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Abstract

Ultrasound speckle tracking is frequently used to quantify myocardial strain, and

magnetic resonance imaging (MRI) feature tracking is rapidly gaining interest. Our

aim is to validate cardiac MRI feature tracking by comparing it with the gold standard

method (i.e., MRI tagging) in healthy subjects and patients. Furthermore, we aim to

perform an indirect validation by comparing ultrasound speckle tracking with MRI

feature tracking. Forty-two subjects (17 formerly preeclamptic women, three healthy

women, and 22 left bundle branch block patients of both sexes) received 3-T cardiac

MRI and echocardiography. Cine and tagged MRI, and B-mode ultrasound images,

were acquired. Intrapatient global and segmental left ventricular circumferential (MRI

tagging vs. MRI feature tracking) and longitudinal (MRI feature tracking

vs. ultrasound speckle tracking) peak strain and time to peak strain were compared

between the three techniques. Intraclass correlation coefficient (ICC) (< 0.50 = poor,

0.50–0.75 = moderate, > 0.75–0.90 = good, > 0.90 = excellent) and Bland–Altman

analysis were used to assess correlation and bias; p less than 0.05 indicates a signifi-

cant ICC or bias. Global peak strain parameters showed moderate-to-good correla-

tions between methods (ICC = 0.71–0.83, p < 0.01) with no significant biases. Global

time to peak strain parameters showed moderate-to-good correlations (ICC = 0.56–

0.82, p < 0.01) with no significant biases. Segmental peak strains showed significant

biases in all parameters and moderate-to-good correlation (ICC = 0.62–0.77,

p < 0.01), except for lateral longitudinal peak strain (ICC = 0.23, p = 0.22). Segmental

time to peak strain parameters showed moderate-to-good correlation (ICC = 0.58–

0.74, p < 0.01) with no significant biases. MRI feature tracking is a valid method to

examine myocardial strain, but there is bias in absolute segmental strain values

Abbreviations: FT, feature tracking; (G/S/L)CPS, (global/septal/lateral) circumferential peak strain; (G/S/L)CTTPS, (global/septal/lateral) circumferential time to peak strain; (G/S/L)LPS, (global/

septal/lateral) longitudinal peak strain; (G/S/L)LTTPS, (global/septal/lateral) longitudinal time to peak strain; ICC, intraclass correlation coefficient; LV-2CH, left ventricular two-chamber view; LV-

4CH, left ventricular four-chamber view; LV-SAX, left ventricular short-axis view; MRI, magnetic resonance imaging; ST, speckle tracking; TAG, tagging; US, ultrasound.

Yentl Brandt and Jolijn M. Lubrecht shared first authorship.

Received: 11 October 2023 Revised: 25 March 2024 Accepted: 28 March 2024

DOI: 10.1002/nbm.5164

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2024 The Authors. NMR in Biomedicine published by John Wiley & Sons Ltd.

NMR in Biomedicine. 2024;e5164. wileyonlinelibrary.com/journal/nbm 1 of 17

https://doi.org/10.1002/nbm.5164

https://orcid.org/0000-0001-7562-5724
mailto:eline.kooi@mumc.nl
https://doi.org/10.1002/nbm.5164
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/nbm
https://doi.org/10.1002/nbm.5164
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fnbm.5164&domain=pdf&date_stamp=2024-04-25


between imaging techniques. MRI feature tracking shows adequate comparability

with ultrasound speckle tracking.

K E YWORD S

cardiac ultrasound, feature tracking, magnetic resonance imaging, myocardial strain, speckle
tracking, tagging, validation

1 | INTRODUCTION

Quantification of myocardial strain enables the assessment of myocardial deformation throughout the cardiac cycle, providing insights into cardiac

function.

The first method that was developed to measure systolic left ventricle myocardial strain was magnetic resonance imaging tagging

(MRI-TAG).1,2 MRI-TAG uses true tissue markers (tags), in the form of a grid-like pattern, to track myocardial deformation. Using a dedicated MRI-

TAG sequence, additional radiofrequency pulses are applied to generate these tags. This MRI sequence is acquired in addition to the routinely

acquired cardiac cine-MR images. A few disadvantages of MRI-TAG have hampered its broad application in clinical practice. With MRI-TAG, typi-

cally only 1–3 cross-sectional slices are acquired to quantify radial and circumferential strain. Increasing the number of slices or the acquisition of

images in the long-axis plane to quantify longitudinal strain is technically feasible, but is impractical because of long scan times. Other downsides

include tag deposition delay and tag fading. Tag deposition occurs with a delay of ≈30 ms after R wave detection.3 Therefore, the physiological

start of the systolic phase is slightly misidentified, which leads to a slight underestimation of peak strain. Tag fading refers to the decreased visibil-

ity of the tags over time, which hampers strain assessment in the diastolic phase.

