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Abstract—Ultrasound assessment of myocardial strain can
give valuable information on regional cardiac function. Speckle
tracking is often used for this purpose as it can estimate the 2D
myocardial strain tensor. However, in the mouse setting, speckle
tracking remains challenging due to the high heart rate and the
relatively thin wall compared to the typical size of the speckles.
We have previously shown using simulated data sets that spatial
compounding of axial velocities obtained at 3 steering angles
can outperform 2D speckle tracking for 2D strain estimation
in the mouse heart. In this study, beam steering was applied
at -20◦, 0◦ and 20◦ on short axis views of 5 control and
6 infarct mice. The lateral motion component was reconstructed
through spatial compounding and results were compared to
tagged µMRI. Circumferential estimates quantified by means
of ultrasound and MRI could both detect regional dysfunction.
Between echo and MRI, a good regression coefficient was obtained
for circumferential strain estimates (r = 0.69), while radial strain
estimates correlated only moderately (r = 0.37).

I. INTRODUCTION

In biomedical research, genetically engineered mice are
extensively used to mimick human cardiovascular diseases. In
cardiology, ultrasound imaging is commonly used because of
its widespread availability, its high temporal resolution and its
non-ionizing character.

In order to quantify regional cardiac function, strain and
strain rate imaging has been introduced. As the well-known
Tissue Doppler method suffers from several drawbacks such as
being unidimensional and angle-dependent, 2D speckle track-
ing (2D ST) has been developed. The validity of both methods
has been well established in humans [1] but their application
to small animals is not trivial as the high heart rate and the
small size of the mouse heart require the acquisition of high
spatial and temporal resolution data sets. Nevertheless, 2D ST
has been shown to be feasible using adapted clinical equipment
[2] and has been validated against MRI using dedicated high-
end small animal imaging systems [3]. However, the dedicated
equipment remains expensive and is not yet widely available.
In [2], the authors made use of a commercial software package
(EchoPac, GE VingMed, Norway) that has not been developed
or validated for application in mice. There is thus a need for
further development of these approaches.

Accurate lateral motion estimation is intrinsically more
difficult than axial due to the lack of phase information in

this direction. As such, an interesting alternative to reduce
the impact of lateral motion estimation is to compound ax-
ial estimates. The compounding approach was developed by
Techavipoo et al. [4] in the context of elastography. The
method uses displacements estimated in multiple acquisitions
at different insonation angles in order to reconstruct 2D strain
maps. Rao et al. [5] tested the method on tissue mimicking
phantoms undergoing uniaxial compression and could see
a noticeable improvement in strain estimates compared to
standard block matching.

Therefore, we applied the compounding approach on sim-
ulated short axis data sets of a murine left ventricle in a
previous study [6]. It was shown that the compounding method
significantly outperformed the standard 2D speckle tracking
algorithm. The aim of the present study was thus to test the
feasibility of this approach in-vivo and to evaluate the accuracy
of the method by comparing the results obtained on normal and
infarct mice with µMRI measurements acquired in the same
mice.

II. METHODS

A. Animal preparation

A total of 11 male C57Bl/J6 mice (10 weeks old, body
weight 23-25 grams) were used in the study. Five mice were
used as controls while the other 6 mice underwent permanent
left anterior descending (LAD) artery ligation. To do so, they
were anesthetized by intraperitoneal injection of 40-70 mg/kg
of Nembutal (10% in saline solution) and placed on a heating
platform. Mice were intubated and artificially ventilated at a
rate of 150 strokes per minute and a tidal volume of 250 µl.
Thoracotomy was performed and the left anterior descending
artery (LAD) was located. The LAD was ligated with a
propylene suture needle (Prolene 6-0). Echocardiography and
tagged µMRI were performed 3 days after surgery. All animals
were treated according to the National Institutes of Health
guide for the care and use of laboratory animals and the
experiments were approved by the local ethics committee.

