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ABSTRACT

Reproducible evaluation of left (LV) and right ventricular (RV) function is crucial for clinical decision-making and risk stratification.
We evaluated whether speckle-tracking echocardiography (STE) and cardiac magnetic resonance feature-tracking (cMR-FT) global
longitudinal (GLS) and circumferential strains allow better test–retest reproducibility of LV and RV systolic function than conven-
tional cMR and echocardiographic parameters.
Thirty healthy volunteers and 20 chronic heart failure patients underwent cMR and STE twice on separate days to evaluate test–
retest coefficient of variation (CV), intraclass correlation coefficient (ICC) and estimated sample sizes for significant changes in LV
and RV function. Among LV parameters, cMR-left ventricular ejection fraction (LVEF) had the highest reproducibility (CV = 6.7%,
ICC = 0.98), significantly better than cMR-FT-GLS (CV = 15.1%, ICC = 0.84),  and global circumferential strains (CV = 11.5%, ICC = 
0.94) and echocardiographic LVEF (CV = 11.3%, ICC = 0.93). STE-LV-GLS (CV = 8.9%, ICC = 0.94) had significantly better reproduci-
bility than cMR-FT-LV-GLS. Among RV parameters, STE-RV-GLS (CV = 7.3%, ICC = 0.93) had significantly better CV than cMR-right
ventricular ejection fraction (RVEF) (CV = 13%, ICC = 0.82). cMR-FT-RV-GLS (CV = 43%, ICC = 0.39) performed poorly with signifi-
cantly lower reproducibility than all other RV parameters. Owing to their superior interstudy reproducibility, cMR -LVEF (n = 12),
cMR-RVEF (n = 41), and STE-LV-GLS and STE-RV-GLS (both n = 14) were the parameters allowing the lowest calculated sample
sizes to detect 10% change in LV or RV systolic function.
STE-LV-GLS and STE-RV-GLS showed higher test–retest reliability than other echocardiographic measurements of LV and RV func-
tion. They also allowed smaller calculated sample sizes, supporting the use of STE-LV and RV-GLS for longitudinal follow-up of LV
and RV function.
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Introduction  [AQ3]
Evaluation of systolic left ventricular (LV) and right ventricular (RV) function is decisive for risk stratification and
clinical decision-making in many cardiac conditions such as myocardial infarction,1,2 heart failure,3 valve disease,4–6

heart failure and reduced ejection fraction,7 pulmonary hypertension, tricuspid regurgitation, arrhythmogenic cardio‐
myopathy,8 and several grown up congenital cardiac diseases. In many of these clinical situations, and particularly in
cardio-oncology,9 it is crucial to serially and accurately follow changes of cardiac systolic function over time to mon‐
itor for potential deleterious cardiotoxic effects of drugs or medications.

Echocardiography is the most commonly used imaging technique to assess the systolic function of both ventricles.
However, it has well-recognized limitations in evaluating chamber volumes and ejection fraction due to its two di‐
mensional (2D) characteristics. This is particularly true for the RV, where there is no geometric model that enables an
estimate of its volumes based on 2D measurements. Therefore, right ventricular ejection fraction (RVEF) derived
from RV volumes by 2D echocardiography is not recommended. Indeed, current guidelines propose the use of a com‐
bination of surrogate parameters to assess RV systolic function by echocardiography.10 Cardiac magnetic resonance
(cMR) is currently considered the reference standard for reproducible evaluation of left ventricular ejection fraction
(LVEF) and RVEF.11 It has this huge advantage to offer a full 3D coverage of the entire LV irrespectively of the
cardiac or body shape with high contrast and sharpness between blood pool and endocardial borders of the myocardi‐
um. More recently, deformation imaging techniques have become popular12 promising higher accuracy and reprodu‐
cibility of LV and RV function assessment. Yet, most studies evaluated only their inter- or intraobserver variability,
and only limited data exist on their test–retest reliability.

Therefore, the aim of this study was to investigate test–retest reliability and minimal detectable changes of speck‐
le-tracking-derived strain echocardiography (STE) and cMR feature tracking (FT) in comparison to conventional
echocardiographic and cMR parameters of systolic LV and RV function. Further, we also sought to compute the sam‐
ple sizes needed to demonstrate significant changes of prespecified differences in LV and RV function by different
methods in order to identify which parameter would be most conclusive in design of prospective drug trials, Hence,
we performed head-to-head comparison of test–retest reliability of these methods in a prospective trial of 50 subjects
with a wide range of LV function undergoing both echocardiography and cMR simultaneously on two separate days.

Methods

Study population and protocol
The study protocol was approved by the ethics committee of our institution (Comité Ethique Hospitalo-Facultaire

de l’Université Catholique de Louvain, Brussels, Belgium: 19MAR2019 CARDIO-EVAL-ECHO-IRM) and informed
written consent was obtained from each subject before participation in the study. The datasets generated during
and/or analysed during the current study are available from the corresponding author on reasonable request. We pro‐
spectively included 50 subjects including 30 healthy volunteers with no history of cardiovascular disease and 20 pa‐
tients with stable chronic heart failure (CHF) who had LV systolic dysfunction (LVEF < 50%). Stable CHF was de‐
fined as the absence of increase in severity of symptoms or signs of heart failure within 30 days. Exclusion criteria
were non-sinus rhythm (atrial fibrillation or flutter), severe chronic kidney disease defined as a glomerular filtration
rate <30 mL/min/1.73 m2, or others generally accepted contraindications of cMR (cardiac devices, cerebral aneurysm
clips, and claustrophobia). 

Each subject underwent, respectively, two cMR and two echocardiography exams in random order within a maxi‐
mal delay of 5 days for healthy volunteers and 1 day for CHF patients to avoid changes in haemodynamic conditions,
and within ∼20 min between each technique. The same acquisition protocols with the same cMR and echocardio‐
graphic systems were used for all the patients. Importantly, the same operator (L.H.) performed both acquisitions.
Both studies (Study 1 and 2) were anonymized and analysed offline by the same operator (L.H.). For intra- and inter‐
observer variability, the same experienced reader (L.H.) re-analysed 20 random cMR and echocardiography studies 6 
weeks later blinded to prior measurements. A second reader (S.M.) performed the analysis on the same 20 cMR and
echocardiography studies also blinded to prior measurements. For all participants, age, sex, body mass index, body
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surface area, and medical history was collected at baseline. Additionally, blood pressure and heart rate were measured
at each visit.