Alternatively, two other methods to quantify myocardial strain have been developed that are more easily applicable in clinical practice, ultra-

sound speckle tracking (US-ST)4,5 and MRI feature tracking (MRI-FT). These methods use conventional echocardiography images (US-ST) or con-

ventional cine-MR images (MRI-FT) to calculate strain, eliminating the need to acquire an additional MRI sequence.6

With US-ST, naturally occurring speckled patterns of the signal intensity on the ultrasound images are tracked to calculate strain. Cardiac

ultrasonography is readily available and applicable in standard clinical care and does not suffer from the comparatively long scan times required

for MRI. US-ST supersedes MRI-TAG and MRI-FT in terms of temporal resolution7 with the acquisition of ≈50 phases per cardiac cycle. However,

the image quality is highly dependent on operator skill, and a plethora of other factors.

Similar to US-ST, MRI-FT is based on the tracking of specific naturally occurring signal intensity patterns (features) in cine–MR images. MRI-

FT has a higher temporal resolution compared with MRI-TAG. For MRI-TAG, typically ≈16 cardiac phases are acquired, while for cine-MRI

(MRI-FT) this number is typically ≈30. Because MRI-FT and US-ST are not based on tags that fade over the cardiac cycle, the diastolic strain can

be quantified as well.

Other MRI strain methods have also been developed, that is, fast strain-encoded MRI (fast-SENC)8 and displacement encoding with stimu-

lated echoes (DENSE).9 Both techniques have a higher spatial resolution than MRI-TAG, and fast-SENC allows for acquisition in one heartbeat.

Because these techniques require additional sequences, and suffer from a lower temporal resolution compared with MRI-FT, they are not applied

in routine clinical practice.3

While MRI-TAG has been extensively validated,10,11 this is less the case for MRI-FT and US-ST. Therefore, MRI-TAG is the gold standard

method and MRI-FT and US-ST are still not routinely used in clinical practice. To validate these techniques, we aim to perform a direct comparison

of cardiac circumferential strain and time-to-peak strain acquired via MRI-TAG and MRI-FT in two retrospective patient studies in formerly pre-

eclamptic women, women with a history of normotensive pregnancy, and left bundle branch block (LBBB) patients. Next, we will perform an indi-

rect comparison of the longitudinal strain measurements from MRI-FT and US-ST in the same patient studies.

2 | EXPERIMENTAL

2.1 | Study population

The study cohort comprised 22 patients with LBBB, and 20 participants from the DEcreased Cognitive functiON, NEurovascular CorrelaTes, and

myocardial changes in women with a history of preeclampsia (DECONNECT) study (17 women with a history of preeclampsia and three healthy

female controls), who were recruited from two prospective studies conducted at the Maastricht University Medical Centre (MUMC+): the 4D-

flow in LBBB study (local ethical approval: NL59828.068.16) and the DECONNECT study (local ethical approval: NL47252.068.14). The

DECONNECT study is registered at clinicaltrials.gov with the identifier number NCT02347540. All LBBB patients underwent cardiac MRI and
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cardiac ultrasound on the same day as part of the study protocols, whereas the formerly preeclamptic women and healthy female controls had

varying time intervals between these two examinations (mean interval: 15 ± 9, range: 2–32 months). The participants in the DECONNECT study

had a slightly higher heart rate during the cardiac MRI examination (mean difference 6.4 ± 11 BPM, p = 0.02). In the LBBB patient population,

heart rates did not differ between ultrasound and cardiac MRI acquisitions (mean difference �2.5 ± 8.6 BPM, p = 0.26). None of the patients had

an adverse cardiac event in the period between the MRI and ultrasonography examination. All subjects provided oral and written informed con-

sent before study participation in both studies.

2.2 | Data acquisition

2.2.1 | Cardiac MRI

For both studies, cardiac MRI data were acquired on the same 3-T MRI system (Ingenia, Philips Healthcare, Best, The Netherlands) using a

phased-array torso radiofrequency coil (dStream, Philips Healthcare, Best, The Netherlands). A steady-state free precession sequence was used to

obtain electrocardiogram (ECG)-gated cine images in the left ventricular (LV) two- and four-chamber long-axes and multislice short-axis views

covering the entire left ventricle. The MRI acquisition parameters for the cine-MRI and the MRI-TAG sequences are provided in Table 1.

2.2.2 | Ultrasound

Standard echocardiograms were acquired using a Philips ultrasound system (all patients) (iE33, Philips Healthcare, Andover, MA, USA) using S-5

and X-5 transducers. Imaging parameters such as gain, depth setting, and contrast control varied according to the ultrasonographer's discretion.

2.3 | Study design

The cardiac MRI and cardiac ultrasound images of every patient were analyzed using the following three methods: MRI-TAG, MRI-FT, and US-ST.

Circumferential strains were computed and compared using MRI-TAG and MRI-FT, whereas longitudinal strains were evaluated using MRI-FT and

US-ST. Radial strains were not assessed because of low accuracy for radial strain in MRI-TAG analysis. Analysis was performed by two trained

observers, who were responsible for all three analysis methods within either the LBBB or the DECONNECT patient groups. The observer of the

DECONNECT group data was blinded for control/case status, and both observers were blinded for all clinical parameters. MRI-FT and MRI-TAG

analyses were performed approximately 12 months after US-ST analysis for the DECONNECT group, removing the possibility of recollection of

which group a subject belonged to. The first assessor (DECONNECT study) is formally trained in the acquisition and interpretation of clinical

echocardiography (2 years of experience) and is trained by a clinical radiologist in MRI-FT contouring. The second observer (LBBB study) is spe-

cialized in cardiovascular biomechanics, with a formal training by clinical radiologists in medical imaging analysis, and is experienced in the use of

MRI-TAG through special training by biomedical engineers and cardiologists.

