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Abstract
Rationale—High-sensitivity in vivo phenotyping of cardiac function is essential for evaluating
genes of interest and novel therapies in small animal models of cardiovascular disease.
Transthoracic echocardiography is the principal method currently used for assessing cardiac
structure and function; however, standard echocardiographic techniques are relatively insensitive
to early or subtle changes in cardiac performance, particularly in mice.

Objective—To develop and validate an echocardiographic strain imaging methodology for
sensitive and rapid cardiac phenotyping in small animal models.

Methods and Results—Herein, we describe a modified echocardiographic technique that
utilizes speckle-tracking based strain analysis for the non-invasive evaluation of cardiac
performance in adult mice. This method is found to be rapid, reproducible, and highly sensitive in
assessing both regional and global left ventricular (LV) function. Compared to conventional
echocardiographic measures of LV structure and function, peak longitudinal strain and strain rate
were able to detect changes in adult mouse hearts at an earlier time point following myocardial
infarction (post-MI) and predicted the later development of adverse LV remodeling. Moreover,
speckle-tracking based strain analysis was able to clearly identify subtle improvement in LV
function that occurred early in response to standard post-MI cardiac therapy.

Conclusions—Our results highlight the utility of speckle-tracking based strain imaging for
detecting discrete functional alterations in mouse models of cardiovascular disease in an efficient
and comprehensive manner. Echocardiography speckle-tracking based strain analysis represents a
method for relatively high-throughput and sensitive cardiac phenotyping, particularly in evaluating
emerging cardiac agents and therapies in mice.
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INTRODUCTION
The ability to assess cardiac performance in small animals is critically important for
phenotyping genetic mouse models, evaluating the efficacy of novel cardiovascular disease
therapies, and investigating the safety of agents with potential cardiotoxic side effects.1, 2

Current approaches for assessing cardiac performance, however, are limited. In vitro
assessment of cardiac cell function, while highly sensitive, is inadequate given the
functional complexity of the cardiovascular system, which integrates global pump function,
neurohormonal status, vascular properties, and systemic hemodynamics.1 Conventional non-
invasive in vivo methods of assessing cardiac performance allow for physiologic
investigations but have limited resolution, which prevents capturing subtle alterations in
cardiac function that can occur early in the course of myocardial injury or healing.3, 4

Despite the availability of multiple cardiac imaging modalities, a robust method for highly
sensitive and rapid phenotyping of cardiac performance has yet to be established. Nuclear
imaging techniques lack spatial resolution for performing detailed regional assessments,
while cardiac magnetic resonance (CMR) and computed tomography techniques lack
temporal resolution for characterizing discrete functional changes.3–5 Furthermore,
application of these imaging modalities in smaller animal models, especially mice, involves
prohibitively expensive equipment, is time intensive, and may require complete procedural
sedation that markedly alters in vivo hemodynamics. As a result, echocardiography has
emerged in recent years as the standard cardiac imaging technique in experimental small
animal models of cardiovascular disease.6

Echocardiography is non-invasive, widely available, cost-effective, and involves relatively
short image acquisition and post-processing times.3–6 Despite these advantages,
conventional echocardiographic measures lack sensitivity for capturing subtle variations in
left ventricular (LV) performance.3, 4 Changes in LV structure and global function, when
detected by conventional echocardiographic parameters, are typically considered late
manifestations of disease.7 Recently, a novel echocardiographic imaging technique, based
on myocardial strain analysis, has been found to dramatically improve assessment of LV
performance in humans.8, 9 By capturing segmental tissue motion in multiple planes and
axes serially over the cardiac cycle, strain analysis provides integrated and detailed
information regarding both regional and global LV function – with much greater sensitivity
and specificity than conventional echocardiographic measures, including fractional
shortening (FS) or ejection fraction (EF).8 To date, the adoption of strain imaging in small
animal models has been limited, primarily due to technical differences in image acquisition
and analysis in mice versus humans. However, recently developed speckle-tracking based
techniques now allow for angle-independent, reproducible, and accurate strain
measurements that may be applied to mice.