2D transthoracic echocardiography
Standardized comprehensive transthoracic echocardiography exams were acquired using Philips EPIQ 7 ultra‐

sound system (Philips Medical Systems, Andover, MA, USA) equipped with a X5-1 probe in harmonic imaging
(2.6/1.3 MHz), stored on a PACS server (Intellispace CV, Philips Medical Systems, Andover, MA, USA). [AQ4]
Two-dimensional greyscale harmonic images were acquired in the three standard apical views (two-, three-, and four
chambers) and the three standard short-axis views (at the basal, mid-, and apical ventricular level) during breath-hold
(three heartbeats each). The average frame rate of the clips was 59 ± 9 frames per second. Care was taken to avoid
foreshortening and to image the true apex in apical views. Data were anonymized and analysed offline by one single
experienced observer (L.H.).

LV volumes were calculated according to the biplane modified Simpson’s rule after semi-automatically tracing
end-diastolic and end-systolic endocardial boundaries in the apical two- and four-chamber views. LVEF, TAPSE,
FAC were also performed according to the latest guidelines.10 LV and RV-STE were assessed using Tomtec Software
(4.6 Version; Tomtec Imaging Systems, Germany) as previously reported.7 Endocardial borders of the RV and LV
were automatically tracked throughout the cardiac cycle by the software, with manual corrections if necessary. STE-
LV-end-systolic-global longitudinal strain (GLS) was computed by averaging two-, three-, and four-chamber views.
For the RV, we evaluated both peak systolic GLS and RV-free wall longitudinal strain. LVEF and GLS were both
performed automatically with manual correction if necessary.

Cardiac magnetic resonance
All subjects underwent a standardized cMR myocardial function study on a 3T scanner (Achieva, Philips Medical

Systems, Best, The Netherlands). Ten to 12 consecutive short-axis images covering the entire LV, and, respectively,
one two-, three-, and four-chamber long-axis cine single shot fast precession (SSFP) images were acquired for assess‐
ment of myocardial function. [AQ5] Imaging parameters were as follow: field of view: 320 mm, imaging matrix 160
× 154 resulting in spatial resolution of 2 × 2.1 mm, slice thickness 8 mm with 2 mm gap, flip angle 60º, repetition
time 3.6 ms, echo time 1.7 ms using SENSE acceleration factor 2.The frame rate was 25 cycles/heartbeat. Acquisi‐
tions were performed with retrospective gating and three slices were acquired per breathhold. cMR RV and LV vol‐
umes and ejection fraction were computed using the freely available software Segment version 2.2 (http://
segment.heiberg.se)13 from short-axis cine images by tracing the endo- and epicardial contours in the end-diastolic
and end-systolic phases. [AQ6] LV and RV endocardial and epicardial contours were detected automatically with
manual corrections if needed. Values were indexed to the body surface area. FT-LV and RV-GLS was computed using
CVI-42 software (Circle CV, Montreal, Canada). Mid-ventricular global circumferential strain (GCS) was obtained
from consecutive short-axis views, FT-LV-GLS by averaging measurements of two-, three-, and four-longitudinal
views and FT-RV-GLS on a four-chamber view.

Statistical analysis
Statistical analyses were performed using SPSS 21 and R software (version 3.3.2). The power of our study was

computed using R package intraclass correlation coefficient (ICC)ICC- power indicating a power of 0.8 to distinguish
difference of Intraclass correlation (ICCP) of 0.79 from a null hypothesis of 0.9 and with an of alpha 0.05.

Continuous variables were expressed as mean ± one standard deviation (SD), categorical variables as counts and
percentages. All cMR and echocardiographic measurements were normally distributed as determined by the Kolmo‐
gorov–Smirnov test.

To investigate test–retest reliability we performed Bland–Altman analysis with computation of within-subject co‐
efficient of variation (CV) and single measures two-way mixed ICC with interaction for the absolute agreement. Dif‐
ferences in CV were compared using an asymptotic test according to Feltz and Miller using the routine cvequality
(Version 0.1.3; Marwick and Krishnamoorthy 2019). [AQ7] Differences in ICC were compared using F-test accord‐
ing to the method described by Feldt, and P values were adjusted for multiple comparison by Hochman’s method.
Standard error of measurement was assessed as σi 1− ICC , where σ is SD. The smallest detectable change repre‐

© Copyrights 2020



senting the minimal difference between the measurements that must be overcome to ascertain a true change or differ‐
ence with a <5% chance of error was computed as 1.96 × 2 × SEM. We also estimated sample sizes to demonstrate
clinical change for the different parameters studied using typical cut-off values used in the literature (i.e. >5% LVEF,
>2% strain), but also 5% and 10% of relative normal values in healthy volunteers. These sample size computations
were made assuming a power of 90% and an α error of 0.05. These computations were performed using the pwr.t.test
function in R.

Finally, intra- and interobserver reproducibility of the measurement studied was evaluated in 20 randomly selected
patients using, respectively, single measures two-way mixed-effect ICC and two-way random effect ICC with abso‐
lute agreement. All tests were two-sided and P value <0.05 was considered statistically significant.

Results

Baseline characteristics of the study population
Table 1 illustrates the baseline characteristics of the study population. The mean age was 46 ± 19 years with 69%

of men. The population had a wide range of LVEF and RVEF.

Table 1 Clinical characteristics

 All (n = 50) HV (n = 30) Heart-failure pts (n = 20)
Age (years) 46 ± 19 35 ± 11 63 ± 17
Female sex (n, %) 15 (31%) 10 (33%) 2 (26%)
BMI (kg/m2) 23 ± 3 22 ± 2 25 ± 4

BSA (m2) 1.8 ± 0.2 1.8 ± 0.2 1.9 ± 0.2
ATHT (n, %) 9 (18) 0 (0) 6 (24)
Diabetes (n, %) 6 (12) 0 (0) 6 (30)
History of CAD (n, %) 6 (12) 0 (0) 6 (30)
Echocardiography
 LVEDVi (mL/m2) 91 ± 38 80 ± 18 108 ± 53