With every method the peak strain and time to peak strain were determined using the imaging planes, as listed in Table 2. Peak strain was

defined as the maximum shortening compared with end diastole, and the time to peak strain was defined as the point in time in which peak strain

occurs. The end-diastolic phase was set as the reference value with a time of 0 ms. The peak strains and time to peak strains were compared

within each patient to evaluate the correlation between the various methods.

2.4 | Data analysis

2.4.1 | MRI-TAG

Circumferential strain was determined from the cine-MRI and grid-tagged short axis images using custom software employing the SinMod

method12 implemented in the MATLAB environment (version R2022a; MathWorks, Natick, MA, USA).

The SinMod method tracks local displacement in a cross-sectional view of the left ventricle in a time series of MRI-TAG images. The method

simultaneously detects local spatial phase shift and spatial frequency in bandpass-filtered images by modeling the environment of a pixel as a sum-

mation of sine wavefronts. From these waves, the component of displacement in every pixel is estimated by comparing the pixels in two images

of consecutive cardiac phases, without the use of nearby pixels. Validation of this method has shown that the SinMod method performs equally
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well or better than the previously established harmonic phase method. In a standard gridline texture with a wavelength of six pixels, the residual

mean square error is better than 0.02.12

The software automatically spatially matched the grid-tagged images to the cine-MR images in the x, y, and z directions to facilitate user-

guided segmentation. Images that could not be matched in the longitudinal direction, due to a difference in slice position and/or orientation dur-

ing acquisition, were excluded. In-plane patient movement between the acquisition of the cine- and tagged-MRI was corrected automatically.

Both the left and right ventricle were contoured, although for the purposes of this study, only LV information was used because of the inabil-

ity of the MRI-FT and US-ST software packages used in the current study to assess right ventricular strain. The displacement field was divided

into six segments according to the outer ring of the AHA bullseye and converted into Lagrangian strain (first frame, end-diastolic phase, as

reference).

2.4.2 | MRI-FT

Longitudinal and circumferential strain measurements were obtained from the cine-MRI left ventricular four-chamber (LV-4CH), two-chamber

(LV-2CH), and short-axis view images (LV-SAX) using the CAAS MR Solutions 5.2.1 software package (Pie Medical Imaging BV, Maastricht, The

Netherlands). This software package utilizes feature tracking to extract longitudinal, circumferential, and radial strain from short and long axis

cine-MRI.

After selection of the LV-4CH, LV-2CH, and LV-SAX images, a machine learning algorithm performed automatic segmentation of the LV

endocardial and epicardial border and identified the end-diastolic and end-systolic phase, and the short axis basal and apical plane. The

machine-learning algorithm is based on an established convolution neural network architecture, U-Net,13 and uses four downward convolution

layers. Separately trained networks exist for LV segmentation of LV-4CH, LV-2CH, and LV-SAX. The training was performed using LV annotations

at end-diastole and end-systole on a multivendor, multicenter, and heterogeneous cohort of 520 patients. The inclusion of end-systolic annota-

tions aims to increase input diversity.

Operator verification was performed to check the performance of the automatic LV segmentation, and the apical and basal plane identifica-

tion, and manual adjustments were performed, when necessary. After operator approval, the deformation of the LV myocardium was tracked

along the cardiac cycle based on registration of consecutive phases using a block-matching algorithm,14 leading to a displacement vector for every

pixel within the myocardium (Figure 1). Using the displacement vectors between each consecutive phase, the cumulative displacement of each

pixel within the myocardium along the cardiac cycle was calculated. For illustration, the tracked path of the endocardial and epicardial boundaries

is displayed. Based on the cumulative myocardium tissue displacement, the myocardial strain along the cardiac cycle was calculated relative to the

end-diastolic phase. Three strain curves were calculated with respect to the primary axes of the left ventricle: the longitudinal, circumferential,

and radial direction.

Furthermore, the displacement was also inspected by the observer to ensure correct tracking of the myocardial features over the course of

the cardiac cycle. In case of improper tracking of the myocardial wall, a correction of the initial regions of interest was performed.

For a direct comparison, the circumferential peak strain and time to peak strain values of MRI-FT were extracted from the raw output files

and matched slice-by-slice with the cine-MRI slices used by the SinMod software package.

2.4.3 | Cardiac US-ST

Longitudinal strain measurements were obtained from apical LV-2CH and LV-4CH ultrasound images using the Caas Qardia 1.0 software package

(Pie Medical Imaging BV) that utilizes speckle tracking to extract longitudinal strain.

TABLE 2 Specification of the imaging planes for the three methods.

