16) —283(551) —1.23(034) —24.2(3.50)
5 30 —213(3.80) 0.017 —094(0.21) <0.001 —30.1(6.05 <0.001 —157(041) <0.001 —256(443) 0.046
5 40 —215(3.84) 0244 —101(0.23) 0.001 —306(5.86) 0274 —1.70(041) 0.001 —254(453) 0741
5 50 —215(386) 0903 —1.07(0.23) 0.008 —308(5.81) 0627 —1.80(038) 0.013 —254(4.20) 0903
8 20 —21.0(3.60) —0.81(0.17) —286(5.28) —1.25(032) —24.2(4.59)
8 30 —209(4.09) 0741 —095(020) <0.001 —29.1(498 0.015 —159(038) <0.001 —248(4.68) 0.170
8 40 —20.7(340) 0768 —0.98(0.20) 0.117 —29.8(6.01) 0205 —1.67(039) 0.001 —252(450) 0455
8 50 —213(4.10) 0339 05 (0.20) 0.001 —303(5.76) 0217 73(0.39) 0.003 —254(3.80) 0.986
10 20 —20.7 (4.29) —082( 1) —28.2(5.80) —1.22(037) —22.8(445)
10 30 —220(4.17) 0.001 7099( 1) <0.001 —296(582) 0917 —159(046) <0.001 —23.7(3.78) 0.099
10 40 —220(467) 0768 05 (0.25) 0.030 —30.5(5.80) 0.085 —1.72(046) 0.014 —241(392) 059
10 50 —225(455) 0062 —1.11(0.26) 0.002 —30.5(5.77) 0.002 —1.76(044) 0.014 —24.2(392) 0601

Continuous variables are expressed as mean (standard deviation). LV/RV left/right ventricular, GLS/GCS/GRS global longitudinal/circumferential/radial strain, SR systolic
strain rate. Wilcoxon-signed rank test was used to determine statistical significance. P-values were calculated comparing one temporal resolution to the successive

higher one. Bold p-values indicate statistical significance
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Fig. 2 Impact of Temporal Resolution on Strain and Strain Rate
(SR). The graph shows absolute strain and SR values obtained in
deformation imaging in relation to temporal (20/30/40/50 frames/
cardiac cycle) and spatial resolution (5, 8 and 10 mm) for healthy
subjects and heart failure patients. LV/RV: left/right ventricle, GLS
global longitudinal strain, GCS global circumferential strain, SR strain
rate
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Temporal resolution

Temporal resolution impacted neither intra- nor inter-
observer reproducibility of LV strain values, including
evaluations in segments with regional wall motion abnor-
malities only. However, increased temporal resolution
was associated with better reproducibility of RV GLS,
especially for inter-observer variability (CoV comparing
20 to 50 frames/cardiac cycle at 5 mm 17.3% vs 11.7%,
8 mm 14.2% vs 8.6% and at 10 mm 19.1% vs 12.8%).

Spatial resolution

Variation of spatial resolution between high, stand-
ard and low settings was not associated with decreased
reproducibility of strain and SR values.

Discussion

Temporal but not spatial resolution impacts CMR-FT
absolute strain and SR values with higher temporal reso-
lution being associated with increased strain and SR val-
ues. To obtain consistent numerically similar strain and
SR values, temporal resolutions of above 30 (strain) and
50 frames/cardiac cycle (SR) are required to allow quanti-
fying accurate peak systolic strain and SR. It is important
to note that strain and SR acquired at lower temporal res-
olution will have lower peak systolic strain and SR which
needs to be considered during clinical examinations.
Within investigated limits of temporal and spatial resolu-
tion, reproducibility of LV strain and SR is not negatively
affected by lower resolution settings. Consequently, when
assessing these parameters clinically, minimum imaging
requirements should be adhered to, to obtain reliable
results for adequate diagnostic and prognostic assess-
ment of patients with various cardiac pathologies.

Technical considerations

Temporal resolution

Temporal resolution had the highest impact on strain
and SR values assessed by FT post-processing. In line
with data coming from STE [27] an increase in frame
rate/temporal resolution was associated with an increase
of absolute strain values.