 LVESVi (mL/m2) 39 ± 5 30 ± 7 74 ± 40
 LVEF (%) 51 ± 16 63 ± 4 33 ± 8
 STE-LV-GLS (%) −19 ± 6 −24 ± 3 −12 ± 3
 STE-RV-FWLS (%) −25 ± 7 −28 ± 6 −21 ± 6
 STE-RV-GLS (%) −24 ± 5 −27 ± 3 −19 ± 4
 TAPSE (mm) 22 ± 5 24 ± 4 19 ± 5
 FAC (%) 45 ± 10 48 ± 5 40 ± 14
cMR
 LVEDVi (mL/m2) 110 ± 65 85 ± 15 146 ± 90

 LVESVi (mL/m2) 61 ± 58 32 ± 7 103 ± 92
 LVEF (%) 50 ± 17 62 ± 54 31 ± 10
 FT-LV-GLS −11 ± 4 −14 ± 2 −7 ± 3
 FT-LV-GCS −13 ± 5 −17 ± 2 −8 ± 3
 RVEDVi (mL/m2) 85 ± 22 87 ± 18 81 ± 26

 RVESVi (mL/m2) 41 ± 19 38 ± 11 45 ± 25
 RVEF (%) 51 ± 11 55 ± 6 43 ± 13
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 All (n = 50) HV (n = 30) Heart-failure pts (n = 20)
 FT-RV-GLS (%) −14 ± 6 −16 ± 6 −11 ± 6

ATHT, arterial hypertension; BMI, body mass index; BSA, body surface area; CAD, coronary artery disease; cMR,
cardiac magnetic resonance; FAC, fractional area change; FT, feature tracking; HV, healthy volunteers; LVEDVI, left
ventricular end-diastolic volume indexed; LVEF, left ventricular ejection fraction; LVESVI, left ventricular end-sys‐
tolic volume indexed; LV-GCS, left ventricular global circumferential strain; RVEDVI, right ventricular end-diastolic
volume indexed; RVEF, right ventricular ejection fraction; RVESVI, right ventricular end-systolic volume indexed;
RV-FWLS, right ventricular-free wall longitudinal strain; RV-GLS, right ventricular-global longitudinal strain; STE-
LV-GLS, speckle-tracking echocardiography-left ventricular-global longitudinal strain; TAPSE, tricuspid annular sys‐
tolic excursion.

Table 2 shows haemodynamic measurements between the two acquisitions. There was no statistical difference in
blood pressure or heart rate between study 1 and 2 neither between echocardiography nor cMR studies on the same
day. Example of STE and FT measurement from a healthy volunteer and a patient are shown in Figure 1A and B. For
the LV, STE-LV-GLS (r=−0.94, P < 0.001), cMR-FT-LV-GLS (r=−0.91, P < 0.001), cMR-FT-LV-GCS (r =−0.93, P < 
0.001) were highly correlated to cMR-LVEF. Also, STE-LV-GLS was highly correlated to FT-LV-GLS (r = 0.90, P < 
0.001) and echocardiography-LVEF to cMR-LVEF (r = 0.96, P < 0.001). However, STE-LV-GLS provided signifi‐
cantly greater values than FT-GLS (−19 ± 6 vs. −11 ± 4, P < 0.001). There were no significant differences in LVEF
between cMR and Echo (P = 0.23). For the RV, FAC (r = 0.60, P < 0.001), TAPSE (0.54, P < 0.001), STE-RV-GLS (r
= −0.66, P < 0.001), FT-RV-GLS (r = −0.58, P < 0.001), and FT-RV-GLS (r=−0.56, P < 0.001) were moderately cor‐
related with RVEF. STE-RV-GLS was moderately correlated to FT-RV-GLS (r = 0.67, P < 0.001), but STE-RV-GLS
values were significantly greater than FT-RV-GLS (−24 ± 5 vs. −14 ± 4%, P < 0.001).
Figure 1 Example of (A) speckle-tracking echocardiography and (B) cardiac magnetic feature-tracking assessment. Graphs are not
scaled to same data range.
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Table 2 Haemodynamic measurements

 Day 1 Day 2 P value
cMR
 HR (bpm) 67 ± 11 66 ± 12 0.79
 SBP (mmHg) 118 ± 17 120 ± 13 0.28
 DBP (mmHg) 75 ± 11 75 ± 8 1
 MAP (mmHg) 89 ± 12 90 ± 9 0.63
Echo
 HR (bpm) 64 ± 10 64 ± 10 0.87
 SBP (mmHg) 118 ± 17 120 ± 13 0.28
 DBP (mmHg) 75 ± 11 75 ± 8 1
 MAP (mmHg) 89 ± 12 90 ± 9 0.63
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cMR, cardiac magnetic resonance; DBP, diastolic blood pressure; Echo, echocardiography; HR, heart rate; MAP,
mean arterial pressure; SBP, systolic blood pressure.

Interstudy reproducibility data
Average values of LV measurements on Day 1 and 2, their difference, CV, limits of agreement, ICC, and smallest

detectable difference are shown in Table 3, while Bland–Altmann graphs are shown in Figure 2.
Figure 2 Bland–Altmann analysis with mean differences and limits of agreement of paired measurements of the studied parameters
to assess LV systolic function. The blue dots represent asymptomatic volunteers and the red dots heart failure patients. To allow
comparisons all graphs are scaled to same data range.

Table 3 Test–retest reproducibility and smallest detectable difference

 Measurement
day 1

Measurement
day 2

Mean differ‐
ence  ±  SD

P value CV ICC SDC95
abs. (%)

SCD95 rel.
(%)

LV parameters
 cMR
  LVEF (%) 49.2 ± 17.3 49.0 ± 16.8 0.23 ± 3.65 0.66 6.7b 0.98 (0.96–

0.99)b
1.5 3.1

  FT-LV-
GLS (%)

−11.1 ± 3.8 −11.1 ± 3.9 0.08 ± 2.22 0.8 15.1a 0.84 (0.73–
0.90)a

2.5 22.2

  FT-LV-
GCS (%)

−13.1 ± 4.7 −13.1 ± 4.8 0.00 ± 1.64 0.99 11.5a 0.94 (0.90–
0.97)a,b

1.1 8.5

 Echo
  LVEF (%) 48.9 ± 15.5 50.9 ± 16.1 −1.89 ± 5.88 <0.03 11.3a 0.93 (0.87–

0.96)a,b
4.4 8.7

  STE-LV-
GLS (%)