B. Data acquisition

1) Echocardiography: For initial ultrasound image acquisi-
tion, mice were anesthetized in an induction chamber using 2%



isoflurane in O2. Next, they were placed on a heating platform
in a supine position and kept under anesthesia via a nose cone
with a 1.5% isoflurane oxygen mixture. Short axis images at
the mid-level of the left ventricle were acquired with a GE
Vivid7 (GE Vingmed, Horten, Norway) equipped with a i13L
probe emitting at 14 MHz. Colour Tissue Doppler velocity
fields were obtained at 3 different angles (-20◦, 0◦ and +20◦),
taking care that the field of view (FOV: 13.5 mm x 8.5 mm)
was covering the whole left ventricle at each angle. The frame
rate (FR) was equal to 240 Hz. As the tilted acquisitions were
spatially compounded in the post-processing part, it was par-
ticularly important to scan at the same position for each steered
acquisition. Therefore, the probe was placed on a mechanical
holder as illustrated in Figure 1. Underlying grayscale images
were obtained simultaneous with the Doppler data but at a
different temporal and spatial resolution (FR = 80 Hz; FOV =
15 mm x 13.6 mm). Animals were transferred to the MR room
immediately after echography while remaining anesthetized.
After MR imaging, echography was performed once again in
an identical manner but using a lighter isoflurane dose (1%)
to account for the cumulative effect of the anesthesic.

Fig. 1. The mouse was placed on a heating pad and maintained under
anesthesia via a nose cone. The ultrasound probe was placed on a mechanical
holder to ensure a stable position.

2) µMRI: Mice were maintained under anesthesia with 1.0-
1.3% isoflurane in O2. Body temperature was maintained
at 37 ± 1◦C during the experiments. Images were acquired
using a Bruker Biospec 9.4 Tesla small animal MR scanner
(Bruker BioSpin, Ettlingen, Germany; horizontal bore, 20 cm)
equipped with actively shielded gradient insert (1200 mT/m).
A 3.5 cm quadrature coil (Bruker Biospin, Ettlingen, Ger-
many) was used. Mid-level tagged MRI images were obtained
using a SPAMM radiofrequency tissue-tagging preparation fol-
lowed by a 2-dimensional FLASH cine image acquisition (TR
= 9.9 ms, TE = 2.5 ms, tag spacing 400 µm, tag thickness
100 µm, field of view 30 x 30 mm, 0.6 ms block pulse of
20◦, 10 averages using both ECG and respiration triggering).
A time resolution of ± 10 ms yielded around 8 to 10 frames
for 80% of the cardiac cycle.

C. Data processing

1) Echocardiography:
Spatiotemporal interpolation and motion compensation
B-mode and Doppler data first needed to be synchronized
in space and time. Hereto, one cardiac cycle was visually

selected on the B-mode data for each acquisition. The B-mode
data was then linearly interpolated in time in order to obtain
the same timestep between frames as the Doppler data. To
account for motion due to breathing, spatial registration was
needed. To do so, translational motion between each pair
of frames at a certain time point was detected using a 2D
normalized cross-correlation coefficient in a neighborhood
of 5 pixels. After that, Doppler velocities were linearly
interpolated at exactly the same time points as the B-mode
data given both data sets were interleaved in time. All
axial Doppler velocities were subsequently converted in the
coordinate system of the 0◦-angle acquisition. The velocity
data was then linearly interpolated in both directions to obtain
the same spatial resolution as the grayscale images.

Spatial compounding
First, an averaging 3D filter was applied on the motion maps
in space over 5 x 5 pixels and in time over 3 frames. Lateral
motion was reconstructed based on the axial motion resulting
from the 3 different angle acquisitions. Hereto, each measured
axial motion was written as the projection of the real motion
vector field on the ultrasound line:

ûax ω = |~u| cos(θ + ω) (1)

with |~u| the amplitude of the true motion vector ~u and
θ its angle with the 0◦ axis, while ûax ω being the axial
motion component measured from the ω-tilted acquisition.
Equation 1 expressed for each angle can thus provide a set
of equations that can be solved for the 2 unknowns |~u| and
θ. Lateral motion was calculated by solving these equations
for all combinations of tilted acquisitions and averaging the
results. In order to obtain axial motion fields, the 0◦-angle
estimates were used as such without further processing.