Strain parameters MRI-TAG MRI-FT US-ST

GC(TT)PS LV-SAX cine-MRI and tagged MRI LV-SAX cine-MRI

S/LC(TT)PS LV-SAX cine-MRI and tagged MRI LV-SAX cine-MRI

GL(TT)PS LV-2CH and LV-4CH cine-MRI LV-2CH and LV-4CH US

S/L(TT)PS LV-4CH cine-MRI LV-4CH US

Abbreviations: GC(TT)PS, global circumferential (time to) peak strain; GL(TT)PS, global longitudinal (time to) peak strain; LV-2CH, left ventricular two-

chamber view; LV-4CH, left ventricular four-chamber view; LV-SAX, left ventricular short-axis view; MRI, magnetic resonance imaging; MRI-FT, MRI

feature tracking; MRI-TAG, MRI tagging; S/LC(TT)PS, septal/lateral circumferential (time to) peak strain; S/LL(TT)PS, septal/lateral longitudinal (time to)

peak strain; US, ultrasound; US-ST, ultrasound speckle tracking.
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The observer selected the appropriate images, whereafter three points were indicated on the end-diastolic image, that is, the left and right

mitral annular hinge points and the LV apex, to guide the automated segmentation of the LV endocardial border. The end-diastolic image was

automatically identified using ECG information through the DICOM metadata. The guided segmentation is based on a minimum cost algorithm.

Operator verification was performed to check the performance of the automatic LV segmentation and the contour was adjusted when neces-

sary. After operator approval, the LV was tracked through the cardiac cycle using a speckle tracking algorithm based on normalized cross-

correlation,15 leading to an automatic calculation of the longitudinal displacement and strain (Figure 1).

F IGURE 1 Average peak strain values over normalized time (0–1) for the left bundle branch block (LBBB) patients and the subjects from the
DEcreased Cognitive functiON, NEurovascular CorrelaTes, and myocardial changes in women with a history of preeclampsia (DECONNECT)
study. MRI feature tracking (MRI-FT) values are averaged. MRI tagging (MRI-TAG) and ultrasound speckle tracking (US-ST) values are
approximated with a sixth-degree polynomial regression line derived from all individual strain graphs. (A) Global circumferential strain (GCS),
(B) Global longitudinal strain (GLS), (C) Septal circumferential strain (SCS), (D) Lateral longitudinal strain (LLS), (E) Lateral circumferential strain
(LCS), (F) Septal longitudinal strain (SLS). MRI, magnetic resonance imaging.
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2.5 | Statistical analysis

All strain values were compared at an intrapatient level and are reported as maximal percentage shortening (peak strain) or milliseconds (time to

peak strain) from the end-diastolic phase. The correlations between the various techniques were assessed using the intraclass correlation coeffi-

cient (ICC). ICC values less than 0.50 were considered as a poor correlation, 0.50–0.75 as moderate, 0.75-0.90 as good, and greater than 0.90 as

excellent.16 Correlations with a p value of less than 0.05 were considered significant. The intrapatient agreement for two techniques was evalu-

ated using Bland–Altman analysis, showing mean difference (bias) and the 95% limits of agreement. The significance of the bias between two

techniques was evaluated using a two-sided paired samples t-test. p less than 0.05 was considered statistically significant. Normal distribution of

the bias was assessed with a Kolmogorov–Smirnov test for normality and found to be normally distributed.

3 | RESULTS

For all 42 subjects, cine-MRI and tagging grid images were available. For six LBBB patients, ultrasound images were not acquired. During image

analysis, 11 patients were excluded from MRI-TAG analysis because of incorrect slice positioning and/or orientation during the MRI acquisition.

The MRI-TAG software package that was used in the current study prevents image analysis in the case of misregistration errors. Another patient

was excluded from MRI-TAG analysis because of incomplete acquisition of the MRI-TAG images.

In total, data from 36 (16 LBBB, 20 DECONNECT) subjects were available for the longitudinal parameters, and data from 30 (16 LBBB,

14 DECONNECT) subjects were available for the circumferential parameters.

Figure 1 shows the average normalized strain–time curves for all three techniques for the two study populations. Good agreement can be

observed for the global strain curves between the various techniques. In the segmental strain curves, differences between the techniques can

be observed for the peak strain (for the circumferential and longitudinal direction) and the time to peak strain values (for the longitudinal direction,

DECONNECT group), with the exception of septal longitudinal peak strain (SLPS) measured in the LBBB group, which showed excellent agree-

ment. On average, LBBB patients have a lower absolute value of myocardial strain on both a global and segmental level.

Figure 2 provides typical examples of individual strain–time curves for global circumferential strain and global longitudinal strain (GLS) for all

techniques for the DECONNECT and LBBB groups. It can be observed that the strain–time curves for the various techniques are very similar,

although the absolute value of the GLS is slightly higher for MRI-FT versus US-ST for the LBBB group.

Figure 3 provides an example of typical images of the end-diastolic and end-systolic phases acquired with the three techniques, with and

without the segmentation and displacement paths. Image quality varied between acquisitions, with MRI-TAG showing tag fading towards the end

of the cardiac cycle. Furthermore, the MRI-TAG software package used in this study does not show contours or tracking over the entire cardiac

cycle. The cine-MR images that were used for MRI-FT had good image quality. It can be observed that the features could be tracked over the

entire cardiac cycle. US-ST image quality varied between individuals, but contour assessment deemed the speckle tracking to be sufficient for

image analysis.

Figures 4–7 represent the ICC and Bland–Altman plots of the circumferential and longitudinal peak strain and time to peak strain.