Herein, we describe a modified echocardiographic imaging methodology that utilizes
speckle-tracking based strain analysis to conduct highly sensitive, non-invasive cardiac
phenotyping in a mouse model of CV disease. Compared to conventional echocardiographic
imaging, speckle-tracking based strain echocardiography was found to efficiently detect
subtle changes in cardiac performance following myocardial infarction (MI) and also
identify early differences in response to treatment with standard cardiac therapy. Thus,
speckle-tracking based strain echocardiography represents a novel method for relatively
high-throughput and sensitive cardiac phenotyping, including in the evaluation of emerging
cardiac therapies in mouse models of cardiovascular disease.
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METHODS
An expanded Methods section is available in the Online Supplement and includes further
detailed information regarding the experimental MI procedure, conventional
echocardiographic measurements, in vivo speckle-tracking based strain echocardiography,
pathologic cardiac assessment, and statistical analyses.

Experimental Protocol
Adult C57BL/6J mice were obtained from Jackson Laboratory at 8 weeks of age, placed on
a standard mouse chow diet and water ad libitum, and housed in a temperature-controlled
environment under an alternating 12-hour light-dark cycle. All animal handling procedures
adhered strictly to the approved guidelines of the Institutional Animal Care and Use
Committee. A total of 16 mice (mean weight, 26.3±1.7 g) were randomly assigned to 1 of
the following 3 groups: a group that underwent open thoractomy without coronary ligation
(“sham”, N=5); a group that underwent permanent left anterior descending artery (LAD)
ligation without subsequent treatment (“MI”, N=6); and, a group that underwent permanent
LAD ligation followed by oral administration of an angiotensin converting enzyme inhibitor
(ACEi) (captopril 20 mg/kg/day) in the drinking water starting on day 7 following surgery
(“MI+ACEi”, N=5). Coronary ligation was performed as previously described.10

Echocardiography was performed on all mice under light sedation (1% isoflurane in oxygen)
prior to surgery (baseline) and at 1 week following surgery (prior to starting any treatment
with ACEi), at 3 weeks, and at 7 weeks following surgery. Echocardiography was
performed using a 18–38 MHz linear-array transducer with a digital ultrasound system
(Vevo 2100 Imaging System, VisualSonics, Toronto, Canada). Standard parasternal long-
and short-axis views were obtained during each echocardiographic exam. Conventional and
novel echocardiographic image measurements were performed offline. All image
acquisitions and offline measurements included in the present analysis were conducted by a
single investigator who was blinded to animal groups. At 7 weeks, mice were sacrificed for
pathologic assessment of cardiac remodeling and infarct size.

Conventional Echocardiographic Measurements
Echocardiographic measurements were obtained from grayscale M-mode images, at the
mid-papillary level in the parasternal short-axis view, and also from B-mode images
acquired in the parasternal long- and short-axis views. Conventional measurements of the
LV included: end-diastolic diameter (LVEDD), end-systolic diameter, anterior and posterior
wall thicknesses, fractional shortening (FS), wall thickening, fractional area change (FAC),
end-systolic and end-diastolic volumes, ejection fraction (EF), and LV mass.

Novel Echocardiographic Speckle-Tracking Based Strain Measures of Myocardial
Deformation

Based on Lagrangian and Eulerian strain tensors of finite deformation theory, extensional
strain of soft tissue in a pre-specified direction can be defined as the change in length of a
segment divided by its original length ([L1−L0]/L0), where strain rate (SR) is the rate of
change of this deformation over time ([(L1−L0)/L0] × sec−1).11 Using speckle-tracking based
strain analysis of 2-dimensional gray-scale echocardiographic images acquired from the
parasternal long- and short-axis views, strain and strain rate were quantified in the
longitudinal, radial, and circumferential axes; in accordance with myocardial fiber
orientation at varying levels of the LV wall, longitudinal strain is most representative of
myocardial shortening at the level of the endocardium, while radial and circumferential
strains are more reflective of shortening at the level of the mesocardium (Figure 1).
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Parasternal long-axis views were found to provide the most reproducible myocardial views
for longitudinal strain analyses in mice, whereas parasternal short-axis views (at the mid-
papillary level) were obtained for circumferential and radial (short-axis) strain analyses
(Figure 1A). All images were acquired at a frame rate of >200 frames/second (average 230
frames/second) and at an average depth of 11 mm.

