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INTRODUCTION
Cardiovascular Magnetic Resonance (CMR) feature 
tracking (FT) uses optical flow methods to measure 
myocardial motion through the maximum likelihood 
frame-by-frame displacement of image features in regions 
of interest.1 Optical flow can be combined with other tech-
niques such as registration and edge detection to give an 
overall tracking method.2 CMRFT was introduced in 20093 
and has been applied to the analysis of the left ventricle 
(LV) more than the right,4 although it is also used for 
atrial analysis.1 CMRFT software is used to quantitatively 

analyse myocardial motion in standard clinical cine images 
by tracking contours through the cardiac cycle. It usually 
requires user input (endocardial and epicardial contours 
for one cardiac phase) and calculates indices such as strain 
that can reflect underlying myocardial contractile dysfunc-
tion.1 Strain is a measure of the change in length of tissue in 
a given direction with respect to the length at end-diastole 
(ED).2 Applications of CMRFT include assessment of isch-
emia, cardiomyopathies, congenital heart diseases, and 
quantification of dyssynchrony.1,5
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Objectives To develop a single-slice numerical phantom 
with known myocardial motion, at several temporal and 
in-plane spatial resolutions, for testing and comparison 
of Cardiovascular Magnetic Resonance (CMR) feature 
tracking (FT) software.
Methods The phantom was developed based on CMR 
acquisitions of one volunteer (acquired cine, tagging 
cine, T1 map, T2 map, proton density weighted image). 
The numerical MRI simulator JEMRIS was used, and the 
phantom was generated at several in-plane spatial reso-
lutions (1.4 × 1.4 mm2 to 3.0 × 3.0 mm2) and temporal 
resolutions (20 to 40 cardiac phases). Two feature 
tracking software packages were tested: Medical Image 
Tracking Toolbox (MITT) and two versions of cvi42 
(v5.3.8 and v5.13.7). The effect of resolution on strain 
results was investigated with reference to ground-truth 
radial and circumferential strain.

Results Peak radial strain was consistently undermeas-
ured more for cvi42 v5.13.7 than for v5.3.8. Increased 
pixel size produced a trend of increased difference from 
ground-truth peak strain, with the largest changes for 
cvi42 obtained using v5.13.7 between 1.4 × 1.4 mm2 and 
3.0 × 3.0 mm2, at 9.17 percentage points (radial) and 
8.42 percentage points (circumferential).
Conclusions The results corroborate the presence of 
intervendor differences in feature tracking results and 
show the magnitude of strain differences between soft-
ware versions.
Advances in knowledge This study shows how temporal 
and in-plane spatial resolution can affect feature tracking 
with reference to the ground-truth strain of a numer-
ical phantom. Results reaffirm the need for numerical 
phantom development for the validation and testing of 
FT software.
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FT has been compared to speckle tracking echocardiography 
(STE) and CMR tagging analysis, which likewise offer regional 
myocardial functional assessment.6,7 STE, which is increasingly 
being used clinically, operates similarly to CMRFT, although 
tracking operates on speckle, present in ultrasound images.8 
CMR tagging analysis operates on images acquired using selec-
tively induced perturbations of magnetization, forming a grid 
pattern in the myocardium, the deformation of which can be 
directly tracked making it the reference for strain quantification.6 
The main advantage of FT over CMR tagging is that FT uses 
the steady-state free precession (SSFP) cines that are routinely 
acquired in standard protocols to visually assess motion and to 
calculate left ventricular volumes, whereas CMR tagging requires 
additional sequences.9 Furthermore, FT uses user-friendly, semi-
automated software, with analysis based on myocardial contours, 
while CMR tagging analysis is more time-consuming.9

Limitations of FT include its relative inability to accurately 
measure regional myocardial strain.6 Differences in measured 
myocardial strain between software packages, difficulties in 
establishing normal reference ranges for FT derived strain, and 
the lack of absolute validation, have hindered the clinical accep-
tance of FT.6,10 Although the intervendor agreement, interob-
server reproducibility, and intraobserver reproducibility of FT 
have been assessed,3,11 showing significant differences in strain, 
these studies only investigated relative errors, without compar-
ison to ground-truth. Absolute validation is needed in order to 
know the uncertainty of a given FT software package and will be 
useful in establishing the acceptable range of uncertainty. This 
requires cine images for which the ground-truth motion is known 
a priori, and consequently phantom images for which the defor-
mation is fully controlled are ideal. This approach has already 
been successfully applied for the validation of two-dimensional 
STE software packages.12 This study found relative errors of 
below 10%, which were considered acceptable by consensus of 
the European Association of Cardiovascular Imaging (EACVI) 
and the American Society of Echocardiography (ASE) standard-
ization Task Force.12 However, simulating CMR cine images is 
more complex than simulating echocardiographic images.