Global circumferential peak strain (GCPS), compared between MRI-FT and MRI-TAG (Figure 4), showed good correlation (ICC = 0.83, 95%

CI = 0.63–0.92, p < 0.01) with no significant bias. Septal circumferential peak strain (SCPS) showed moderate correlation (ICC = 0.74,

95% CI = 0.45–0.88, p < 0.01) with a significant overestimation by MRI-FT (�4.0% ± 4.7%, p < 0.01). Lateral circumferential peak strain (LCPS)

showed moderate correlation (ICC = 0.62, 95% CI = 0.20–0.82, p < 0.01) with a significant underestimation (7.4% ± 3.4%, p < 0.01) by MRI-FT.

Global circumferential time to peak strain (GCTTPS), compared between MRI-FT and MRI-TAG (Figure 5), showed good correlation

(ICC = 0.82, 95% CI = 0.63–0.92, p < 0.01) with no significant bias. Septal and lateral circumferential time to peak strain showed moderate corre-

lation (ICC = 0.74, 95% CI = 0.46–0.88, p < 0.01, and ICC = 0.74, 95% CI = 0.45–0.87, p < 0.01 for septal and lateral values, respectively) with

no significant bias.

Global longitudinal peak strain (GLPS), compared between MRI-FT and US-ST (Figure 6), showed moderate correlation (ICC = 0.71, 95%

CI = 0.43–0.85, p < 0.01) with no significant bias. SLPS showed good correlation (ICC = 0.77, 95% CI = 0.55–0.88, p < 0.01) with a significant

overestimation by US-ST (1.8% ± 3.5%, p < 0.01). Lateral longitudinal peak strain (LLPS) showed poor correlation (ICC = 0.23, 95% CI = �0.51–

0.61, p = 0.22) with a significant underestimation by US-ST (�2.2% ± 4.3%, p < 0.01).

Global longitudinal time to peak strain (GLTTPS), compared between MRI-FT and US-ST (Figure 7), showed moderate correlation

(ICC = 0.56, 95% CI = 0.14–0.78, p < 0.01) with no significant bias. Septal (SLTTPS) and lateral longitudinal time to peak strain (LLTTPS) showed

moderate correlations (ICC = 0.58, 95% CI = 0.18–0.79, p < 0.01, and ICC = 0.70, 95% CI = 0.42–0.85, p < 0.01 for septal and lateral values,

respectively) with no significant biases.

Table 3 gives an overview of the average strain values per imaging method and per study population, at global, septal, and lateral levels. Com-

parison within the DECONNECT group showed that, for all three techniques, the healthy controls (n = 3) had, on average, higher absolute strain

values than the formerly preeclamptic women (n = 17), although in these small groups this result was not statistically significant. All three

BRANDT ET AL. 7 of 17

 10991492, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/nbm

.5164 by C
ochrane N

etherlands, W
iley O

nline L
ibrary on [06/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



techniques were able to measure differences in strain values between the DECONNECT and the LBBB group, apart from LCPS (MRI-TAG and

MRI-FT), SLTTPS (MRI-FT and US-ST), and GLTTPS (US-ST).

For the subjects in the DECONNECT study, the heart rate during the cardiac MRI examination was slightly higher than that for the echocardi-

ography examination (6 ± 11 BPM, p = 0.02). Assessment through univariable linear regression indicated no association between heart rate and

GLPS (β = 0.002%, p = 0.94), SLPS (β = 0.007%, p = 0.87), and LLPS (β = �0.049%, p = 0.22) in the DECONNECT study population. There was

an association with heart rate and GLTTPS (β = �2 ms, p < 0.01), SLTTPS (β = �2 ms, p = 0.01), and LLTTPS (β = �3 ms, p < 0.01). Given the

average difference in BPM between examinations of 6 ms, this would lead to an approximate difference in LLTTPS of �18 ms, which is slightly

below the temporal resolution of US-ST (�20 ms).

4 | DISCUSSION

We have demonstrated predominantly moderate to good correlations between global as well as segmental LV peak strain and time to peak strain

values obtained with MRI-FT versus MRI-TAG and US-ST versus MRI-FT. While no biases in absolute global strain values were observed, the seg-

mental peak strains demonstrated a bias between MRI-TAG and MRI-FT, and US-ST and MRI-FT. This bias needs to be taken into account when

comparing absolute values acquired with different imaging or acquisition techniques. The longitudinal peak strain in the lateral wall measured by

US-ST did not show a significant correlation when compared with MRI-FT. No bias was observed for all time to peak strain values at global as well

as segmental levels.

The agreement between MRI-TAG and MRI-FT for the global strain parameters that was observed in this study for GCPS and GCTTPS (0.83

[0.63–0.92] and 0.82 [0.63–0.92], respectively) is better than those in other studies.17–19 Wu et al. reported ICC values of 0.58 (moderate)

(p < 0.01) and 0.38 (poor) (p = 0.02) for GCPS and GCTTPS, respectively, with respective biases of 3.5% ± 1.7% (p < 0.01) and 24 ± 22 ms

(p = 0.02)17 in a study population consisting of healthy volunteers, LBBB and hypertrophic cardiomyopathy patients (n = 10 for all). Bucius et al.

reported an r value of 0.85, p less than 0.01, and a bias of 6.92% for GCPS18 in a smaller population of healthy controls (n = 11) and heart failure

patients (n = 7). Backhaus et al. found an agreement between MRI-FT and MRI-TAG for GCPS ranging from poor to good (ICC 0.41–0.85) and a

significant bias between 0.8% and 9.4%, depending on the software package,19 in a study population of healthy controls and heart failure patients

(n = 12 for both).