−19.4 ± 6.1 −19.1 ± 6.6 −0.21 ± 2.14 0.47 8.9b 0.94 (0.91–
0.97)a,b

1.4 7.2

RV parameters
 CMR
  RVEF (%) 50.7 ± 11.3 50.2 ± 13.1 0.46 ± 7.55 0.66 13.0c,d 0.82 (0.69–

0.89)c
9.1 18
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 Measurement
day 1

Measurement
day 2

Mean differ‐
ence  ±  SD

P value CV ICC SDC95
abs. (%)

SCD95 rel.
(%)

  FT-RV-
GLS (%)

−13.6 ± 5.2 −14.8 ± 4.8 1.14 ± 5.77 0.17 42.9d 0.39 (0.13–
0.59)d

12.5 88

 Echo
  STE-RV-
GLS (%)

−24.1 ± 4.9 −24.3 ± 5.2 0.20 ± 2.14 0.51 7.3c 0.91 (0.85–
0.95)c

1.7 7.2

  STE-RV-
FWS (%)

−26.0 ± 5.8 −25.6 ± 6.5 0.72 ± 3.81 0.19 12.8c,d 0.81 (0.69–
0.88)c

5.8 22.6

  TAPSE
(mm)

22.3 ± 5.6 22.2 ± 5.1 0.13 ± 3.61 0.62 16.5c,d 0.78 (0.63–
0.87)d

4.7 21.2

  FAC (%) 44.4 ± 9 45 ± 11 −0.64 ± 9.06 0.79 12.1c,d 0.60 (0.39–
0.75)d

15.8 35.5

abs, absolute; cMR, cardiac magnetic resonance; CV, coefficient of variation; Echo, echocardiography; ICC, intra‐
class correlation; LV, left ventricular; RV, right ventricular; SD, standard deviation; SDC, small detectable change;
rel, relative.

The SDC represents the minimal difference between the measurements that must overcome to ascertain a true change
or difference with a <5% chance of error.

LV parameter comparisons: aP < 0.05 vs. cMR-LVEF; bP < 0.05 vs. cMR-FT-LV-GLS.

RV parameter comparisons: cP < 0.05 cMR-FT-RV-GLS; dP < 0.05 vs. STE-RV-GLS.

Overall, there were no significant difference in LV measurements between Day 1 and 2, except for a small differ‐
ence of LVEF by echocardiography Simpson’s method, which was slightly (P < 0.03) higher on Day 2. For all LV
parameters, the coefficient of variability was good, and all ICC were high (>0.75) indicating good reproducibility.
cMR-LVEF had the highest reproducibility of all LV parameters, with a significantly (P < 0.05) higher ICC than the
other modalities and a significantly lower CV (P < 0.005) than cMR-FT-LV-GLS, cMR-FT-LV-GCS, and echocar‐
diography-LVEF. STE-LV-GLS was the second most reproducible parameter. Interestingly, the CV of STE-LV-GLS
was significantly (P < 0.005) better than the CV of cMR-FT-LV-GLS. Also, the ICC of cMR-FT-LV-GCS, echocar‐
diography-LVEF, and STE-LV-GLS were significantly (P < 0.05) better than cMR-FT-GLS. Figure 3 illustrates the
temporal variability of the LV parameters studied.

Figure 3 Temporal variability of LV parameters. *P < 0.05 CV vs. cMR-LV-GLS, cMR-LV-GCS and LV-Echo EF; #P < 0.05 CV
vs. cMR-FT-LV-GLS.
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Table 3 shows the average values of RV measurements on Day 1 and 2, their difference, CV, limits of agreement,
ICC, and their smallest detectable difference, while Bland–Altmann graphs are illustrated in Figure 4. All parameters
had acceptable reproducibility with CVs <20% and ICCs >0.75, except FAC who had an ICC of 0.60 and cMR-FT-
RV-GLS which had poor day-to-day reproducibility (CV 43% and ICC 0.39). Among RV parameters, STE-RV-GLS
was the most reproducible parameter with a significantly (P < 0.005) lower CV than all other parameters and a signif‐
icantly (P < 0.005) higher ICC than cMR-FT-RV-GLS, TAPSE, and FAC. On the other hand, cMR-FT-RV-GLS was
the least reproducible parameter with significantly (P < 0.001) worse CV than all other parameters and significantly
(P < 0.001) lower ICC than cMR-RVEF, STE-RV-GLS, and FW-RV-GLS. Figure 5 illustrates the temporal variability
of the RV parameters studied.
Figure 4 Bland–Altmann analysis with mean differences and limits of agreement of paired measurements of the studied parameters
to assess right ventricular systolic function. The blue dots represent the asymptomatic volunteers and the red dots the heart failure
patients. To allow comparisons all graphs are scaled to same data range.

Figure 5 Temporal variability of right ventricular parameters. ¶P < 0.05 CV cMR-FT-RV-GLS vs. all other groups; †P < 0.05 CV
STE-RV-GLS vs. all other groups.
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Sample size computation
Table 4 and Figure 6 reveal the sample size computations for different changes in LV and RV functional parame‐

ters.
Figure 6 Estimated sample sizes to demonstrate 5% and 10% relative change of normal values in healthy volunteers for different
LV and RV parameters. [AQ10]
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Table 4 Sample sizes required to detect a clinically significant change in LV and RV function (with 90% power and an α error of
0.05) using two-tailed t-test

 Absolute changes Relative changes
Change in >5% normal value in
HV

Change in >10% normal value of
HV

Cut-off value Sample size Cut-off value Sample size Cut-off value Sample size
LV parameters
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 Absolute changes Relative changes
Change in >5% normal value in
HV

Change in >10% normal value of
HV

Cut-off value Sample size Cut-off value Sample size Cut-off value Sample size
 cMR
  LVEF >5% 12 >3.1% 30 >6.1% 12
  FT-LV-GLS >2% 27 >0.7% 227 >1.4% 56
  FT-LV-GCS >2% 15 >0.8% 86 >1.6% 22
 Echo
  LVEF >5% 30 >3.1% 76 >6.2% 19
  STE-LV-GLS >2% 25 >1.4% 54 >2.7% 14
RV parameters
 CMR
  RVEF >5% 48 >2.75% 160 >5.5% 41
  FT-RV-GLS >2% 148 >0.7 1348 >1.5% 399
 Echo
  STE-RV-GLS >2% 25 >1.4% 53 >2.7% 14
  STE-RV-FWS >2% 77 >1.4% 146 >2.9% 37
  TAPSE >2 mm 70 >1.25 mm 184 >2.5 mm 47
  FAC >7% 36 >2.5% 276 >5% 70

cMR, cardiac magnetic resonance; Echo, echocardiography; HV, healthy volunteer; LV left ventricular; RV, right ven‐
tricular.