The ideal phantom for FT validation would exhibit controlled 
cardiac motion and morphology with full knowledge of ground-
truth strain, as for an analytical numerical phantom, created 
using mathematical functions. It should also include the realistic 
anatomical features and image texture of a voxel-based phantom, 
created using clinical images. However, it is not possible to simul-
taneously realize controlled ground-truth and data realism using 
either approach.13 The integration of these two phantom creation 
approaches produces a hybrid numerical phantom.14

One example of a hybrid numerical phantom for CMR is the 
Magnetic Resonance Extended Cardiac-Torso (MRXCAT) 
cine phantom, used to simulate novel image acquisition and 
reconstruction techniques.14 However, it is not suitable for FT 
as it lacks simulation of realistic image structure, which is the 
basis of optical flow algorithms used by FT software. A different 
approach to hybrid phantom creation involved warping template 
cine sequences.15 This approach was subsequently improved on16 

by using methods including MR physics simulation to avoid the 
texture warping caused by deforming template images.

The use of MR physics simulation permits the investigation of 
the effects of temporal and in-plane spatial resolution, as well as 
MR pulse sequence parameters, on FT performance. This facil-
itates the standardization of cine acquisitions for optimized FT 
performance. Reduced in-plane spatial resolution (increased 
voxel size) can impair FT by reducing the variation in pixel 
brightness due to tissue displacement. FT requires that in-plane 
spatial resolution is sufficient for the displacements of interest 
to be measured within the ability of the software to measure 
subpixel displacement.17 Low temporal resolution can lead to 
transient spikes in motion being missed, potentially obscuring 
clinically significant motion.2 It also causes interframe displace-
ments to be large thus impairing FT, and image decorrelation 
(the reduction of the similarity of image features from frame to 
frame) that further impairs FT.2 Conversely, high temporal reso-
lution may not benefit, and may even impair, FT if not accompa-
nied by increased in-plane spatial resolution, as frame-to-frame 
displacement is reduced relative to pixel size.17

The present work utilized a simple approach to hybrid numer-
ical phantom generation for a single slice, with motion derived 
from image analysis, for the purpose of testing and comparing 
FT software. The study aimed to compare the strain results of two 
FT software packages, as well as two software versions of one of 
these software packages, to quantify the uncertainties associated 
with comparing FT results, as well as the effects of temporal and 
in-plane spatial resolution on FT performance, with reference to 
ground-truth strain.

METHODS AND MATERIALS
Phantom development
Short-axis images were acquired for one 33 y/o healthy adult 
male volunteer using a 1.5 T Siemens Magnetom Aera system 
(Siemens Healthineers, Erlangen, Germany) with a 30-element 
coil (combined thoracic and spine). Details of acquired sequences 
are given in Table 1.

The T1 map, T2 map, and proton density weighted image were 
registered to the left ventricle (LV) ED myocardial contours of 
the tagging cine (Figure 1) using control point registration. The 
control points were defined using a parametric mapping of the 
LV myocardium.18 Points included the right ventricular insertion 
points, and the displacement field for registration was generated 
by diffusion of control point displacement vectors within and 
outside of the LV using iterative convolution with a Gaussian 
kernel.19 Registered images were deformed from ED, gener-
ating a series of registered deformed images through the cardiac 
cycle. The myocardial deformation from ED was extracted from 
the tagging cine using the tagging analysis software CIMTag2D 
(version 8.1.5, Auckland MRI Research Group, New Zealand), 
and interpolated to cover the full field of view using a least 
squares fit. The displacement was applied over a dilated mask of 
the LV, and the displacement at the edge pixels of this region, 
and pixels directly adjacent to these, was averaged with displace-
ment outside of the LV, extracted from B-spline-based non-rigid 
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registration20 through the acquired balanced Steady-State Free 
Precession (bSSFP) cine (Figure  1), to smoothly merge these 
deformations. A zero-end-displacement condition was applied 
to reduce unrealistic deformation at the end of the cardiac 
cycle. The series of registered deformed images was inputted 
to the numerical MRI simulator JEMRIS21 to simulate a bSSFP 
sequence, giving the cine frames of the numerical phantom.