F IGURE 2 Typical strain–time curves for global circumferential strain (A1 and A2) and global longitudinal strain (B1 and B2) for all techniques,
for one subject each from the DEcreased Cognitive functiON, NEurovascular CorrelaTes, and myocardial changes in women with a history of
preeclampsia (DECONNECT) (#1) and left bundle branch block (LBBB) (#2) groups. GCS, global circumferential strain; GLS, global longitudinal
strain; MRI, magnetic resonance imaging; MRI-FT, MRI feature tracking; MRI-TAG, MRI tagging; US-ST, ultrasound speckle tracking.
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A multicenter study by Amzulescu et al. directly compared MRI-TAG with US-ST. In a study population of 136 patients, global and regional

subendocardial longitudinal strain was assessed. GLS correlated highly between methods (ICC = 0.81, p < 0.001), but showed a significant bias

(�37% ± 27%, p < 0.001). Regionally, ICC values ranged from 0.17 to 0.81, with biases ranging from �9% to �98%.20 This lower performance in

regional compared with global strain has been described as an inherent drawback of strain assessment.20,21 Small errors may occur, for example,

because of out-of-plane effects. These errors are typically random and, therefore, average out when calculating the global strain. Regional values,

however, are based on the average value over a smaller number of segments, leading to a more pronounced effect of these subtle errors.22

When comparing our findings with previous reports on segmental circumferential strain values, our study showed stronger correlations. We

found moderate-to-good correlations (ICCs ≥ 0.62), while Wu et al. reported poor to moderate correlations (circumferential peak strain: ICC:

0.06–0.57, circumferential time to peak strain: ICC: �0.13–0.72).17 Moreover, van Everdingen et al. demonstrated moderate correlations for seg-

mental peak strains (ICCs: 0.54–0.58) and poor correlations for segmental time to peak strain (ICC: 0.17–0.34),23 which may be explained by their

study population of 27 cardiac resynchronization therapy candidates. However, the bias that we observed in segmental peak strains was relatively

high (absolute mean differences between �4.0% ± 4.7% and 7.4% ± 3.4% for SCPS and LCPS, respectively), which may be explained by

F IGURE 3 Multiphase images for MRI tagging (MRI-TAG) (row A, including a coregistered cine-MRI with endocardial and epicardial contours
[A1], the superimposed endocardial and epicardial contours on the tagging image [A2], an end-systolic image [A3], and a late-diastolic image [A4]),
MRI feature tracking (MRI-FT) (rows B [short-axis], C [two-chamber], and D [four-chamber], including an end-diastolic cine-MR image [Column 1],
end-diastolic endocardial and epicardial contours [Column 2], the displacement paths projected on the end-diastolic image [Column 3], end-
systolic cine-MR image [Column 4], and the displacement paths projects on the end-systolic image [Column 5]), and US-ST (rows E [two-chamber]

and F [four-chamber], including an end-diastolic image [Column 1], end-diastolic endocardial contours [Column 2], end-systolic image [Column 3],
and end-systolic endocardial contours [Column 4]). Red contours in rows E and F, Column 4 indicate longitudinal shortening in that segment. MRI,
magnetic resonance imaging; US-ST, ultrasound speckle tracking.
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differences in the study population. Therefore, we recommend using a single technique within the same study. In addition, the bias should be

taken into consideration when comparing different studies.

Earlier studies comparing feature and speckle tracking describe moderate correlations for GLPS (Pearson correlation of 0.83, n = 106 patients

with varying cardiovascular diseases,24 Pearson correlation of 0.74, n = 50 patients with varying cardiovascular diseases,25 and ICC = 0.67,

n = 100 patients with former acute myocardial infarction26). In some studies, a significant bias is reported up to an absolute value of �3.1%,24,25

while another study did not find a significant bias.26 These findings are comparable with our results in terms of correlation (ICC = 0.71 [0.43–

0.85]), whereas no bias was detected in our global longitudinal parameters. Potential differences in results may be explained by differences in

study populations.

In contrast to other parameters, LLPS, as quantified with MRI-FT and US-ST, showed no significant correlation and a significant bias. We

observed that in several cases (in both populations) the ultrasound image quality of the lateral wall was lower than that of the septal wall, which

may hamper correct speckle tracking over the cardiac cycle.