Segmentation, regularization and accumulation process
On the grayscale end-diastolic frame, epi- and endocardial
contours were manually traced with a cubic spline interpola-
tion. A polar grid corresponding to the segmented tissue was
created and lateral and axial motion fields at these points were
subsequently converted to radial and circumferential motion
fields through coordinate transformation, with the mean of
both contours considered as the center of the polar coordinate
system. Radial and circumferential motion were regularized
with a smoothing cubic spline. Regularized displacement maps
were then converted back to Cartesian coordinates. They were
accumulated throughout the complete cardiac cycle by tracking
end diastolic pixel centers using bilinear interpolation to take
sub pixel motion into account.

2) µMRI: Tagged-MRI images were analyzed using an
in-house developed non-rigid registration algorithm. In this
method, inter-frame myocardial displacement was modeled
with a two-dimensional (2D) third-order B-spline tensor-
product. For every pair of images, the optimal displacement
field was estimated iteratively using a gradient descent op-
timization routine using SSD as an image similarity metric.
Regularization was performed during the optimization process



by the addition of a bending energy penalty in the cost
function, yielding a spatially smooth displacement field. The
method was implemented within the framework of ITK [7].
In practice, the myocardium was first manually segmented
in the end-diastolic (ED) image to delineate the region-of-
interest (ROI) and subsequently populated in the radial and
circumferential direction with the same number of points as in
the echo analysis. Based on this initial segmentation, images of
the whole cardiac cycle were registered in a pair-wise fashion.

3) Segmental strain calculation: Radial and circumferen-
tial strain were calculated similarly for MRI and ultrasound
data sets, that is, at 18 positions equally spread around the
circumference in the middle of the wall using the following
equations:

εrr =
∆ur
∆r

(2)

εθθ =
1
r

(
∆uθ
∆θ

+ ur) (3)

with u = (ur, uθ) the cumulative displacement field. The
right ventricle insertion point was manually indicated. Starting
from that point and moving in the clockwise direction, the
myocardium was divided in 6 segments. As non-zero strains
at the end of the cardiac cycle are physiologically not possible,
drift of the strain curve was compensated. This was done only
for echo measurements given that not the whole cardiac cycle
was acquired with MRI.

D. Statistical analysis

As LAD infarcts in mice are typically located at the mid
to apical portions of the anterior and the lateral wall [8],
infarct segments were prospectively defined as the anterior and
anterolateral segments. Consequently, inferior and inferoseptal
segments were classified as remote segments. Although control
mice do not have infarct and remote segments, for ease of
interpretation the same denomination will be used. For each
animal, global strain was calculated as the average of the
segmental values and the end-systolic (ES) frame was chosen
as the frame at which the peak global strain value occurred.
ES global strain as well as segmental strain values of remote
and infarct segments were compared using a 2-way analysis
of variance (ANOVA). When significant, a post-hoc Tukey-
Kramer’s test was conducted. A p-value < 0.05 was considered
statistically significant.

III. RESULTS

Global radial and circumferential strain quantified by means
of echo and MRI can be found in Table I. Average ES
segmental strain values for control and infarct mice calculated
with echo and MRI are given in Table II for the radial
component and in Table III for the circumferential component.
Correlations between echo and MRI measurements are shown
for both components in Figure 2. Circumferential strain esti-
mates correlated well (r = 0.69) while a moderate regression
coefficient was obtained for the radial strain (r = 0.37). The
first and the second echo yielded higher regression coefficients

for both components (r = 0.74 circumferentially; r = 0.49
radially).

Echo
Controls Infarcts

εrr [%] 15.41± 7.06 2.83± 3.39 †

εcc [%] −22.33± 5.11 −6.48± 4.07 †

MRI

Controls Infarcts

εrr [%] 23.97± 6.19 10.06± 2.10 †

εcc [%] −20.96± 2.06 −11.19± 3.71 †

TABLE I
ES global strain values measured with echo and MRI in control and infarct

mice. † indicates a significant difference vs. control mice (p < 0.05).