Strain analyses were conducted by the same trained investigator on all animals according to
the protocol detailed in the Online Supplement and using a speckle-tracking algorithm
provided by VisualSonics (VevoStrain, VisualSonics). In brief, suitable B-mode loops were
selected from digitally acquired echocardiographic images based on adequate visualization
of the endocardial border and absence of image artifacts. Three consecutive cardiac cycles
were selected for analysis based on image quality. Semi-automated tracing of the
endocardial and epicardial borders were performed and verified over all 3 cardiac cycles,
and then corrected as needed to achieve good quality tracking throughout each cine loop.
Tracked images were then processed in a frame-by-frame manner for strain measurements
(Figure 1B). Strain measures were averaged over the obtained cardiac cycles (with temporal
smoothing filters turned off for all measurements), resulting in curvilinear strain and strain
rate data (Figure 1C). Each long- and short-axis view of the LV myocardium was divided
into 6 standard anatomic segments12 for regional speckle-tracking based strain analysis
throughout the cardiac cycle. In MI animals, the mid-anterior, apical-anterior, and apical-
inferior wall segments were designated as the “infarct” region, and the basal-inferior and
mid-inferior wall segments were designated as the “remote” (non-infarct) region. Peak strain
and strain rate measurements were recorded from each of the 6 standard segments in each
view, providing regional strain values. For global strain values, peak strain and strain rate
measurements were averaged across all 6 segments. Regional strain values were obtained by
averaging these same measurements across “infarct” and “remote” segments, respectively.

RESULTS
Echocardiographic Speckle-Tracking Based Strain Imaging

During each cardiac cycle, the LV undergoes a typical pattern of tissue deformation in
multiple planes. This complex functional pattern includes myocardial shortening in the
longitudinal axis, thickening in the radial axis, and shortening in the circumferential axis
during systole – followed by reverse changes during diastole (Figure 1A). Myocardial tissue
deformation in these axes can be assessed, both regionally and globally, as measures of
tissue strain and strain rate. Speckle-tracking based strain analyses of myocardial motion (in
the long-and short-axis images) integrates frame-to-frame data from cine loops (Figure 1B),
allowing for measurements of segmental myocardial strain and calculation of strain rate in
the longitudinal, radial, and circumferential axes. These measures are plotted as curvilinear
data for each region tracked (Figure 1C).

Echocardiographic images were obtained in adult mice, as described in the Methods. Total
time for image acquisition and analyses were similar for conventional and speckle-tracking
based strain measures, and together totaled less than 25 minutes per animal, typically
allowing for imaging and analysis of 20 mice per day by a single operator. Acquisition of B-
mode images in the parasternal long-axis view, followed by acquisition of M-mode and B-
mode images in the parasternal short-axis view, involved 2–5 minutes of image acquisition
time per view. During image acquisition, mice were lightly anesthetized (1% isoflurane in
oxygen). As demonstrated by average heart rates of 560±79 bpm at baseline (Table 1),
echocardiography allowed for in vivo cardiac assessment at physiologic heart rates without
significantly altering resting hemodynamics. All acquired images were deemed appropriate
for both conventional and speckle-tracking based strain measurements.
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Similar to conventional echocardiographic measures, speckle-tracking based strain analyses
were performed offline after imaging acquisition was completed. Conventional and speckle-
tracking based strain measurements involved a total of 7–15 minutes of analysis time per
study (including image selection, image tracing/measuring, and data processing), where up
to 15 minutes was needed for a minority of studies that required repeat image tracing and
processing to avoid or minimize the effects of artifact on speckle-tracking. Speckle-tracking
based strain measures exhibited high intra-observer and inter-observer reproducibility
(r=0.87 and r=0.89, P<0.001 for both), comparable to recent human studies using similar
methods.13 Safety of the experimental procedure was demonstrated by lack of any adverse
reactions or deaths observed for the animals studied over the duration of the study period.

