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Abstract. Cardiac strains are important biomarkers of cardiac perfor-
mance. Regional strain calculation from Cine MR images would facilitate
their clinical adoption and obviate the need for acquiring specialized im-
ages. In this work we investigate three models to compute mid-ventricular
cardiac strains. The first model is based on two short axis DENSE MRI
slices, which provide voxelwise displacements, i.e., a complete description
of the myocardial deformation. The second model is based on one DENSE
slice, where we investigate the effect of reduced displacement informa-
tion – but faster data acquisition – on the computed strains. The third
model is based on one short-axis Cine slice, which is among the fastest
and most common MRI data acquired in cardiac exams. To validate the
three models and the underlying kinematic assumptions, we use a simple
and previously developed computational cardiac phantom. Subsequently,
we compare the proposed models using data from healthy volunteers
(N=10), where we consider the results from the two-slice DENSE model
as the most reliable since they are computed from the complete voxel-
wise displacement field. All models are evaluated using circumferential
and longitudinal strains. Although all models agree well with the ground
truth analytical solution when images are generated from the phantom,
discrepancies emerge as the models are applied to real data: the one-slice
DENSE model tends to significantly underestimate longitudinal strains
while the one-slice Cine model overall underestimates epicardial circum-
ferential strains. These differences are discussed in terms of the models’
characteristics together with possible future improvements.
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1 Introduction

Cardiac strains are useful indicators of cardiac performance, with both regional
and global strain metrics offering a measure of myocardial health. These mea-
sures can assist in distinguishing normokinetic, hypokinetic, dyskinetic, and hy-
perkinetic myocardium, which has utility in several cardiomyopathies. Despite
their clinical usefulness, these measures are still not widely adopted. A primary
challenge lies in the data availability for robustly and reliably computing strains.
Different MR images have diverse image-contrast and types of information that
can facilitate the building of patient-specific models. Displacement Encoding
with Stimulated Echoes (DENSE) [13] MR images provide voxel-wise displace-
ments throughout the cardiac cycle, but are less frequently acquired due to time
and cost despite DENSE accuracy and precision. Conversely, Cine MR images
are acquired for all cardiac MRI exams and are faster and simpler to acquire.
Many methods have been proposed to use either Cine (e.g., [10,7]) or DENSE
(e.g.,[13,3]) MRI data to compute cardiac strains. Several studies have also com-
bined kinematics information from DENSE MRI with Cardiac Diffusion Tensor
Imaging — a technique to measure cardiac microstructure information — to
compute myofiber strains (e.g., [9,14]), a biomarker directly linked to cardiac
contraction and relaxation.

While previous studies have made significant progress in automatically and
efficiently computing cardiac strains, there is still the need to develop and eval-
uate methods that can leverage a reduced number of images and/or images
routinely acquired in a clinical setting, e.g., short axis Cine MRI data. The goal
of this study was to build and compare image-based models to compute mid-
ventricular cardiac strains based on one or two slices of DENSE or Cine MRI
data.

2 Method

We will focus on circumferential Ecc and longitudinal Ell strains, as those strain
components are computed more reliably. Three models will be constructed: 1) A
model based on two DENSE short-axis slices; 2) A model based on one DENSE
short-axis slice; and 3) A model based on one Cine MRI slice. The models are
ordered from the more complete – but also the most complex in terms of image
acquisition – to the one using the most commonly available and least amount of
information (the one-slice Cine model). The proposed models are first tested us-
ing a computational cardiac phantom where ground truth information is known.
Subsequent testing uses MRI data acquired in healthy volunteers. In the fol-
lowing, the models are described first, followed by a brief description of the
computational phantom and acquired image dataset to validate and test the
proposed strategies.
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2.1 One and Two Slice Models

The DENSE two-slice model uses full displacement information to compute car-
diac strains. In this case, radial basis functions (RBF) are employed to inter-
polate the voxelwise displacement data and compute a continuous displacement
field U(X). The deformation gradient tensor can then be computed at any point
in the myocardium as F = ∇XU+ I. Finally, the Green-Lagrange strain tensor
E is computed as E = 1

2

(
FTF− I

)
and projected along the circumferential (c)

and longitudinal (l) directions to evaluate circumferential Ecc and longitudinal
Ell strains, respectively.