One reason may be the CMR technique itself. First,
CMR cine images of a cardiac cycle are retrospectively
reconstructed from ECG-gated data of several cardiac
cycles. Low temporal resolution may aggravate loss of
information on minor differences in cardiac mechan-
ics which may then not be adequately represented in
the reconstructed cine image. Second, computation and
extrapolation of strain curves from cine images with
lower temporal resolution may result in loss of peak
strain.

Another reason could be attributed to the FT tech-
nique. CMR-FT is in principle based on optical flow
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Fig. 3 Intraobserver reproducibility. The graph shows intraclass correlation coefficients (ICC) and coefficients of variation (CoV) for intra-observer
reproducibility in association to temporal (20/30/40/50 frames/cardiac cycle) and spatial resolution (5,8 and 10 mm). LV/RV left/right ventricle, GLS
global longitudinal strain, GCS global circumferential strain, SR strain rate
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Fig. 4 Interobserver reproducibility. The graph shows interclass correlation coefficients (ICC) and coefficients of variation (CoV) for inter-observer
reproducibility in association to temporal (20/30/40/50 frames/cardiac cycle) and spatial resolution (5, 8 and 10 mm). LV/RV left/right ventricle, GLS
global longitudinal strain, GCS global circumferential strain, SR strain rate
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Table 2 Left ventricular GLS intra- and inter-observer reproducibility
Resolution Intra-Observer Inter-observer
Spatial (mm) Temporal Mean difference 1CC (95% Cl) CoV (%) Mean difference ICC (95% Cl) CoV
(frames/cycle)  (SD of the Diff.) (SD of the Diff.) (%)
5 20 0.13(3.11) 0.96 (0.95-0.97) 15.0 0.36 (5.10) 0.87 (0.83-0.90) 248
5 30 0.05 (3.36) 0.95 (0.94-0.96) 15.2 0.62 (5.34) 0.86 (0.82-0.89) 24.6
5 40 0.27 (3.00) 0.96 (0.95-0.97) 133 0.59 (5.31) 0.86 (0.83-0.89) 24.0
5 50 0.38 (4.55) 0.91 (0.89-0.93) 19.8 0.23 (5.31) 0.87 (0.83-0.90) 234
8 20 0.55(3.31) 0.95 (0.94-0.96) 153 0.90 (5.14) 0.86 (0.82-0.89) 24.6
8 30 0.18 (3.26) 0.96 (0.95-0.97) 15.0 0.83 (5.53) 0.86 (0.82-0.89) 26.0
8 40 1(343) 0.95 (0.93-0.96) 15.6 0.16 (5.58) 0.85(0.81-0.88) 25.7
8 50 0.70 (4.48) 0.92 (0.90-0.94) 19.2 0.59 (5.35) 0.88 (0.84-0.90) 236
10 20 0.54 (3.57) 0.95 (0.94-0.96) 16.8 0.44 (5.30) 0.89 (0.86-0.91) 256
10 30 0.36(3.72) 0.95 (0.94-0.96) 16.2 0.69 (5.96) 0.87 (0.83-0.90) 26.5
10 40 0.02 (3.64) 0.96 (0.95-0.97) 15.7 0.75 (6.23) 0.86 (0.81-0.89) 273
10 50 0.00 (4.37) 0.94 (0.93-0.96) 18.2 1.04 (5.94) 0.88 (0.84-0.91) 255

SD standard deviation, Diff difference, ICC intraclass correlation coefficient, CoV coefficient of variation, LV left ventricular, GLS global longitudinal strain (n =252 data

points)

Table 3 Left ventricular GLS SR intra- and inter-observer reproducibility

Resolution Intra-observer Inter-Observer
Spatial (mm) Temporal Mean difference 1CC (95% CI) CoV (%) Mean difference ICC (95% Cl) CoV
(frames/cycle)  (SD of the Diff.) (SD of the Diff.) (%)