Novel Measures of Myocardial Performance Following Regional Myocardial Injury
To determine the relative sensitivity of speckle-tracking based strain measures versus
conventional echocardiographic measures in the assessment of impaired cardiac function,
adult mice were serially imaged following MI or sham operation. Both conventional and
speckle-tracking based strain measures of myocardial performance were similar across all
animals at baseline, prior to either MI or sham operation (Table 1).

Global Function—Within 1 week following MI or sham operation, conventional
measures of remodeling (LVEDD and LV mass) increased and conventional measures of
global LV function (FS and EF) decreased in MI compared to sham animals (Table 2,
Figures 2A and 2B). Advanced measures of cardiac performance, represented by myocardial
strain in all axes (longitudinal, radial, and circumferential), were also reduced early
following MI (Table 3, Figures 2C and 2D) and these changes persisted over the total 7
week observation period (Table 3). These changes were most consistently significant for
longitudinal compared to radial and circumferential strains, in accordance with greater
vulnerability of endocardial and subendocardial tissue to ischemia from coronary
obstruction. Importantly, changes in myocardial longitudinal strain and strain rate were more
marked than changes in conventional LV measures, even FS (Figure 2E).

Regional Function—Strain analyses further allow for quantification of regional cardiac
function within the infarct zone (mid-anterior, apical-anterior, and apical-inferior segments)
and the remote, non-infarct zone (basal-inferior and mid-inferior segments). Interestingly,
myocardial performance decreased at 1 week not only the infarct segments but also in
regions remote from the designated infarct area (Table 3, Figure 2G), consistent with prior
evaluations of regional myocardial function using CMR imaging in mice.14 This pattern of
regional dysfunction persisted over the total 7 week duration of follow up among animals in
the MI group (Table 3).

Ability of Myocardial Performance Measures to Differentiate Effects of MI Treatment
To determine the relative sensitivity of speckle-tracking based strain versus conventional
measures in assessing the effects of potential cardiac therapies, a subset of the MI animals
underwent treatment with ACEi (MI+ACEi) or served as vehicle control (MI). Serial
echocardiography was performed before and after ACEi administration, which represents a
mainstay of post-MI cardiac therapy and has been shown to improve both cardiac function
and survival in animal models and humans.15–17

At serial time points following MI, progressive changes consistent with adverse ventricular
remodeling were observed in all animals but, as expected, to a lesser degree in ACEi treated
compared to untreated mice. Significant differences between MI and MI+ACEi mice in
conventional structural measures, including LV chamber size and mass, were observed at 7
weeks following MI (6 weeks following treatment) (Table 2). However, conventional
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measures of global cardiac function, such as FS and EF, failed to differentiate between MI
and MI+ACEi vehicle mice within 3 weeks following MI (Figures 3A and 3B) or even over
the total 6-week duration of follow up (Table 2). In contrast, advanced strain analysis of
myocardial performance identified differences between ACEi and vehicle mice as early as 3
weeks following MI (2 weeks following treatment) (Table 3, Figures 3C and 3D). Even
within this early follow-up period, global measures of peak longitudinal strain and strain rate
were significantly better in ACEi compared to vehicle mice (Figures 3C and 3D).
Interestingly, longitudinal strain assessed in the region remote from the infarct zone was also
significantly greater in ACEi than in vehicle animals (Table 3). These differences suggest
that improvement in myocardial function, as a result of ACEi therapy, occurs even in areas
remote from the site of MI. Accordingly, longitudinal strain rate was higher across all wall
segments in ACEi-treated compared to non-treated mice (Figure 3E).