The numerical phantom (DICOM series) was generated with a 
range of temporal and in-plane spatial resolutions. The in-plane 
spatial resolution was altered by adjusting the k-space matrix 
size of the simulation in JEMRIS, and the temporal resolution 
by temporally interpolating the displacement applied to the ED 
images inputted to JEMRIS, using cubic b-spline interpolation. 
The in-plane spatial resolution values were 1.4 × 1.4, 2.0 × 2.0, 
2.5 × 2.5, and 3.0 × 3.0 mm2, for 30 cardiac phases. The temporal 
resolution values (ms) were 61.65, 49.32, 41.10, 35.23, and 30.83, 
corresponding to 20, 25, 30, 35, and 40 cardiac phases, respec-
tively, all with 1.4 × 1.4 mm2 in-plane spatial resolution.

Feature tracking analysis
The resulting numerical phantom was analysed with two FT soft-
ware packages: Medical Image Tracking Toolbox (MITT),22 and 
cvi42 (Circle Cardiovascular Imaging Inc., Calgary, Canada). 
For cvi42, two versions were used: v5.3.8 and the latest available 
version, v5.13.7. The analysis was carried out using endocardial 
and epicardial LV contours defined at ED. The strain results were 
compared with the ground-truth 2D Lagrangian strain values. In 
addition to strain, ground-truth displacement was calculated and 
compared to the FT results. For further details, see the Appendix 
provided as supplementary material.

RESULTS
The phantom, developed based on acquired images, correctly 
represented the ground truth motion, showed realistic image 
texture, and had contrast typical of clinical bSSFP cine images 
(Figure 2), at varying temporal and in-plane spatial resolution.

Figure 3 shows a comparison of the global strain results of the 
two FT software packages with the analytical ground-truth strain 
curves.

Figures 4 and 5, respectively, show the strain results for the range 
of in-plane spatial resolutions and temporal resolutions of the 
numerical phantom. Peak strain magnitude was undermea-
sured with reference to ground-truth strain in all cases, except 
for radial strain for pixel sizes 2.5 × 2.5 mm2 and 3.0 × 3.0 mm2 
using MITT. For cvi42, peak radial strain was consistently 
undermeasured more for v5.13.7 than for v5.3.8. At the default 
temporal and in-plane spatial resolution (30 cardiac phases and 
1.4 × 1.4 mm2), the differences between the two versions of cvi42 
were 0.69 percentage points (radial) and 0.07 percentage points 
(circumferential). The largest differences in peak strain between 
the two versions were 2.40 percentage points for radial strain, 
measured for 30 cardiac phases at 2.5 × 2.5 mm2 pixel size, and 
1.01 percentage points for circumferential strain, measured for 
30 cardiac phases at 3.0 × 3.0 mm2 pixel size.

Figure  6 shows how in-plane spatial resolution and temporal 
resolution affected the magnitude of relative difference from 
ground-truth peak strain. Increased pixel size produced a trend of 
increased difference between measured peak strain and ground-
truth peak strain. This effect was most prominent for radial strain 

Table 1. Cardiac Magnetic Resonance acquisition parameters

Sequence bSSFP cine
SPAMM tagging 

cine
ED MOLLI T1 

map
ED bSSFP T2 

map

ED FLASH 
proton 
density 

weighted 
image

Field of view (mm×mm) 360 × 270 360 × 270 360 × 270 360 × 270 360 × 270

Acquisition matrix size 256 × 140 256 × 131 256 × 144 192 × 108 256 × 173

Reconstructed in-plane 
resolution (mm×mm)

1.41 × 1.41 1.41 × 1.41 1.41 × 1.41 1.41 × 1.41 1.41 × 1.41

Number of slices 12 1 (mid-LV) 1 (mid-LV) 1 (mid-LV) 1 (mid-LV)