The second, one-slice model requires only a single DENSE short-axis slice and
compensates for the missing displacement data (i.e., the displacement gradients
in the longitudinal direction) by using a kinematic assumption. Using one-slice
displacement data, it remains feasible to interpolate the displacements U(X)
in the X and Y directions using RBF, and compute the components Fi,α of
the deformation gradient tensor (i = 1, 2, 3 and α = 1, 2). These components
are sufficient to compute Ecc, since the circumferential vector c lies in the XY
(slice) plane. In order to compute Ell, since the components Fi,3 are not available,
we assume that the myocardium is incompressible, a reasonable approximation
given the myocardium low compressibility [12,16,6]. Based on this assumption,
the myocardial volume V can be approximated as,

V = hrefAref = htAt , (1)

where h and A are the slice height and the area in the reference configuration
and at time t. A related approach based on preserving voxel volumes has been
previously adopted in [8].

Using Eq. (1), ht/href = Aref/At and Ell can be approximated as,

Ell =
1

2

[(
Aref

At

)2

− 1

]
. (2)

Another possibility consists in computing F33 by imposing det(F) = 1 and
assuming Fα,3 = 0 (neglecting the slice torsion) as done in [11]. However, the
calculation of det(F) involves cubic terms and may be very sensitive to the noise
in the data; therefore we do not use this approach in the current work.

The last model is based on one, short-axis, Cine slice. In this case, voxel-wise
displacements are not available and cannot be interpolated using RBF. As in the
one-slice DENSE model, Eqs. (1) and (2) are used to compute Ell and a similar
approach is adopted to estimate average (contour) Ecc values at epicardium and
endocardium per timeframe, i.e.,

Ecc =
1

2

[(
pt

pref

)2

− 1

]
, (3)

where pref and pt are the length of the endocardial or epicardial contour in
the reference configuration and at time t, respectively.
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2.2 Phantom Model

The mid-ventricular idealized phantom developed in [14] was used to test the
proposed models. The phantom consists of an axial symmetric, time-resolved,
cylindrical geometry with a parametrized deformation mapping φ in the radial,
circumferential, and longitudinal directions. The phantom’s endocardial and epi-
cardial radii at the beginning of systole are set to 25mm and 35mm, and short
axis slices were generated at Z = 8mm and Z = 16mm. In order to mimic the
volunteers’ imaging protocol, the phantom short-axis slices spatial resolution was
set to 2.5× 2.5× 8mm3 and a simple four-point encoding [17] was simulated, in-
stead of the balanced four-point encoding used in the original phantom [14]. The
phantom provides ground truth analytical displacements and strain maps for all
cardiac phases against which the different models were tested. For simulating
Cine images, the voxels were ignored, and only the epicardial and endocardial
contours were considered.

2.3 Imaging Data and Image Processing

The dataset included 2D balanced steady state free precession (bSSFP) Cine
and DENSE images acquired in healthy volunteers (N=10 - 4 Male/ 6 Female
36.3 ± 12.4 years old: IRB approval; after consent – Stanford Administrative
Panel on Human Subjects in Medical Research, Reference #FWA00000929 &
#FWA00000934). Cardiac bSSFP Cine scans were ECG-gated and breath-held
with the following parameters: resolution = 1.2×1.2×8mm3, temporal resolution
= 30ms, flip angle = 10-30 degrees, bandwidth = 997Hz/Px, TE = 1.337ms, TR
= 32ms, matrix = 256×216, acceleration = GRAPPA×3, number of reference
lines = 45 integrated lines, FOV = 300×253. If necessary, phase oversampling was
utilized to reduce aliasing artifacts. Breath-hold duration was between 12-20s.
Cardiac DENSE scans were also ECG-gated and breath-held with the following
parameters: resolution = 2.5×2.5×8mm3, temporal resolution = 15ms, flip angle
= 15 degrees, xyz-displacement encoding with simple 4-point encoding strategy
and 3-pts phase-cycling anti-echo suppression, displacement encoding frequency
ke = 0.10cycles/mm, through-plane dephasing frequency kd = 0.08cycles/mm,
TE = 1.26ms, TR = 15ms, matrix = 48×48, rFOV = 120×120. Breath-hold
duration was between 12-20s.