Among LV parameters, given its highest interstudy reproducibility, cMR-LVEF required the smallest sample size
to demonstrate a clinical change using the 5% and 10% cut-off of relative normal value in healthy volunteers (i.e. n = 
30 and n = 12). To demonstrate a similar change using Echocardiography-LVEF, a sample size of n = 76 and n = 19
would have been required. cMR-FT-LV-GLS and FT-LV-GCS did not allow to reduce sample sizes relative to cMR-
LVEF. STE-LV-GLS, however, allowed smaller sample sizes to demonstrate a clinical change than echocardiographic
LVEF. Interestingly, projected sample sizes for STE-LV-GLS were also smaller than those for cMR-FT-LV-GLS and
FT-LV-GCS.

For the RV, demonstration of absolute and relative changes of cMR-RVEF using the same cut-off required larger
sample sizes than absolute and relative changes of cMR-LVEF. Among all RV parameters, STE-RV-GLS allowed the
smallest sample size to demonstrate a change in 5% and 10% of relative normal values. The sample sizes needed to
demonstrate changes in RV function by STE-RV-FWLS, TAPSE, and FAC were larger. Given the observed low re‐
producibility, cMR-FT-RV-GLS would have required the largest sample size to evaluate significant statistical relative
changes in normal RV function.

Inter- and intraobserver variability data
The reproducibility of the studied measurements is shown in Table 5. All measurements had good intra- and inter‐

observer reproducibility except cMR-FT-RV-GLS.

Table 5 Intra- and interobserver reproducibility data

 Intraobserver reproducibility Interobserver reproducibility
CV % (95% CI) ICC CV % (95% CI) ICC

LVEF Simpson 7.9 0.97 4.7 0.96
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 Intraobserver reproducibility Interobserver reproducibility
CV % (95% CI) ICC CV % (95% CI) ICC

FAC 9.5 0.98 13.9 0.79
TAPSE 7.9 0.97 8.5 0.88
STE-LV-GLS 10.2 0.86 11.8 0.9
STE-RV-GLS 9.2 0.92 10.3 0.83
STE-RV-FWLS 13.3 0.93 10.8 0.85
cMR-LVEF 5.2 0.99 8.1 0.98
cMR-RVEF 7.3 0.98 13.9 0.92
cMR-FT-LV-GCS 11.1 0.99 10.9 0.97
cMR-FT-LV-GLS 12.9 0.94 21.5 0.90
cMR-FTE-RV-GLS 39.6 0.63 38.6 0.24

CI, confidence interval; cMR-FT-LV-GCS, cardiac magnetic resonance-feature tracking-left ventricular-global cir‐
cumferential strain; cMR-FT-LV-GLS, cardiac magnetic resonance-feature tracking-left ventricular-global longitudi‐
nal strain; cMR-LVEF, cardiac magnetic resonance-left ventricular ejection fraction; cMR-RVEF, cardiac magnetic
resonance-right ventricular ejection fraction; FAC, fractional area change; FT-cMR-RV-GLS, feature tracking-cardiac
magnetic resonance-right ventricular-global longitudinal strain; ICC, Intraclass correlation coefficient; LVEF Simp‐
son, left ventricular ejection fraction calculated according to the biplane modified Simpson’s rule; RV-FWLS, right
ventricular -free wall longitudinal strain; RV-GLS, right ventricular-global longitudinal strain; STE-LV-GLS, speckle-
tracking echocardiography-left ventricular-global longitudinal strain; TAPSE, tricuspid annular systolic excursion.

Discussion
Our study is to our knowledge the first head-to-head comparison of test-to-test reproducibility of not only LV and

RV STE but also cMR-FT techniques vs. conventional echocardiography and cMR. The salient findings of our study
were: (i) among LV parameters, LVEF by cMR had the highest reproducibility followed by STE-LV-GLS. Both had
better test–retest reliability than LVEF by 2D echocardiography. cMR-FT-GLS was less reproducible than cMR-
LVEF and STE-GLS. (ii) Among parameters of RV function, STE-RV-GLS had the highest test–retest reliability to
assess RV systolic function. In contrast, cMR-FT-RV-GLS performed poorly. (iii) Due to their better reproducibility,
cMR-LVEF, RVEF, and STE-LV-GLS and STE-RV-GLS were the parameters allowing the lowest calculated sample
sizes to detect significant change in LV or RV systolic function when planning research studies.

The observation that cMR-LVEF is the most reproducible parameter for evaluation of LV systolic function was
expected in accordance with earlier works.14–17 cMR-LVEF was also confirmed to be more reproducible than LVEF
by 2D biplane echocardiography Simpson’s method, which may be restricted by echocardiographic windows, geo‐
metrical assumptions, difficult endocardial definition, and foreshortening. Nevertheless, the reproducibility of 2D-
LVEF in our study was satisfactory and somewhat better than in prior studies,14,18–20 possibly reflecting improve‐
ments in imaging technology. In agreement with earlier reports for 2D21 and 3D STE22 but in contrast to the study by
Baron et al.,20 we showed that STE strain is a highly reproducible method for assessment of systolic function by
echocardiography with better test–retest reproducibility than echocardiography-LVEF. This could be easily explained
by the fact that strain analysis is more automated and thus less user-dependent12 than LVEF analysis. Surprisingly,
however, this was not the case for cMR deformation techniques, since both cMR-FT-GLS or FT-GCS were less re‐
producible than cMR-LVEF. Also, cMR-FT-GLS had lower reproducibility than STE-LV-GLS. While other studies
reported comparable measurements of cMR-FT and STE strains,23,24 no such comparison of test–retest reproducibili‐
ty between STE and cMR-FT has been performed until now. cMR-FT reproducibility in our study was consistent
with other reports,25–27 ruling out methodological issues. Therefore in our opinion, the most likely explanation of
why STE allows more accurate estimates of strain than cMR-FT, is mainly due to the presence of physical markers
(speckles) and much higher spatial and temporal resolution.12 Indeed, STE evaluates speckle motion, while cMR-FT
does not distinguish intramyocardial features, as the grey-level distribution in cine SSFP images is relatively homoge‐
nous. Finally, cMR-FT showed significantly lower strain value than STE. This fact is in accordance with our previous
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works comparing STE to tagging.28 The most likely explanation for this is that STE software provide more endocar‐
dial strain estimates than cMR-FT software which provide mid-ventricular strain. Also, the lower frame rate of FT-
cMR could also explain lower strain values than STE.12