Slice thickness (mm) 8 6 8 8 8

Number of cardiac phases 30 32 1 (ED) 1 (ED) 1 (ED)

Flip angle (°) 50 14 35 70 5

Echo spacing (ms) 2.79 4.63 3.90 3.33 10.50

Echo time (TE) (ms) 1.18 3.89 1.12 1.06 3.11

Number of segments 10 7 72 54 15

GRAPPA acceleration factor 2 1 2 2 1

Partial Fourier Yes Yes Yes Yes No

ED, End-Diastole; FLASH, Fast Low Angle Shot; LV, Left Ventricle;MOLLI, Modified Look-Locker Imaging; SPAMM, Spatial Modulation of 
Magnetization; bSSFP, Balanced Steady-State Free Precession.
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Figure 1. The method for numerical phantom creation. The acquired end-diastole images (a) were used to generate the regis-
tered end-diastole images (d) by registration to the myocardial contours of the tagging cine (b) at end-diastole. The myocardial 
displacement fields (c)(x-direction and y-direction) were obtained from the tagging cine using tagging analysis, and full displace-
ment fields (f) were obtained from the short-axis balanced steady-state free precession (bSSFP) cine (e) using B-spline-based 
non-rigid registration. (c) and (f) were merged to give (g). (g), and (g) interpolated to different temporal resolutions, were applied 
to (d) to give 5 sets of proton density (PD) weighted, T2, and T1 cines (h). These were inputted (phase-by-phase) to JEMRIS 
(Jülich Extensible MRI Simulator), producing four simulated cines with 30 cardiac phases and differing spatial resolutions (i), and 
four simulated cines with 1.4 × 1.4 mm2 and differing temporal resolutions (j).
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with MITT, with large differences for 2.5 × 2.5 mm2 and 3.0 × 
3.0 mm2 pixel size. For MITT, the largest increases in magni-
tude of relative difference between measured peak strain and 
ground-truth peak strain with pixel size were 203.44 percentage 
points between pixel sizes of 2.0 × 2.0 mm and 3.0 × 3.0 mm2 
for radial strain, and 4.47 percentage points between pixel sizes 
of 1.4 × 1.4 mm and 3.0 × 3.0 mm2 for circumferential strain. 
For cvi42, these were obtained using v5.13.7 between pixel sizes 
of 1.4 × 1.4 mm2 and 3.0 × 3.0 mm2, at 9.17 percentage points 
for radial strain and 8.42 percentage points for circumferential 
strain. Comparing the two versions of cvi42, absolute differences 
between measured peak strain and ground-truth peak strain 

increased with pixel size more for v5.13.7 than for v5.3.8. Figure 6 
shows that no clear trend in relative difference between measured 
peak strain and ground-truth peak strain was observed for 
temporal resolution. For temporal resolution, the largest changes 
in the magnitude of relative difference between measured peak 
strain and ground-truth peak strain were obtained between 20 
and 25 cardiac phases, at 1.43 percentage points for radial strain 
using cvi42 v5.3.8, and 1.67 percentage points for circumferential 
strain using cvi42 v5.13.7.

Figures 7 and 8, respectively, show the displacement results for 
the range of in-plane spatial resolutions and temporal resolu-
tions of the numerical phantom.

A video showing FT and ground-truth motion for the series with 
30 cardiac phases and a range of in-plane spatial resolutions is 
provided as supplementary material.

DISCUSSION
The observation that peak radial strain was consistently under-
measured more for v5.13.7 than for v5.3.8 appears to correspond 
with cvi42 v5.13.7 consistently measuring less radial displace-
ment than cvi42 v5.3.8 (with the exception of the series with 
20 cardiac phases). However, global radial and circumferential 
displacement do not reveal the full tracking data, and 2D radial 
strain is dependent on shear, which was not reported by cvi42. 
Analysis of strain results for volunteer data (see the Appendix 
provided as supplementary material) add support to the degree 
of differences in strain results between cvi42 software versions, 
with cvi42 v5.12.1 measuring lesser strain values than cvi42 
v5.3.8. Peak radial and circumferential strain were most closely 
measured by MITT, although large differences from ground-
truth peak radial strain were observed for pixel sizes 2.5 × 
2.5 mm2 and 3.0 × 3.0 mm2, caused by large differences from 
ground-truth circumferential displacement. These large differ-
ences could possibly be reduced by deviating from the default FT 
parameters in MITT.