Echo
εrr [%] Remote Infarct

Controls 4.48± 9.13 22.92± 10.87 ∗

Infarcts 7.33± 8.82 −1.55± 4.86 ∗ †

MRI

εrr [%] Remote Infarct

Controls 18.29± 8.92 26.73± 11.16

Infarcts 10.00± 4.19 † 8.18± 4.69 †

TABLE II
ES Radial strain (mean±STD) measured with echo and MRI in the remote and

infarct segments of the control and infarct mice. ∗ indicates a significant
difference vs. remote segments and † vs. control mice (p < 0.05).

Echo
εcc [%] Remote Infarct

Controls −22.36± 8.52 −16.42± 6.73

Infarcts −12.40± 5.74 † −1.99± 2.94 ∗ †

MRI

εcc [%] Remote Infarct

Controls −19.06± 3.39 −23.16± 4.83

Infarcts −14.66± 5.83 −6.75± 3.06 ∗ †

TABLE III
ES Circumferential strain (mean±STD) measured with echo and MRI in the

remote and infarct segments of the control and infarct mice. ∗ indicates a
significant difference vs. remote segments and † vs. control mice (p < 0.05).

IV. DISCUSSION

In this study, the spatial compounding approach was applied
in-vivo on normal and infarct mice and compared with MRI.
MRI and echo could both identify reduced global function in
infarct mice (cfr. Table I). Consistently, infarct segments from
infarct mice showed decreased deformation compared to “in-
farct” segments from control mice for both strain components
and for both imaging modalities.

Circumferential strain quantified with ultrasound and MRI
correctly assessed regional deformation as circumferential
strain was clearly reduced in infarct segments of infarct mice



(a) (b)
Fig. 2. Correlation between radial (a) and circumferential (b) strain measure-
ments from MRI and echo1, for all 11 mice and all segments.

with respect to remote segments (Table III). Similarly, in these
mice radial strain in infarct segments was significantly lower
than in remote segments when assessed by echo and even
showed negative values implying that the tissue underwent
thinning rather than thickening during systole. In contrast,
radial strain values in infarct regions were not significantly
different from remote segments when measured with MRI.
This inconsistency between echo and MRI may be attributed
to several reasons. First, although care was taken to acquire
short axis images at a similar mid-ventricular level for MRI and
both echos, in practice there may have been a spatial mismatch
between both. As such, MRI images may have been taken
somewhat more basal which would result in smaller infarcts
as LAD ligation typically leads to mid-apical infarcts [8].
This could explain the higher radial values in infarct segments
for MRI compared to echo. Second, the right ventricular
insertion point was manually defined on both echo and MR
images and was used as a starting point for the 6 segments
definition. A small difference in the segmental arrangement
between acquisitions is therefore possible and could have
brought deviations in the segmental strain average. Another
explanation could be that the post-processing of MRI images
failed to detect regional differences in radial strain due to a
strong smoothness prior in the registration approach.

Surprisingly, in control mice, echo demonstrated lower ra-
dial strain values in the“remote” segments than in the “infarct”
segments (Table II). In the study of Bauer et al. [9] strain was
calculated with speckle tracking on long axis images and mid-
anterior longitudinal strain was also higher than mid-inferior
strain at baseline. The reason for this difference remains
uncertain although it could be related to regional differences
in work load due to differences in regional electrical activation
[10].

Interestingly, circumferential strain quantified with echo in
remote segments of infarct mice was significantly lower than
in the matched “remote” segments of control mice. The exact
reason for this remains unknown but similar findings have been
reported in mice using tagged-MRI [11].

Figure 2 (b) shows a good correlation between circumfer-
ential measurements from echo and MRI while radial strain
correlated moderately (Figure 2 (a)). The lower correlation
coefficient of the radial strain estimates confirms other studies

with speckle tracking where it was shown that an accurate
assessment of segmental radial strain remains more challeng-
ing [12]. Importantly, although physiological status between
both echoes may have changed, overall reproducibility of the
ultrasound measurements was good. Again, circumferential
strain estimates showed to outperform radial strain estimates.

V. CONCLUSION

In this study, 2D myocardial strain in mice calculated
through spatial compounding were compared with 2D strains
estimated on tagged µMRI data sets. The compounding ap-
proach produced meaningful results. Moreover, radial and
circumferential strain was able to detect regional infarction.
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