The comparison of test–retest reproducibility of RV functional parameters is also novel. To the best of our knowl‐
edge, our study is the first to directly compare test–retest variability of RV echocardiographic and cMR parameters.
Reproducibility of cMR-RVEF was similar to earlier works.14 The main source of errors in evaluation of volumes by
cMR Simpson’s method are the demarcation of the basal slice near the atrioventricular valves and outflow tracts, and
the large motion of the base through the plane of the short axis (slice thickness are typically 8–10 mm), giving rise to
significant partial volume effects at the base and apex. Because of its smaller wall thickness demarcation of the basal
extent of the RV is more challenging than for the LV,29 probably explaining the larger test–retest variability of cMR-
RVEF than cMR-LVEF. For echocardiographic assessment of RV systolic function, current guidelines10 recommend
mainly the use of FAC and TAPSE. In our study, these parameters had excellent inter- and intraobserver variability,
but poor test–retest variability compared with the other parameters studied. This is probably related to the fact that
they are not only strongly geometry dependent with difficulties reproducing similar views in repeat studies, but also
operator dependent. In contrast, in line with our observations for STE-LV analysis, STE-RV-GLS presented much
more robust reproducibility. This is probably again explained by automated analysis of STE benefitting from physical
markers, but also translates the fact that RV function is mainly dependent on longitudinal shortening. Unexpectedly,
however, cMR-FT-RV-GLS performed very poorly in terms of reproducibility. This was probably because the FT-
tracking algorithm used track less well the RV than the LV. Indeed, cMR-FT-RV-GLS often failed to adequately track
the base of the RV especially in subjects with relatively vigorous annular motion or in presence of flow artefacts.

Clinical implications
We have demonstrated that STE deformation techniques were the most accurate echocardiographic approach for

detecting small changes in LV and RV function. For the LV, they performed nearly as well as cMR, and for the RV
they even surpassed the reproducibility of cMR-RVEF. This suggests that these STE techniques could be used clini‐
cally to reliably follow patients for development of subclinical dysfunction in different conditions, for example, to
monitor cardiotoxic effects of cancer therapy30,31 or to detect afterload mismatch in aortic stenosis.32 Obvious ad‐
vantages of using STE over cMR are wider availability and lower costs. Nevertheless, STE has potential limitations
such as the need of high-quality image and the lack of uniformity in software algorithms12 and intervendor differen‐
ces, despite efforts to standardize STE measurements.33

The second clinical implication of our study applies to the design of clinical studies. Given the high reproducibili‐
ty and low variability, cMR is often used to reduce sample size11 of prospective studies evaluating changes in LV or
RV function. Our study suggests that sample sizes for studies may be nearly as low when using STE. This suggests
that, when taking precautions for uniformity of acquisitions and analysis, STE could also be useful for evaluation of
LV and RV systolic function in longitudinal studies with potentially lower cost than cMR. In contrast, we did not
observe advantages of FT over conventional cMR, for reproducibility of LV or RV function assessment. Therefore,
we cannot currently recommend these techniques to limit sample sizes in research studies. The reproducibility of FT-
cMR strains could be theoretically improved by higher temporal and spatial resolution, either through parallel imag‐
ing or iterative reconstruction techniques. Nevertheless, with the compromise of decreasing signal-to-noise ratio lead‐
ing to more artefacts and consequently to a less good tracking.

Limitations
Our study was limited by being single-center observational study of limited sample size. Nevertheless, we had

enough statistical power to detect small differences between different cardiac techniques. Atrial fibrillation/flutter,
acute heart failure, and poor image quality were exclusion criteria and therefore our study findings may not apply to
these populations. Systolic cardiac function is load dependent, and all evaluations of cardiac deformations are preload
and afterload dependent, whether they are based on visualization of either wall deformation (strain) or cavity defor‐
mation (EF). Importantly, systolic cardiac function evaluates only shortening and never contractility. In our study, we
wanted to include the physiological effects of variable loading conditions and evaluated true day-to-day variability of
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the different cardiac imaging techniques rather than test–retest on the same day. Haemodynamic conditions were sta‐
ble with no significant difference in the heart rate and the blood pressure between the 2 days, since we included only
stable euvolemic patients and we performed the two acquisitions with a short delay. However, the evaluation of car‐
diac function over a longer delay or in different population might result in larger physiological variations of loading
conditions and, consequently larger variability of EF. Additionally, 2D echocardiography may suffer from incomplete
reproducibility of imaging planes, foreshortening and through-plane motion. Indeed, 3D echocardiography may have
better reproducibility34,35 and test–retest variability19 by allowing more reproducible views and less geometric as‐
sumptions. Nonetheless, this technique was not tested in our study since its feasibility is still extremely dependent on
high-image quality, regular rhythm, and patient cooperation. Finally, STE and FT strain analysis were performed with
one single vendor so they may not apply to other software.

Conclusion
In head-to-head comparison with cMR, STE-LV-GLS, and STE-RV-GLS measurement showed high test–retest re‐

liability, performing more accurately with smaller detectable changes than other echocardiographic measurements of
LV and RV function. This suggests that these techniques might be useful for longitudinal follow-up of LV and RV
function. Furthermore, computed sample sizes to demonstrate clinically significant changes of LV and RV function
by these approaches were low, permitting potential use for longitudinal follow-up in research studies.

Funding
This work was supported by the Fondation Nationale de la Recherche Scientifique of the Belgian Government

(FRSM CDR 31243249).  [AQ8]

Conflict of interest: none declared.  [AQ9]

References
1.  Rouleau JL, Talajic M, Sussex B, Potvin L, Warnica W, Davies RF et al Myocardial infarction patients in the
1990s–their risk factors, stratification and survival in Canada: the Canadian Assessment of Myocardial Infarction
(CAMI) Study. J Am Coll Cardiol 1996;27:1119–27.