Relation of Early Myocardial Performance with Later Remodeling
To determine if early measures of myocardial strain are predictive of later ventricular
remodeling, we examined the association of strain measures, assessed early following MI,
with measures of adverse cardiac remodeling occurring later in the course of post-MI
recovery. This analysis was focused on longitudinal strain measures given their known high
sensitivity for identifying myocardial dysfunction following an acute injury.18–20 Among all
MI animals (n=11), these advanced measures of cardiac performance, assessed at 3 weeks
following MI, were significantly associated with parameters of LV remodeling at 7 weeks.
Both global longitudinal strain and strain rate at 3 weeks were strongly associated with 2D
chamber dimension at 7 weeks, as represented by LVEDD (r=0.81 and r=0.82; P<0.01 for
both). Similarly, global longitudinal strain and strain rate at 3 weeks were also strongly
associated with subsequent hypertrophy at 7 weeks, as reflected by higher heart weight
(r=0.76 and r=0.74; P<0.01 for both).

Necropsy Assessment
Following echocardiography, post-mortem pathologic studies were performed at 7 weeks. In
the sham, MI, and MI+ACEi groups, heart-to-body weight ratios were 6.46±0.27,
8.82±0.57, and 7.33±0.41, respectively. These weights were strongly correlated with
echocardiographically assessed LV mass at 7 weeks (r=0.85; P<0.01). Histologic
examination of infarct size was also performed on all animals. Echocardiographically
determined infarct size at 7 weeks for the MI and MI+ACEi groups was 47±3% and 47±7%,
respectively, whereas histological assessment of infarct size for the MI and MI+ACEi
animals was 46±9% and 53±9%, respectively. For the total sample of MI animals,
echocardiographic infarct size was strongly correlated to histologic infarct size (r=0.93;
P<0.001).

DISCUSSION
In this report, we describe the utility of a non-invasive imaging method for highly sensitive
and rapid cardiac phenotyping in a small animal model of cardiovascular disease. Advanced
speckle-tracking based strain measures of LV performance were not only more sensitive
than conventional echocardiographic measures in detecting global changes in post-MI
cardiac function, but they also allowed region-specific functional assessments in infarcted
versus non-infarcted areas of myocardium. Furthermore, speckle-tracking based strain
measures of myocardial performance differentiated response to standard cardiac therapy
with an ACE inhibitor earlier than did conventional measures of either LV function or
remodeling.
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In clinical studies, subtle abnormalities in strain are associated with the presence of
myopathic disease even in the setting of normal cardiac structure and function by
conventional measures.8 Moreover, cardiovascular risk factors result in impaired strain
measures prior to the development of decreased LV EF or ventricular dilation.8, 21 In
experimental studies, the adoption of strain analysis to facilitate detailed cardiac
phenotyping has been limited, primarily due to technical differences in imaging mice versus
humans, including limited echocardiographic views, translational motion during image
acquisition, and the effect of very high heart rates on the number of frames per second that
may be captured and, in turn, analyzed. However, recently developed image analysis
techniques, based on speckle-tracking, now allow for angle-independent and accurate strain-
related measurements of mice at high frame rates.22, 23 As such, recent studies have
described the ability of speckle-tracking analyses to characterize serial changes in
myocardial strain occurring in parallel with decrements in conventional measures of cardiac
function in the setting of transverse aortic constriction23, 24 and MI.25 However, prior
investigations have focused on speckle-tracking analyses of short-axis images, which
precludes measures of longitudinal strain and, thus, limits the ability to assess the relative
sensitivity of speckle-tracking versus conventional measures in mice.

Normal LV function involves a typical pattern of myocardial deformation that includes
longitudinal shortening, circumferential shortening, and radial thickening in systole,
followed by reverse changes in diastole.26, 27 Reflecting myocardial fiber shortening at the
level of the endocardium, alterations in longitudinal myocardial deformation tend to be
among the earliest signs of cardiac dysfunction.18–20 Compared to strain in the
circumferential or radial axes, which predominantly reflect activity of the mesocardium
(mid-myocardium), longitudinal strain is a particularly sensitive marker of the
subendocardial myofiber dysfunction that tends to occur early in the setting of
hypoperfusion or mechanical stress.8, 28, 29 Accordingly, we observed that regional and
global measures of longitudinal strain worsened dramatically and soon after experimental
MI, which parallels findings from prior animal25, 30, 31 and human32–34 studies. In contrast
to conventional echocardiographic measures, speckle-tracking based strain measures
provided additional region-specific assessments of LV function, demonstrating impaired
performance in non-infarcted as well as infarcted areas of the myocardium. Functional
abnormalities affecting the myocardial tissue remote to the infarct region may be due to
global myocardial stunning and hypoperfusion or continued ventricular remodeling.30, 33