A central frequency scout sequence was utilized at first to find the best central
frequency that yielded minimal artifacts over the LV. Two subsequent midven-
tricular slices were selected to construct the presented models.

The open-source DENSE-analysis processing software [13,4] was used to pro-
cess the DENSE images and compute voxelwise displacements, which constitute
the input for the one and two slice DENSE models described in Sec. 2.1. Cine im-
ages corresponding to the same mid-ventricular locations of the selected DENSE
slices were automatically segmented using a machine-learning model [15].
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3 Results and Discussion

We started by comparing Ecc and Ell computed in the phantom model (ground
truth) and using the generated DENSE and Cine images (Fig. 1) using the exact
segmentation and voxel displacement information, i.e., excluding the effect of the
processing due to the DENSE-analysis software and the machine learning seg-
mentation of Cine images. In the DENSE-based models shown in Fig. 1, strains
are computed at four equidistant transmural locations along lines separated by
10◦. In the one-slice Cine model, strains are computed at 72 equidistant points
distributed on the endocardium and epicardium contours (36 on each contour).
In this case, the results obtained using the one and two-slice DENSE models
agree well with the ground truth values of Ecc and Ell. This shows that the
simple RBF interpolation does not introduce significant error in the computed
strains and that the approximation to compute Ell is reasonable in simple case
scenarios and when the segmentation is exact. Similar results are obtained using
the model based on one Cine slice, where endocardial and epicardial Ecc and
global Ell agree well with the ground truth values. The median values computed
at peak systole with the analytical phantom and the proposed models without
the effect of the image processing pipelines are also included in Fig. 2.

DENSE

2 Slices

Ecc EccEll Ell

Cine

Phantom (ground truth) DENSE

1 Slice

Ecc

Ell

Fig. 1. Strain maps at peak systole in the analytical phantom (ground truth) and across
the proposed models without including the effect of the image processing pipeline, i.e,
based on exact image segmentation and displacement voxel values.

To study the effect of the image processing pipeline, i.e., the DENSE-analysis
processing software, we generated images from the phantom with SNR val-
ues equal to 10, 20, and infinity. As before, the models were also solved us-
ing the exact image segmentation and voxel values for comparison (Phantom
one and two slice DENSE models in Fig. 2). The computed Ecc and Ell values
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for all models agree well at peak systole, although there is a slight overestima-
tion/underestimation (in magnitude) of epicardial/endocardial Ecc in both the
two-slice and one-slice DENSE models. This bias in the computed Ecc may be
due to the interpolation performed to extract displacement information from
DENSE phase data during image processing. An overestimation (in magnitude)
in Ell is also observed in the one-slice DENSE and Cine models, which employed
Eq. (2) and are based on manual segmentation. The larger (in magnitude) Ell

may be due, in part, to the fact that both methods based on one slice imaging
data do not account for torsion during cardiac motion.
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Fig. 2. Peak systolic strains across the proposed models without (phantom models)
and with (models with SNR) the effect of the image processing pipeline. Values are
reported with their respective IQR (when present). In this validation case, Ell computed
from both DENSE and Cine one-slice models is equal as it is computed from the
same image segmentation obtained in the DENSE-analysis processing software (no
machine learning model is adopted for segmenting the Cine image and the epicardial
and endocardial contours from the DENSE image segmentation are directly used).