The trend identified in this study, increased difference between 
measured peak strain and ground-truth peak strain with 
increased pixel size, is congruent with the expectation of a reduc-
tion in FT accuracy as the limit of the ability of the software to 
measure subpixel displacement is approached. The result of no 
clear trend in relative difference between measured peak strain 
and ground-truth peak strain with temporal resolution suggests 

Figure 2. Selected frames of the simulated single-slice short-axis balanced steady-state free precession (bSSFP) cine at the 
default temporal and in-plane spatial resolution (30 cardiac phases and 1.4 × 1.4 mm2).

Figure 3. Comparison of the ground-truth global (a) radial 
strain and (b) circumferential strain with results from MITT 
and the two versions of cvi42 tested.

http://birpublications.org/bjr
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a minimal effect of temporal resolution on FT performance in 
this study.

Circumferential displacement for cvi42 v5.3.8 showed extensive 
variation through the cardiac cycle. This variation appeared to be 
rigid rotation of the tracked points, not affecting strain results.

Considering tracking post-systole, ground-truth strain was more 
closely followed by cvi42 v5.13.7 than cvi42 v5.3.8, particularly 
as pixel size was increased. MITT did not perform well post-
systole, with large residual strain and displacement measured at 
the end of the cardiac cycle.

Intervendor and intravendor (between software versions) differ-
ences between measured strain and ground-truth strain could be 
attributable to differences in FT algorithms, as well as differences 
in post-tracking regularization. As for STE software, FT soft-
ware may utilise proprietary methods of regularization including 
temporal and spatial smoothing, and models of normal cardiac 
deformation.23 As information about FT algorithms and regular-
ization is not generally available to users of FT software, it would 
be beneficial to implement testing of software after software 
updates, ideally via absolute validation using suitable numerical 
phantoms.

The minimum pixel size used for the numerical phantom was 
equal to that of the bSSFP cine used clinically (1.4 × 1.4 mm2), 
and this was increased to a maximum of 3.0 × 3.0 mm2. This 
range, and the range of number of cardiac phases (20–40 cardiac 
phases), were chosen to broadly cover the ranges used with FT 
(1–2 mm in-plane spatial resolution, 25–35 cardiac phases).6 The 
range used is similar to the overall range used in recent studies 
assessing the variation in FT results for acquisitions at different 
resolutions (1.3 × 1.3 mm2 to 3.0 × 3.0 mm2 pixel size, 20–50 
cardiac phases).24–26

The maximum differences between peak strain measurements 
and ground-truth strain obtained in the present study (excluding 
the large differences at pixel sizes of 2.5 × 2.5 mm2 and 3.0 × 
3.0 mm2 for MITT) can be considered alongside the maximum 
differences in peak strain found in recent studies that investi-
gated the effect of resolution on FT for non-phantom images. In a 
study by Backhaus et al,24 for n = 12 healthy volunteers and n = 9 
heart failure patients, maximum absolute differences of between 
1.7 and 2.5% were found between 20 and 50 cardiac phases for 
circumferential strain. By comparing FT results for cines of 
differing temporal resolution directly, the differences found by 
Backhaus et al24 reflect the effects of temporal resolution on 
FT performance as well as the effect of undersampling cardiac 

Figure 4. Comparison of ground-truth global strain with feature tracking results at a range of in-plane spatial resolutions for (a) 
radial strain from v.5.3.8, (b) radial strain from v5.13.7, (c) radial strain from MITT, (d) circumferential strain from v5.3.8, (e) circum-
ferential strain from v5.13.7, and (f) circumferential strain from MITT.
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Figure 5. Comparison of ground-truth global strain with feature tracking results at a range of temporal resolutions for (a) radial 
strain from v.5.3.8, (b) radial strain from v5.13.7, (c) radial strain from MITT, (d) circumferential strain from v5.3.8, (e) circumferential 
strain from v5.13.7, and (f) circumferential strain from MITT.