Using serial imaging, we observed that regional decrements in myocardial function appeared
early in the course of recovery following MI and persisted throughout the study follow-up
period, similar to prior studies using CMR in mice.14 Further extending from CMR studies,
which are predominantly limited to short-axis assessments of circumferential and radial
strains,35, 36 echocardiographic speckle-tracking in this study enabled evaluation of
longitudinal strains and, thus, enhanced sensitivity for detecting early decrements in LV
function following MI.

Our results also demonstrate that the serial application of speckle-tracking based strain
measures is highly sensitive for identifying the beneficial effects of a pharmacologic therapy
following MI. While conventional LV measures such as FS and LVEDD did not
significantly differ between vehicle versus ACEi-treated mice until 7 weeks following MI,
measures of longitudinal strain exhibited the benefit of standard therapy as early as 3 weeks
following MI. Prior studies have shown that alterations in strain coincide with alterations in
conventional measures of LV structure and function following MI,25, 31, 32 likely due to the
strong correlation between abnormal strain values and the extent of infarct.25, 31, 34, 37, 38

Our data indicate that alterations in myocardial strain can both directly reflect evolving
effects of a rescue therapy and also predict subsequent differences in LV remodeling. While
the long-term benefits of ACE inhibitor therapy on preventing LV remodeling and
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prolonging survival following MI have been long recognized,15–17 our results highlight how
the early ameliorative effects of ACE inhibitor therapy on myocardial performance can be
observed even before differences in gross LV function or structure are detected.
Furthermore, we demonstrate that strain abnormalities in both the infarcted and non-
infarcted regions measurably improved in the setting of ACEi therapy. As with global strain,
regional strain distinguished MI+ACEi from MI animals at an earlier time point than
conventional measures of LV structure or function. The differential trajectories of
myocardial response to MI, reflected by serial speckle-tracking based strain measures, may
reflect the specific actions of ACEi on attenuating subendocardial hypoperfusion,
hemodynamic load, and/or remodeling.30, 39

Implications
We demonstrate the utility of a novel non-invasive imaging method for assessing cardiac
function. Importantly, given the growing availability of genetically altered mice, this
methodology may be used for rapid cardiovascular phenotyping in a relatively large number
of animals. Furthermore, speckle-tracking based strain measures allow for rapid and
sensitive assessment of cardiac function in response to either emerging therapies following
injury or in response to potential cardiotoxic agents. This technique may be particularly
useful when studying therapies such as cardiac regeneration, which may have specific
regional, rather than global, effects.

Study Limitations
Several limitations of this study merit consideration. Sources for variation exist in speckle-
tracking based strain analysis, including the echocardiographic views obtained for image
acquisition. Changes in the imaging angle of incidence can result in capturing different fiber
layers at different levels and, thus, yield variable results. This is especially important for
short-axis views where even small differences in image angle can lead to highly variable
rotation and, in turn, circumferential strain measurements. Due to the presence of multiple
orientation points (e.g. LV outflow tract, mitral valve leaflet plane, and LV apex),
parasternal long axis views are less prone to angular variation in mice. Unlike in humans,
apical 4-chamber views are difficult to obtain in mice and, therefore, parasternal long axis
images are preferred for obtaining longitudinal strain measurements. Another source of
variability is the tracing performed by the investigator, since strain values can depend on the
quality and location of the tracing. As demonstrated by data from our laboratory, inter-
observer variability can be minimized through use of a standardized detailed image analysis
protocol.