5 20 01 (0.15) 0.95 (0.94-0.96) 17.6 0.01(0.23) 0.88 (0.84-0.90) 26.7
5 30 0.00 (0.18) 0.96 (0.95-0.97) 15.8 0.02 (0.28) 0.88 (0.85-0.91) 24.9
5 40 0.02(0,22) 0.94 (0.93-0.96) 16.9 0.00(0.32) 0.86 (0.83-0.89) 254
5 50 0.06 (0.30) 0.91 (0.89-0.93) 20.2 0.01(0.33) 0.89 (0.86-0.91) 225
8 20 0.03(0.15) 0.96 (0.95-0.97) 16.0 0.03(0.22) 0.89 (0.86-0.92) 250
8 30 0.00 (0.19) 0.95 (0.94-0.96) 16.3 0.03 (0.28) 0.87 (0.84-0.90) 254
8 40 0.02 (0.20) 0.95 (0.93-0.96) 164 0.00(0.29) 0.88 (0.84-0.90) 24.2
8 50 0.03 (0.30) 0.92 (0.90-0.94) 19.6 0.02 (0.49) 0.77 (0.70-0.82) 329
10 20 0.02 (0.15) 0.96 (0.95-0.97) 17.0 0.02 (0.26) 0.87 (0.83-0.90) 29.2
10 30 0.03(0.21) 0.96 (0.94-0.97) 173 0.01(0.32) 0.89 (0.85-0.91) 27.1
10 40 0.02 (0.21) 0.96 (0.95-0.97) 16.0 0.01 (0.35) 0.87 (0.84-0.90) 27.0
10 50 0.05(0.33) 0.94 (0.92-0.95) 216 0.02(0.38) 0.88 (0.85-0.91) 25.7

SD standard deviation, Diff difference, ICC intraclass correlation coefficient, CoV coefficient of variation, LV left ventricular, SRs systolic strain rate (n =252 data points)

and aims to follow image patterns from frame to frame
thoughout the cardiac cycle. The displacement is usually
tracked between two consecutive images by identifying
similar image patterns within an interrogation window
[17, 26, 31]. A lower temporal resolution results in larger
distances covered by the features from one image to the
following one and thus requires an enlarged interroga-
tion window to ensure that the patterns are not displaced
beyond the limits of the interrogation window. Because
pattern similarities are averaged over larger areas, accu-
racy may be decreased [26]. Furthermore, feature pat-
terns in images may be less comparable after a longer

period of time and larger distance covered, called image
de-correlation [32]. In return, higher temporal resolution
may allow for smaller interrogation windows resulting in
higher accuracy. However, bearing also in mind that a too
small search window may be unsuitable for pattern rec-
ognition as well [33]. This is in line with phantom work
showing that a certain threshold of temporal resolution
should be ensured whilst further increases may not auto-
matically result in higher accuracy [34]. FT post-pro-
cessing deformation assessment is based on estimations
of displacements which are averaged for final values. On
the one side this increases reproducibility and indeed,
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Table 4 Left ventricular GCS intra- and inter-observer reproducibility
Resolution Intra-observer Inter-observer
Spatial (mm) Temporal Mean difference 1CC (95% Cl) CoV (%) Mean difference ICC (95% Cl) CoV
(frames/cycle)  (SD of the Diff.) (SD of the Diff.) (%)
5 20 0.14 (3.69) 0.96 (0.95-0.97) 13.1 1.16 (6.55) 0.85(0.81-0.88) 238
5 30 0.22 (4.02) 0.95 (0.94-0.96) 133 191 (6.27) 0.86 (0.82-0.90) 215
5 40 0.18 (4.31) 0.95 (0.93-0.96) 14.1 1.92 (6.85) 0.84 (0.79-0.88) 231
5 50 0.19 (4.39) 0.94 (0.92-0.95) 14.1 1.56 (6.90) 0.81(0.76-0.85) 229
8 20 1(4.29) 0.94 (0.93-0.95) 15.1 1.25 (5.90) 0.87 (0.83-0.90) 214
8 30 41 (4.08) 0.94 (0.93-0.95) 14.0 1.00 (5.68) 0.87 (0.84-0.90) 200
8 40 0.57 (4.66) 0.94 (0.92-0.95) 153 142 (6.49) 0.85 (0.81-0.88) 220
8 50 0.76 (4.10) 0.94 (O 93-0.96) 134 137 6.16= 0.85(0.81-0.88) 20.8
10 20 0.36 (4.79) 0.93(0.91-0.94) 17.1 0.74 (6.33) 0.86 (0.83-0.89) 23.1
10 30 0.23 (5.22) 0.92 (0.91-0.94) 176 1.71(7.16) 0.84(0.79-0.87) 250
10 40 61 (543) 092 (O 90-0.94) 17.8 1.19 (7,63) 0.83(0.79-0.86) 257
10 50 0.58 (5.11) 0.92 (0.90-0.94) 16.7 0.83(7.77) 0.81(0.76-0.85) 26.0