To test the proposed models with real data and throughout the cardiac cy-
cle, we computed group-wide Ecc and Ell values using imaging data from ten
healthy volunteers (Fig. 3). For each volunteer dataset, we constructed one two-
slice model and the corresponding two one-slice DENSE and Cine models when
presenting the results. For both strain components, median and IQR (across all
computed strain values) are reported in Fig. 3, together with epicardial and en-
docardial values for Ecc. Both one and two-slice DENSE models lead to a close
group-wide median for Ecc at the epicardium while the one-slice Cine model un-
derestimates Ecc at this location (Fig. 3, left). All models (two-slice DENSE and
one-slice DENSE and Cine models) agree well in terms of median Ecc at the en-
docardium (Fig. 3, center). Regarding Ell, the two-slice DENSE model and one-
slice Cine model lead to similar values while the one-slice DENSE model tends
to underestimate (in magnitude) this strain component. This is most likely due
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to errors in the DENSE slice segmentation, which significantly affect the value
of Ell computed using Eq. (2). Although both one-slice DENSE and Cine models
are affected by the segmentation process, Cine images offer higher resolution and
are easier to segment effectively. Additionally, the one-slice Cine model utilizes
machine learning for segmentation. These factors help reducing the variability
in Ell computed using the one-slice Cine model with respect to the one-slice
DENSE model.

The results computed using the proposed models differ also for the presence
of oscillations during the cardiac cycle, especially in Ell. The increased variability
in computed Ell for the one-slice models arises from the sensitivity of Eq. (2) to
segmentation, as it is challenging to obtain a smooth and consistent myocardial
area change throughout the cardiac cycle. The Ecc computed using one-slice Cine
data can also exhibit a significant variability, but Eq. (3) utilizes only the contour
length, making it less sensitive than Eq. (2), which is based on myocardial area
and therefore is affected by variations in both contour length and wall thickness.
In general, the lower image quality at the end of the acquisition window may
also contribute to the increased variability toward the end of the cardiac cycle.

0 0.25 0.5 0.75 1

0.10
0.05
0.00

-0.05
-0.10
-0.15
-0.20
-0.25
-0.30

E c
c e

pi
ca

rd
iu

m

0 0.25 0.5 0.75 1

E c
c e

nd
oc

ar
di

um

0 0.25 0.5 0.75 1

E ll

Two-Slice DENSE One-Slice DENSE One-Slice Cine

Fig. 3. Median strain values (continuous lines with markers) and their interquartile
intervals (shaded regions) computed across all healthy volunteers (N=10) and using
the proposed models. Strain values are reported with respect to normalized time: 0
corresponds to the beginning of systole and 1 to the end of the DENSE acquisition
window (toward the end of the cardiac cycle).

To analyze the difference between the proposed models when individual vol-
unteers are considered, we investigate peak systolic Ecc and Ell strain values
(Fig. 4). Among the models, the one-slice DENSE model showed more inter-
subject variability for both Ell and endocardial Ecc, while the two-slice DENSE
model showed larger variability for epicardial Ecc. The mean of the absolute
differences in Ell between the two-slice DENSE and one-slice DENSE models at
peak systole was equal to 10.3%, with a standard deviation of 4.3%. The mean
of the absolute differences in Ecc between the two-slice DENSE and one-slice



8 A. Delavald Marques et al.

DENSE models at peak systole was equal to 2.2%, with a standard deviation of
2.2% at epicardium, and 1.7% with a standard deviation of 1.8% at endocardium.

The mean of the absolute differences in Ell between the two-slice DENSE
and one-slice Cine models at peak systole was equal to 3.5%, with a standard
deviation of 3.3%. The mean of the absolute differences in Ecc between the two-
slice DENSE and one-slice Cine models at peak systole was equal to 5.5%, with
a standard deviation of 2.9% at epicardium and 2.5% with a standard deviation
of 1.3% at endocardium.