Although segment-to-segment comparisons of LV strain measures are theoretically possible
using speckle-tracking based strain analysis, discrimination of measurements at the single
segment level is technically limited for serial evaluations in a post-MI model, in part due to
the anatomic changes that result from remodeling. Notwithstanding this limitation, measures
that are averaged across multiple segments, as employed in regional and global analyses, are
both discriminating and reproducible. Speckle-tracking based analyses have also been used
to evaluate post-MI dyssynchrony in humans;40 however, these methods are not easily
translated to mouse models, due largely to the much faster heart rates in mice. The
applicability of the methods and generalizability of the findings reported herein may be
limited to the use of similar equipment and software. However, continued advancements in
the field of cardiac ultrasound are likely to broaden the availability of speckle-tracking based
strain analyses, which rely on imaging systems that can accommodate high frame rates
while preserving spatial as well as temporal resolution.
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Conclusion
In a small animal model, non-invasive echocardiographic assessment of myocardial
deformation using speckle-tracking based strain analyses provided a highly sensitive in vivo
characterization of distinct trajectories of LV dysfunction and remodeling following acute
MI. Speckle-tracking based strain measures allowed for both detailed and efficient
assessments of global and regional dysfunction which, in turn, predicted adverse
remodeling. Thus, the use of speckle-tracking based strain measures to serially track
regional and global myocardial performance parameters can provide insight into patterns of
structural as well as functional myocardial recovery in response to cardiac therapies. This
technique represents a novel approach to rapidly assessing phenotypic variation in the
cardiac response to experimental myocardial injury and in the evaluation of therapies
designed to attenuate the sequelae of such injury.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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NON-STANDARD ABBREVIATIONS AND ACRONYMS

ACEi Angiotensin converting enzyme inhibitor

CMR Cardiac magnetic resonance

EF Ejection fraction

FAC Fractional area change

FS Fractional shortening

LAD Left anterior descending (artery)

LV Left ventricular

LVEDD Left ventricular end-diastolic diameter

LVWT Left ventricular wall thickness

SR Strain rate
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Novelty and Significance

What is Known?

• Echocardiography (cardiac ultrasound) is frequently used to assess in vivo
cardiac structure and function; however, conventional echocardiographic
measures lack sensitivity for detecting changes early in the course of disease
progression, particularly in commonly used small animal models of
cardiovascular disease.

• A new echocardiographic method for high throughput and high sensitivity in
vivo phenotyping of cardiac function is needed for evaluating genes of interest
and novel therapies in small animal models of cardiovascular disease.

What New Information Does This Article Contribute?

• This article describes the novel application of echocardiographic strain imaging
to mouse models of cardiovascular disease.

• In a mouse model of myocardial infarction (MI), echocardiographic strain-based
measures allowed for assessment of global (whole heart) and regional (specific
heart areas) cardiac function.

• Echocardiographic strain-based measures provided more sensitive and rapid
assessment of cardiac structure and function in mice following MI and in
response to cardiac therapy, relative to conventional echocardiographic
measures.