SD standard deviation, Diff difference, ICC intraclass correlation coefficient, CoV coefficient of variation, LV left ventricular, GCS global circumferential strain (n=336

data points)

Table 5 LV GCS SRintra- and inter-observer reproducibility

Resolution Intra-observer Inter-observer
Spatial (mm) Temporal Mean difference ICC (95% CI) CoV (%) Mean difference ICC (95% ClI) CoV
(frames/cycle)  (SD of the Diff.) (SD of the Diff.) (%)

5 20 0.04 (0.22) 0.96 (0.95-0.97) 17.3 0.02 (0.37) 0.86 (0.83-0.89) 296
5 30 0.07 (0.31) 0.94 (0.92-0.95) 17.8 0.04 (0.42) 0.88 (0.85-0.90) 250
5 40 0.09 (0.38) 0.92 (0.90-0.94) 19.7 0.01(0.52) 0.84 (0.80-0.87) 27.7
5 50 0.10 (0.45) 0.89 (0.86-0.91) 210 0.02(0.57) 0.81(0.77-0.85) 276
8 20 0.06 (0.25) 0.94 (0.92-0.95) 19.0 0.04 (0.31) 0.89 (0.86-0.91) 24.5
8 30 0.06 (0.30) 0.92 (0.90-0.94) 19.0 0.03 (0.33) 0.89 (0.87-0.91) 215
8 40 0.08 (0.35) 0.93 (0.90-0.94) 19.1 0.05 (0.46) 0.84 (0.80-0.87) 258
8 50 0.07 (0.31) 0.94 (0.92-0.95) 15.5 0.05 (0.44) 0.85 (0.81-0.88) 227
10 20 0.05 (0.24) 0.95 (O 93-0.96) 19.2 0.01(0.32) 0.90 (0.87-0.92) 26.1
10 30 0.07 (0.34) 0.93(0.91-0.95) 20.2 0.04 (0.46) 0.87 (0.84-0.89) 28.7
10 40 0.10 (0.40) 092 (O 90-0.94) 211 0.04 (0.55) 0.84 (0.80-0.87) 30.0
10 50 0.10(0.38) 0.92 (0.89-0.93) 19.0 2(0.70) 0.84 (0.80-0.87) 359

SD standard deviation, Diff difference, ICC intraclass correlation coefficient, CoV coefficient of variation, LV left ventricular, GLS global longitudinal strain, SRs systolic

strain rate (n =336 data points)

reproducibility was independent of temporal resolution.
On the other side, it may also mean further loss of infor-
mation in addition to temporal resolution.

Importantly, measurements such as velocities and
SRs are computed as differentials of displacements/
strain and thus are subject to higher inaccuracy com-
pared to the latter [26]. In this case, temporal reso-
lution gains further importance. Our data confirms
strain rates to be most prone to changes in temporal

resolution, with deviations in SR values amount up
to 45% comparing the lowest to the highest temporal
resolution.

Spatial resolution

Spatial resolution itself did neither impact absolute strain
and SR values nor their reproducibility. When it comes
to higher temporal resolutions, one needs to keep in
mind that shorter displacements must also be detectable
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within the respective spatial resolution. Thus high tem-
poral resolution requires higher spatial resolution [35].
Interestingly, the lowest spatial resolution was associ-
ated with the highest absolute increase in LV and RV GLS
compared between increasing temporal resolutions. The
longitudinal displacement of the atrio-ventricular junc-
tion is the motion with the largest distance covered dur-
ing the cardiac cycle and distinctly contributes to overall
LV/RV GLS. It can be speculated that higher spatial reso-
lutions allow more detailed assessments and thus reduce
variation caused by temporal resolution. Nevertheless,
within investigated limits of temporal and spatial resolu-
tions, a low spatial resolution sufficiently enabled strain
and SR assessments with a recommended temporal reso-
lution of 30 frames/cardiac cycle and beyond. Whether
or not higher spatial resolutions are needed for tempo-
ral resolutions beyond 50 frames/cardiac cycle and allow
for enhanced accuracy remains to be elucidated. How-
ever, considering clinical feasibility, temporal resolutions
beyond 50 frames/cardiac cycle alongside with high spa-
tial resolutions seem to be limited for research purposes.