2.  Buxton AE, Lee KL, DiCarlo L, Gold MR, Greer GS, Prystowsky EN et al Electrophysiologic testing to identify
patients with coronary artery disease who are at risk for sudden death. Multicenter Unsustained Tachycardia Trial
Investigators. N Engl J Med 2000;342:1937–45.

3.  Rihal CS, Nishimura RA, Hatle LK, Bailey KR, Tajik AJ. Systolic and diastolic dysfunction in patients with clini‐
cal diagnosis of dilated cardiomyopathy. Relation to symptoms and prognosis. Circulation 1994;90:2772–9.

4.  Bonow RO, Lakatos E, Maron BJ, Epstein SE. Serial long-term assessment of the natural history of asymptomatic
patients with chronic aortic regurgitation and normal left ventricular systolic function. Circulation 1991;84:1625–35.

5.  Enriquez-Sarano M, Tajik AJ, Schaff HV, Orszulak TA, Bailey KR, Frye RL. Echocardiographic prediction of
survival after surgical correction of organic mitral regurgitation. Circulation 1994;90:830–7.

6.  Bohbot Y, de Meester de Ravenstein C, Chadha G, Rusinaru D, Belkhir K, Trouillet C et al Relationship between
left ventricular ejection fraction and mortality in asymptomatic and minimally symptomatic patients with severe aort‐
ic stenosis. JACC Cardiovascular Imaging 2019;12:38–48.

7.  Houard L, Benaets MB, de Meester de Ravenstein C, Rousseau MF, Ahn SA, Amzulescu MS et al Additional
prognostic value of 2D right ventricular speckle-tracking strain for prediction of survival in heart failure and reduced
ejection fraction: a comparative study with cardiac magnetic resonance. JACC Cardiovascular Imaging
2019;12:2373–85.

8.  Calkins H, Corrado D, Marcus F. Risk stratification in arrhythmogenic right ventricular cardiomyopathy. Circula‐
tion 2017;136:2068–82.

9.  Plana JC, Galderisi M, Barac A, Ewer MS, Ky B, Scherrer-Crosbie M et al Expert consensus for multimodality
imaging evaluation of adult patients during and after cancer therapy: a report from the American Society of Echocar‐
diography and the European Association of Cardiovascular Imaging. Eur Heart J Cardiovasc Imaging 2014;15:1063–
93.

© Copyrights 2020



10.  Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L et al Recommendations for cardiac cham‐
ber quantification by echocardiography in adults: an update from the American Society of Echocardiography and the
European Association of Cardiovascular Imaging. Eur Heart J Cardiovasc Imaging 2015;16:233–70.

11.  Grothues F, Smith GC, Moon JC, Bellenger NG, Collins P, Klein HU et al Comparison of interstudy reproduci‐
bility of cardiovascular magnetic resonance with two-dimensional echocardiography in normal subjects and in pa‐
tients with heart failure or left ventricular hypertrophy. Am J Cardiol 2002;90:29–34.

12.  Amzulescu MS, De Craene M, Langet H, Pasquet A, Vancraeynest D, Pouleur AC et al Myocardial strain imag‐
ing: review of general principles, validation, and sources of discrepancies. Eur Heart J Cardiovasc Imaging
2019;20:605–19.

13.  Heiberg E, Ugander M, Engblom H, Gotberg M, Olivecrona GK, Erlinge D et al Automated quantification of
myocardial infarction from MR images by accounting for partial volume effects: animal, phantom, and human study.
Radiology 2008;246:581–8.

14.  Grothues F, Moon JC, Bellenger NG, Smith GS, Klein HU, Pennell DJ. Interstudy reproducibility of right ven‐
tricular volumes, function, and mass with cardiovascular magnetic resonance. Am Heart J 2004;147:218–23.

15.  Moody WE, Edwards NC, Chue CD, Taylor RJ, Ferro CJ, Townend JN et al Variability in cardiac MR measure‐
ment of left ventricular ejection fraction, volumes and mass in healthy adults: defining a significant change at 1 year.
Br J Radiol 2015;88:20140831.

16.  Moon JC, Lorenz CH, Francis JM, Smith GC, Pennell DJ. Breath-hold FLASH and FISP cardiovascular MR
imaging: left ventricular volume differences and reproducibility. Radiology 2002;223:789–97.

17.  Nosir YF, Lequin MH, Kasprzak JD, van Domburg RT, Vletter WB, Yao J et al Measurements and day-to-day
variabilities of left ventricular volumes and ejection fraction by three-dimensional echocardiography and comparison
with magnetic resonance imaging. Am J Cardiol 1998;82:209–14.

18.  Otterstad JE, Froeland G, St John Sutton M, Holme I. Accuracy and reproducibility of biplane two-dimensional
echocardiographic measurements of left ventricular dimensions and function. Eur Heart J 1997;18:507–13.

19.  Thavendiranathan P, Grant AD, Negishi T, Plana JC, Popovic ZB, Marwick TH. Reproducibility of echocardio‐
graphic techniques for sequential assessment of left ventricular ejection fraction and volumes: application to patients
undergoing cancer chemotherapy. J Am Coll Cardiol 2013;61:77–84.

20.  Baron T, Berglund L, Hedin EM, Flachskampf FA. Test-retest reliability of new and conventional echocardio‐
graphic parameters of left ventricular systolic function. Clin Res Cardiol 2019;108:355–65.

21.  Barbier P, Mirea O, Cefalu C, Maltagliati A, Savioli G, Guglielmo M. Reliability and feasibility of longitudinal
AFI global and segmental strain compared with 2D left ventricular volumes and ejection fraction: intra- and inter-
operator, test-retest, and inter-cycle reproducibility. Eur Heart J Cardiovasc Imaging 2015;16:642–52.

22.  Kleijn SA, Aly MF, Terwee CB, van Rossum AC, Kamp O. Reliability of left ventricular volumes and function
measurements using three-dimensional speckle tracking echocardiography. Eur Heart J Cardiovasc Imaging
2012;13:159–68.

23.  Onishi T, Saha SK, Delgado-Montero A, Ludwig DR, Onishi T, Schelbert EB et al Global longitudinal strain and
global circumferential strain by speckle-tracking echocardiography and feature-tracking cardiac magnetic resonance
imaging: comparison with left ventricular ejection fraction. J Am Soc Echocardiogr 2015;28:587–96.