Although transthoracic echocardiography is the principal method used for assessing
cardiac structure and function, standard echocardiographic techniques are relatively
insensitive to early or subtle changes in cardiac performance, particularly in mice. In this
study, we describe a modified echocardiographic technique that utilizes speckle-tracking
based strain analysis for the non-invasive evaluation of cardiac performance in adult
mice. This method is rapid, reproducible, and highly sensitive in assessing regional and
global LV function. Compared with conventional echocardiographic measures, peak
longitudinal strain and strain rate were able to detect changes in adult mouse hearts at an
earlier time point following MI and predicted the later development of adverse LV
remodeling. Moreover, speckle-tracking based strain analysis was able to identify subtle
improvement in LV function that occurred early in response to standard post-MI cardiac
therapy. These results highlight the utility of speckle-tracking based strain imaging for
detecting discrete functional alterations in mouse models of cardiovascular disease in an
efficient and comprehensive manner. Thus, echocardiographic speckle-tracking based
strain analysis represents a method for relatively high-throughput and sensitive cardiac
phenotyping and evaluating potential therapies, in mice.
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Figure 1. Speckle-tracking based strain analysis
Normal ventricular function involves myocardial deformation along the longitudinal, radial,
and circumferential axes (Panel A). Speckle-tracking based strain analysis uses acoustic
back scatter on echocardiographic images as tissue markers, which are tracked frame-to-
frame throughout the cardiac cycle (Panel B). Timed tracking of myocardial deformation
allows for the direct measurement of myocardial strain in the longitudinal, circumferential,
and radial axes. For each axis, separate strain curves (representing strain measures over
time) are generated for each of the six standard myocardial regions, with a 7th line (black)
denoting the average (global) strain at each time point (Panel C). Regional and global strain
curves are altered in a typical fashion following MI and with ACEi treatment.
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Figure 2. Echocardiographic assessment of post-MI LV function and remodeling
Among animals that underwent MI, changes in echocardiographic measures are shown at
baseline (BL) and at 1 week post-MI (1). LV end-diastolic dimension (Panel A) was
increased post-MI, whereas fractional shortening (Panel B), global peak longitudinal strain
(Panel C), and global peak longitudinal strain rate (Panel D) all decreased with cardiac
injury. Percent change in strain measures was greater than for conventional measures (Panel
E). A schematic of myocardial regions identified from the parasternal long axis view is
shown in Panel F: BA, basal anterior; MA, mid anterior; AA, apical anterior; AI, apical
inferior; MI, mid inferior; BI, basal inferior. Peak longitudinal strain across these regions
was normally distributed at baseline but globally reduced at 1 week post-MI (Panel G).
*=p<0.05; **=p<0.01.
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Figure 3. Longitudinal changes in LV function and remodeling post-MI with cardiac therapy
Echocardiographic measures are shown at baseline and at 1 week and at 3 weeks post-MI,
for animals treated with vehicle (open bars) or ACE inhibition (filled bars). Conventional
echocardiographic measures, including LVEDD (Panel A) and FS (Panel B) were
unchanged in the early post-MI period with ACEi treatment, whereas both longitudinal
strain (Panel C) and strain rate (Panel D) were significantly higher in ACEi treated versus
untreated animals at 3 weeks. At 3 weeks, longitudinal strain rate was improved not only
globally, but also across all segmental myocardial regions in ACEi treated compared to
untreated animals (Panel E). Abbreviations for myocardial regions used in Panel E are
previously defined in Figure 2, Panel F. *=p<0.05.
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Table 1

Baseline Echocardiographic Characteristics

Sham MI MI + ACEi

Conventional Measures

  Heart rate, bpm 513±32 584±45 520±26

  LVWT, mm 0.8±0 0.8±0.1 0.8±0.1

  LVEDD, mm 3.2±0.2 3.4±0.1 3.4±0.2

  FS, % 38.6±3.8 40.8±3.5 40.3±4.6

  LV area long axis*, mm2 20.5±1.1 16.0±1.4 16.4±0.8

  FAC long axis, % 30.6±2.1 42.3±3.8 41.6±6.9

  LV area short axis*, mm2 10.0±0.7 9.4±0.8 7.4±0.1

  FAC short axis, % 48.7±3.3 56.6±5.4 61.4±4.8

  EF, % 45.2±3.2 59.2±4.7 56.5±8.1

  LV mass, mg 169.4±14.8 140.4±6.3 127.3±11.4

Strain Measures

 Short Axis, %

  Circumferential strain −28.7±2.5 −31.1±3.1 −30.1±3.8

  Circumferential SR −12.2±2.4 −13.4±2.4 −13.0±1.9

  Radial strain 31.6±3.8 39.0±2.4 34.9±4.8

  Radial SR 8.9±1.2 11.3±0.9 10.8±1.1

 Long Axis, %

  Longitudinal strain −17.9±1.5 −19.1±2.7 −16.6±1.5

  Longitudinal SR −10.6±1.4 −12.2±2.8 −10.7±1.7

  Radial strain 22.6±4.3 24.8±2.0 23.0±2.9

  Radial SR 8.0±1.4 8.5±0.5 7.4±0.6

Values are shown as mean±SE.

*
Measured at end-diastole.
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