F IGURE 4 Comparison of circumferential peak strain (CPS) parameters between MRI feature tracking (MRI-FT) and MRI tagging (MRI-TAG).
CI, confidence interval; GCPS, global circumferential peak strain; ICC, intraclass correlation coefficient; LCPS, lateral circumferential peak strain;
MRI, magnetic resonance imaging; SCPS, septal circumferential peak strain. Orange squares indicate left bundle branch block (LBBB) patients.
Open blue diamonds indicate formerly preeclamptic DEcreased Cognitive functiON, NEurovascular CorrelaTes, and myocardial changes in
women with a history of preeclampsia (DECONNECT) patients and closed blue diamonds indicate controls with a history of normotensive
pregnancy. The diagonal lines in (A), (C), and (E) represent the identity line. The dashed lines in (B), (D), and (F) represent the mean difference
(bias). Dash-dotted lines in (B), (D), and (F) represent the 95% CI of the mean difference. Full lines in (B), (D), and (F) represent the y = 0 lines.
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In summary, our results were comparable or better than previously reported findings in prior validation studies. Differences may be due to

differences in patient populations between the studies or the use of other software packages. Our results expand the existing body of literature

to women with a history of preeclampsia, as well as LBBB patients. Furthermore, we have shown that the image quality and analysis software per-

formance for all techniques is sufficient for the assessment of circumferential and/or longitudinal strain on a global level. Segmental strain, how-

ever, remains biased between methods. Our comparatively better results on a global level may also be due to the fact that our analyses were

performed by one observer per patient group, removing any interobserver effects on image segmentation. In previous strain validation studies,

the primary image analysis was performed by either a single observer19,24 or multiple observers.21,25 In five studies, the number of observers was

not provided.17,18,20,23,26

Another source of bias in our study could be related to differences in peak strain in the subendocardial and subepicardial layer that have been

previously described.27,28 MRI-TAG calculates strain based on the deformation of tags, which are typically equally distributed over the different

F IGURE 5 Comparison of circumferential time to peak strain (CTTPS) parameters between MRI feature tracking (MRI-FT) and MRI tagging
(MRI-TAG). CI, confidence interval; GCTTPS, global circumferential time to peak strain; ICC, intraclass correlation coefficient; LCTTPS, lateral
circumferential time to peak strain; MRI, magnetic resonance imaging; SCTTPS, septal circumferential time to peak strain. Orange squares indicate
left bundle branch block (LBBB) patients. Open blue diamonds indicate DEcreased Cognitive functiON, NEurovascular CorrelaTes, and myocardial
changes in women with a history of preeclampsia (DECONNECT) formerly preeclamptic patients and closed blue diamonds indicate controls with
a history of normotensive pregnancy. The diagonal lines in (A), (C), and (E) represent the identity line. The dashed lines in (B), (D), and (F) represent
the mean difference (bias). Dash-dotted lines in (B), (D), and (F) represent the 95% confidence interval of the mean difference. Full lines in (B), (D),
and (F) represent the y = 0 lines.
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layers of the myocardial wall. The US-ST software package that we used in the current study creates an extrapolated continuous estimate of the

endocardial border, resulting in an endocardial strain measurement. MRI-FT, as assessed with the software package that was used in the current

study, makes use of both endocardial and epicardial contours, after which the strain results are averaged, giving a mean value of the entire

myocardial wall.

Image quality varied between modalities and techniques (Figure 3). Tagging acquisitions showed excellent quality in the initial phases of the

cardiac cycle, but tag fading was visible towards the diastolic phase, in line with previous studies.29 Cine-MRI acquisitions were of excellent qual-

ity and remained interpretable throughout the entire cardiac cycle. Ultrasound acquisitions varied in quality, depending on the patient's physical

disposition, the operator's experience, and the acquisition parameters. The excellent quality of cine-MR images makes MRI-FT suitable for strain

assessment over the entire cardiac cycle.30 The variation in echocardiographic image quality is a limitation of this technique.

F IGURE 6 Comparison of longitudinal peak strain (LPS) parameters between MRI feature tracking (MRI-FT) and ultrasound speckle tracking
(US-ST). CI, confidence interval; GLPS, global longitudinal peak strain; ICC, intraclass correlation coefficient; LLPS, lateral longitudinal peak strain;
MRI, magnetic resonance imaging; SLPS, septal longitudinal peak strain. Orange squares indicate left bundle branch block (LBBB) patients. Open
blue diamonds indicate DEcreased Cognitive functiON, NEurovascular CorrelaTes, and myocardial changes in women with a history of
preeclampsia (DECONNECT) formerly preeclamptic patients and closed blue diamonds indicate controls with a history of normotensive
pregnancy. The diagonal lines in (A), (C), and (E) represent the identity line. The dashed lines in (B), (D), and (F) represent the mean difference
(bias). Dash-dotted lines in (B), (D), and (F) represent the 95% confidence interval of the mean difference. Full lines in (B), (D), and (F) represent the
y = 0 lines.
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In the current study, we did not validate other MRI-based techniques to quantify myocardial strain, that is, SENC and DENSE. However, this

was performed in previous studies. A comparison between MRI-TAG and SENC in a small cohort of 11 healthy controls and seven heart failure

patients showed a good-to-excellent correlation between MRI-TAG, MRI-FT, and SENC (MRI-TAG vs. SENC: r = 0.858, p < 0.001; MRI-TAG

vs. MRI-FT: r = 0.894, p < 0.001; MRI-FT vs. SENC: r = 0.924, p < 0.001).18 This study also demonstrated that SENC overestimated longitudinal

peak strain (LPS) and circumferential peak strain (CPS) compared with MRI-TAG (19.4% [17.1%–20.7%] vs. 14.9% [11.8%–16.9%] and 20.3%

[16.5%–22.3%] vs. 17.8% [16.4%–19.5%] for LPS and CPS, respectively; p < 0.05 for both). In addition, this study reported that MRI-FT over-

estimated the strain values to an even larger extent (23.5% [22.0%–25.9%] and 26.1% [21.8%–27.8%] for CPS and LPS, respectively; p < 0.05 for

both).