Clinical considerations

Considering normal LV GLS values of —20% with a 95%
CI of —19.3 to —20.9 [36], a deviation of 1.8% comparing
the lowest and the highest temporal resolution is close
to 10% in relative change of absolute strain values. This
could be considered clinically relevant. Nevertheless, var-
iability caused by temporal resolution attenuated beyond
30 frames/cardiac cycle, which is in line with data com-
ing from STE [27]. This underlines that consistent strain
assessment is achieved at 30 frames/cardiac cycle for
clinical imaging. Importantly, LV strain evaluation has
recently been included within the guidelines for cardiac
functional assessment in case of preserved LVEF such as
in HFpEF [8]. Strain rate imaging expands comprehen-
sive cardiac functional evaluations with the possibility of
velocity assessments as established in echocardiography
[8]. For strain rate values a continuous increase of abso-
lute values assessed by FT is observed with increasing
temporal resolution. Hence, if one aims to image veloci-
ties or acceleration, temporal resolution gains further
importance and a threshold of 30 frames/cardiac cycle
may not be sufficient for reliable assessment, especially
when it comes to ECG-gated reconstructed CMR images.
To date, introduction of clinical deformation imaging has
not been fully achieved since the different available tech-
niques are not completely interchangeable [31] including
deviations introduced by different vendors within a given
approach [22, 28]. However, data also indicates high cor-
relation of CMR-derived deformation imaging, pointing
towards valid measurements by all different approaches,
which however require specific reference values [37].
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Lastly, in opposition to previous studies [20], the current
paper now with the evolution of the underlying software
algorithms indicates excellent CMR-FT reproducibility
also on the segmental level, which makes this technology
applicable to a larger disease spectrum including regional
myocardial disease such as coronary disease. However,
further harmonisation between vendors and/or specific
reference values are required to allow full clinical imple-
mentation of this promising technology [11, 13].

Limitations

The conclusions made are derived from CMR-FT data
using a widely used commercially available software
algorithm without a STE or a CMR tagging reference.
However, the FT software used has previously been
extensively validated. The findings made in this work
apply to the specific software utilized. Since competi-
tive software solutions of different vendors are based on
non-disclosed and likely different algorithms the find-
ings made in this work may not entirely apply to these
solutions. Nonetheless sufficient inter-vendor repro-
ducibility has been demonstrated for CMR-FT [38]. An
impact of temporal resolution has been demonstrated on
strain rate measurements, however systolic but not dias-
tolic SR is reported. In contrast to STE, CMT-FT lacks
animal validation work employing the reference stand-
ard for deformation imaging validation, sonomicrom-
etry. However CMR-FT has been validated in phantom
work and against harmonic phase imaging (tagging) [34]
and strain encoding imaging (SENC) [38]. Healthy sub-
jects and patients were all studied using a clinical 1.5 T
CMR scanner. Nevertheless, differences are not antici-
pated since previous data suggests similar reproducibility
of CMR-FT at 1.5and 3 T [39].

Conclusion

Temporal but not spatial resolution is an important
source of varying strain and SR values in health and
heart disease. Increasing temporal resolution is asso-
ciated with increasing absolute strain and SR values.
Strain assessments require lower temporal resolution
than SR measurements. At 30 frames/cardiac cycle and
beyond no significant changes in absolute values were
observed for strain but for SR measurements. Within
investigated limits, reproducibility is unaffected by spa-
tial as well as temporal resolutions and best for LV GCS
and GLS. Standardisation and official recommendations
are required to allow correct deformation assessments in
routine clinical practice, which should be based on fur-
ther evidence based on future prospective large clinical
research studies.
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