Figure 6. Magnitude of relative difference from ground-truth peak strain when varying (a, b, c) the in-plane spatial resolution and 
(d, e, f) the temporal resolution of the numerical phantom, for cvi42 v5.3.8 (a and d), cvi42 v5.13.7 (b and e), and MITT (c and f).

http://birpublications.org/bjr
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Figure 7. Comparison of ground-truth displacement with feature tracking results at a range of in-plane spatial resolutions for (a) 
radial displacement from v.5.3.8, (b) radial displacement from v5.13.7, (c) radial displacement from MITT, (d) circumferential dis-
placement from v5.3.8, (e) circumferential displacement from v5.13.7, and (f) circumferential displacement from MITT.

Figure 8. Comparison of ground-truth displacement with feature tracking results at a range of temporal resolutions for (a) radial 
displacement from v.5.3.8, (b) radial displacement from v5.13.7, (c) radial displacement from MITT, (d) circumferential displace-
ment from v5.3.8, (e) circumferential displacement from v5.13.7, and (f) circumferential displacement from MITT.

http://birpublications.org/bjr
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motion when temporal resolution is low. The results for temporal 
resolution demonstrated in the present study have excluded the 
effect of undersampling cardiac motion, which is an advantage 
of numerical phantom studies (see the Appendix provided as 
supplementary material for more information). In a study by 
von Knobelsdorff-Brenkenhoff et al,25 for n  =  25 with chronic 
myocardial infarct, significant differences were found when 
comparing 2.0 × 2.0 mm2 and 1.4 × 1.4 mm2 spatial resolutions: 
36.8  ±  19.0% vs. 31.0 ± 16.3%, p =  0.013 for radial strain, and 
− 18.6  ±  5.6% vs. − 14.6 ± 10.9%, p =  0.002 for circumferential 
strain. However, spatial resolution was not found to significantly 
affect radial and circumferential strains for n = 50 healthy volun-
teers in the same study,25 nor for n = 12 healthy volunteers and 
n = 9 heart failure patients in Backhaus et al’s study24 (in-plane 
spatial resolution from 1.5 × 1.5 mm2 to 3.0 × 3.0 mm2). It is 
noted that 2D Lagrangian strain is used with cvi42 in the present 
study and with cmr42 in von Knobelsdorff-Brenkenhoff et al’s 
study,25 whereas 1D Lagrangian strain was used with QStrain 
(Medis Medical Imaging Systems, Leiden, Netherlands) by Back-
haus et al.24 The strain definition affects strain values27 and there-
fore affects the range of variability with resolution.

Limitations
While work towards producing numerical phantoms with suffi-
cient realism to enable validation of FT software is ongoing, 
work by Zhou et al16 in particular shows promising results 
towards this aim. The numerical phantom produced in the 
present work lacks such realism. In particular, the phantom 
does not include through-plane motion, myocardial intensity 
changes through the cardiac cycle, and temporal variation of 
the blood-pool. Therefore, the results presented here can only 
be used to make preliminary conclusions about the accuracy of 

FT software. Although the numerical phantom was limited to 
only one short-axis slice, this does not majorly compromise the 
validity of its use in testing FT software, besides results being 
limited to two-dimensional FT at the mid-LV. This is because, 
as verified by observation of cvi42 FT data, results for a given 
slice are not affected by the number of short-axis slices used in 
FT. Furthermore, many studies have carried out FT using only 
a single mid-LV slice, as highlighted in a recent review.28 The 
inclusion of a long-axis slice, to test three-dimensional FT and 
longitudinal strain, would extend the utility of the phantom. 
Additionally, the method of numerical phantom generation 
limited the cardiac motion to that present in acquired images, 
whereas electromechanical models of the heart have been used 
in other studies to generate variable cardiac motion.15,16 Finally, 
FT software of only two vendors was evaluated. Future studies 
should work towards absolute validation of all available FT soft-
ware to allow intervendor comparisons.

CONCLUSION
This work presents a method to generate simple realistic numer-
ical phantoms for the purpose of testing FT software. The results 
corroborate the presence of intervendor differences in FT results, 
and show the magnitude of the strain differences between soft-
ware versions. This study shows how temporal and in-plane 
spatial resolution can affect FT with reference to the ground-
truth strain of a numerical phantom. Results reaffirm the need 
for numerical phantom development for the validation and 
testing of FT software.
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