DENSE was validated by a direct comparison with MRI-TAG in a cohort of 10 healthy controls and 77 cardiac patients.30 A good correlation

was reported for CPS (ICC = 0.778), while the correlations for radial peak strain and LPS were poor (ICC = 0.032 and 0.359 for radial peak strain

F IGURE 7 Comparison of longitudinal time to peak strain (LTTPS) parameters between MRI feature tracking (MRI-FT) and ultrasound speckle
tracking (US-ST). CI, confidence interval; GLTTPS, global longitudinal time to peak strain; ICC, intraclass correlation coefficient; LLTTPS, lateral
longitudinal time to peak strain; MRI, magnetic resonance imaging; SLTTPS, septal longitudinal time to peak strain. Orange squares indicate left
bundle branch block (LBBB) patients. Open blue diamonds indicate formerly preeclamptic DEcreased Cognitive functiON, NEurovascular
CorrelaTes, and myocardial changes in women with a history of preeclampsia (DECONNECT) patients and closed blue diamonds indicate controls
with a history of normotensive pregnancy. The diagonal lines in (A), (C), and (E) represent the identity line. The dashed lines in (B), (D), and
(F) represent the mean difference (bias). Dash-dotted lines in (B), (D), and (F) represent the 95% confidence interval of the mean difference. Full
lines in (B), (D), and (F) represent the y = 0 lines.
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and LPS, respectively). In the same study, a bias was observed for LPS (mean difference = 4.886% [�2.986%–12.76%], p < 0.001), while there

was no bias for CPS. In another study comprising 12 healthy volunteers, CPS showed good correlation between DENSE and MRI-TAG

(r = 0.87).31 In line with our findings, in a cohort of 161 cardiac patients, 99 healthy adults, and 45 healthy children and adolescents, a higher

agreement was between techniques on global versus segmental level.32 CPS values measured by DENSE and MRI-FT were found to agree moder-

ately at global levels but poorly at segmental levels (ICC = 0.72 and ICC = 0.48, respectively). In the same study, DENSE was also compared with

StrainNet, a deep learning model that predicts intramyocardial displacement from contour motion, and showed good agreement at both global

and segmental levels (ICC = 0.87 and ICC = 0.75, respectively). DENSE was proven to be reproducible at an intrauser, interuser-same-site,

interuser-different-site, interuser-human-deep-learning, interscan, and intersession level in a cohort of both healthy subjects (n = 60) and heart

disease patients (n = 21), with an ICC of 0.74 or higher for CPS and LPS at both global and segmental levels.33 Furthermore, deep learning-based

segmentation methods have been shown to be applicable for the postprocessing of DENSE images, showing high agreement with user-assisted

(machine learning segmentation with manual adjustment) contouring in a cohort of 38 patients with cardiac disease and 70 healthy controls. GCPS

had a correlation of r = 0.99, and pooled segmental CPS values had correlations of r = 0.94, 0.97, and 0.93 for the basal, midventricular, and api-

cal slices, respectively.34 Together, these findings show good-to-moderate correlation for GCPS between DENSE and MRI-TAG, and that DENSE

has good-to-excellent reproducibility.

The current study had several limitations. Because of the retrospective nature of the study, data acquisition was not fully standardized, and

subtle differences were present in MRI acquisition parameters. On the other hand, in clinical practice, such differences in MRI acquisition parame-

ters are common. Moreover, because long-axis MRI-TAG data were not acquired, no truly conclusive comparison of US-ST with the established

gold standard was possible. Furthermore, right ventricular strain was not assessed because of the inability of the MRI-FT and US-ST software

packages that were used to contour the right ventricle and calculate the right ventricular peak strain. In addition, mismatching of the slice position

between MRI-TAG and MRI-FT in the longitudinal direction led to the exclusion of 11 patients because our MRI-TAG software does not allow

analysis in the case of a slight image misregistration. Also, in our study we did not investigate the interobserver and intraobserver agreement. A

final limitation is that each type of strain analysis was performed using a single algorithm. Certainly, for US-ST it is known that important differ-

ences in peak strain values may be found when using different software packages of different vendors. A study comparing nine different software

packages found an absolute difference of 3.7% (p < 0.01) between vendors,35 whereas we found a highest mean difference of 2.2% for LLPS.

5 | CONCLUSION

The comparison of strain quantification of MRI-FT versus MRI-TAG and US-ST versus MRI-FT shows generally comparable results. An exception

to the moderate-to-good correlations was the poor correlation between MRI-FT and US-ST for LLPS. No significant bias was observed for global

peak strain and all time-to-peak strain values. By contrast, a significant bias was observed for all segmental peak strain values.
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