The one-slice DENSE and one-slice Cine models results shown in Fig. 4 were
compared with the two-slice DENSE model for statistical significance. First, a
Shapiro-Wilk test for normality was performed: if both datasets to be compared
were normally distributed, then a paired samples t-test was conducted, other-
wise, if at least one dataset was likely not normally distributed, the Wilcoxon
signed-rank test was carried out. A significance level α = 0.05 was selected
in all tests. Regarding peak systolic endocardial Ecc, the Wilcoxon signed-rank
test showed no significant differences between values computed with the one-slice
DENSE model and the two-slice DENSE model (p=0.32) or between values com-
puted with the one-slice Cine model and the two-slice DENSE model (p=0.37).
Regarding peak systolic epicardial Ecc, no significant differences were detected
by the paired samples t-test between values computed with the one-slice DENSE
model and the two-slice DENSE model (p=0.10). However, a significant differ-
ence was detected by the paired samples t-test between values computed with
the one-slice Cine model and the two-slice DENSE model (p=0.0003). Regard-
ing peak systolic Ell, no significant differences were detected by the Wilcoxon
signed-rank test between values computed with the one-slice Cine model and the
two-slice DENSE model (p=0.62). However, a significant difference was detected
by the paired samples t-test between values computed with the one-slice DENSE
model and the two-slice DENSE model (p=0.004).

A significant reason for the differences observed in Ecc and Ell computed
using the one-slice models may consist in the inaccurate segmentations of the
Cine and especially DENSE short-axis slices. A possible next step to improve
the consistency and quality of the DENSE short-axis segmentation is to adopt a
machine learning framework for this task (e.g., the formulation previously pro-
posed in [5]). Both Cine and DENSE one-slice model predictions can be improved
by checking for inconsistencies across subsequent time-frames and correcting or
filtering out incorrect segmentations (e.g., leading to large and unphysiological
area differences between two subsequent time frames or significant short axis
myocardial area decrease during contraction).

Additional extensions of the proposed comparisons and models include the
calculation of radial strains and twist. Robustly computing radial strains from
DENSE MRI remains challenging, and this hinders the comparison with val-
ues computed using the one-slice Cine model. Comparison analyses based on
pseudo-images generated using a phantom with more complex geometry and
motion can assist in developing and evaluating one- and two-slice models, in-
cluding Cine only models. Developing more realistic – in terms of geometry and
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Fig. 4. Peak systolic median strains obtained using the proposed models per each
volunteer. The lines represent the average of the median peak systolic strains across
volunteers obtained with each model (dashed-dot lines refer to epicardial Ecc, dashed
lines refer to endocardial Ecc, continuous lines refer to Ell. For Ecc, filled markers refer
to epicardial values, while empty markers refer to endocardial values).

motion – phantom models can also assist in evaluating twist calculations from
the presented models. Finally, combining single slice image modalities (in our
case DENSE and Cine MRI) and/or combining single slice images with compu-
tational models are other possibilities to improve the robustness of the computed
strains and expand the type of kinematics measures (e.g., radial strain and twist)
that can be computed [1,2].

4 Conclusions

In this work we have presented three different models to compute mid-ventricular
cardiac strains from two and one short axis DENSE slices, and one short axis
Cine slice. All models agree well with the ground truth data when synthetic im-
ages are generated from the computational phantom. However, differences arise
in Ecc and Ell computed from real data. Ell computed using the one-slice DENSE
model and both Ecc and Ell computed using the one-slice Cine model depend
directly on the accuracy of the image segmentation. Although significant differ-
ences still exist, especially in Ell values, the proposed one-slice models contribute
to the effort to compute cardiac strains when only reduced displacement infor-
mation is available as, for example, it can be the case in a clinical setting. In
general, the decision of the model to adopt depends on the available data and, if
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the choice of the data to be acquired is available, on the tradeoff between strain
accuracy, completeness (local strains versus only epicardial/endocardial contour
strains), and acquisition time. Improving the machine learning pipelines adopted
for short-axis slice segmentation and checking for consistency across subsequent
time-frames are two possibilities to improve the presented one-slice models.
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