24.  Aurich M, Keller M, Greiner S, Steen H, Aus Dem Siepen F, Riffel J et al Left ventricular mechanics assessed by
two-dimensional echocardiography and cardiac magnetic resonance imaging: comparison of high-resolution speckle
tracking and feature tracking. Eur Heart J Cardiovasc Imaging 2016;17:1370–8.

25.  Singh A, Steadman CD, Khan JN, Horsfield MA, Bekele S, Nazir SA et al Intertechnique agreement and inter‐
study reproducibility of strain and diastolic strain rate at 1.5 and 3 Tesla: a comparison of feature-tracking and tag‐
ging in patients with aortic stenosis. J Magn Reson Imaging 2015;41:1129–37.

26.  Graham-Brown MP, Gulsin GS, Parke K, Wormleighton J, Lai FY, Athithan L et al A comparison of the reprodu‐
cibility of two cine-derived strain software programmes in disease states. Eur J Radiol 2019;113:51–8.

© Copyrights 2020



27.  Morton G, Schuster A, Jogiya R, Kutty S, Beerbaum P, Nagel E. Inter-study reproducibility of cardiovascular
magnetic resonance myocardial feature tracking. J Cardiovasc Magn Reson 2012;14:43.

28.  Amzulescu MS, Langet H, Saloux E, Manrique A, Boileau L, Slimani A et al Head-to-head comparison of global
and regional two-dimensional speckle tracking strain versus cardiac magnetic resonance tagging in a multicenter vali‐
dation study. Circ Cardiovasc Imaging 2017;10:11–6.

29.  Hudsmith LE, Petersen SE, Francis JM, Robson MD, Neubauer S. Normal human left and right ventricular and
left atrial dimensions using steady state free precession magnetic resonance imaging. J Cardiovasc Magn Reson
2005;7:775–82.

30.  Negishi K, Negishi T, Hare JL, Haluska BA, Plana JC, Marwick TH. Independent and incremental value of de‐
formation indices for prediction of trastuzumab-induced cardiotoxicity. J Am Soc Echocardiogr 2013;26:493–8.

31.  Tilemann LM, Heckmann MB, Katus HA, Lehmann LH, Muller OJ. Cardio-oncology: conflicting priorities of
anticancer treatment and cardiovascular outcome. Clin Res Cardiol 2018;107:271–80.

32.  Buckert D, Cieslik M, Tibi R, Radermacher M, Rasche V, Bernhardt P et al Longitudinal strain assessed by car‐
diac magnetic resonance correlates to hemodynamic findings in patients with severe aortic stenosis and predicts posi‐
tive remodeling after transcatheter aortic valve replacement. Clin Res Cardiol 2018;107:20–9.

33.  Voigt JU, Pedrizzetti G, Lysyansky P, Marwick TH, Houle H, Baumann R et al Definitions for a common stand‐
ard for 2D speckle tracking echocardiography: consensus document of the EACVI/ASE/Industry Task Force to stand‐
ardize deformation imaging. Eur Heart J Cardiovasc Imaging 2015;16:1–11.

34.  Rudski LG, Lai WW, Afilalo J, Hua L, Handschumacher MD, Chandrasekaran K et al Guidelines for the echo‐
cardiographic assessment of the right heart in adults: a report from the American Society of Echocardiography en‐
dorsed by the European Association of Echocardiography, a registered branch of the European Society of Cardiology,
and the Canadian Society of Echocardiography. J Am Soc Echocardiogr 2010;23:86–8.

35.  Leibundgut G, Rohner A, Grize L, Bernheim A, Kessel-Schaefer A, Bremerich J et al Dynamic assessment of
right ventricular volumes and function by real-time three-dimensional echocardiography: a comparison study with
magnetic resonance imaging in 100 adult patients. J Am Soc Echocardiogr 2010;23:116–26.

 

Author Queries
Query: AQ1: Please provide full road and district address, zip or postal code for affiliations 2.
Author Response: Avenue du Laerbeek 101, B-1090 Brussels

Query: AQ2: Please check all author names and affiliations. Please check that author surnames have been identified
by a pink background in the PDF version, and by green text in the html proofing tool version (if applicable). This is to
ensure that forenames and surnames have been correctly tagged for online indexing.
Author Response: Accept

Query: AQ3: Journal policy requires authors to provide a data availability statement in their manuscript. Please con-
firm that this statement is included in your manuscript and that any required links or identifiers for your data are
present in the manuscript as described or provide edits with the required information.
Author Response: Answered within text

Query: AQ4: Please check whether the unit "MHz" is OK as set in the sentence ‘Standardized comprehensive trans-
thoracic echocardiography …’.
Author Response: Accept

Query: AQ5: Please provide the expansion for the acronym ‘SSFP’.
Author Response: Answered within text

Query: AQ6: Please check that all web addresses cited in the text, footnotes and reference list are up-to-date, and
please provide a ‘last accessed’ date for each URL.
Author Response: Accept

© Copyrights 2020



Query: AQ7: Please include Marwick and Krishnamoorthy (2019) in the reference list with complete publication de-
tails or else delete the same from the text.
Author Response: no citation found in in Pubmed - refecence deleted

Query: AQ8: Please check that funding is recorded in a separate funding section if applicable. Use the full official
names of any funding bodies, and include any grant numbers.
Author Response: Accept

Query: AQ9: You may need to include a “conflict of interest” section. This would cover any situations that might
raise any questions of bias in your work and in your article’s conclusions, implications, or opinions. Please see
https://academic.oup.com/journals/pages/authors/authors_faqs/conflicts_of_interest.
Author Response: Accept

Query: AQ10: If your manuscript has figures or text from other sources, please ensure you have permission from the
copyright holder. For any questions about permissions contact jnls.author.support@oup.com.
Author Response: N/A this is our data

Author Approve Comments
Author: Thank you for editing our manuscript. We answered all queries. Please accept with the annotated changes.

© Copyrights 2020


	, 
	 and 
	c
	 
	-
	cMR
	-
	,
	 and
	-GLS
	STE-
	two dimensional (
	)
	The datasets generated during and/or analysed during the current study are available from the corresponding author on reasonable request. 
	The datasets generated during and/or analysed during the current study are available from the corresponding author on reasonable request. 
	 
	 
	single shot fast precession (
	)
	intraclass correlation coefficient (ICC)
	ICC-
	 
	Intraclass correlation (
	P)
	(Version 0.1.3; Marwick and Krishnamoorthy 2019)
	T
	T
	T
	T
	-GLS
	STE-

