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Abstract—Following myocardial infarction (MI), detrimental
changes to the geometry, composition, and mechanical prop-
erties of the left ventricle (LV) are initiated in a process
generally termed adverse post-MI remodeling. Cumulatively,
these changes lead to a loss of LV function and are determin-
istic factors in the progression to heart failure. Proposed
therapeutic strategies to target aberrant LV mechanics post-
MI have shown potential to stabilize LV functional indices
throughout the remodeling process. The in vivo quantification
of LV mechanics, particularly within the MI region, is
therefore essential to the continued development and evalua-
tion of strategies to interrupt the post-MI remodeling process.
The present study utilizes a porcine MI model and in vivo
sonomicrometry to characterizeMI region stiffness at 14 days
post-MI. Obtained results demonstrate a significant depen-
dence of mechanical properties on location and direction
within the MI region, as well as cardiac phase. While
approaches for comprehensive characterization of LV
mechanics post-MI still need to be improved and standardized,
our findings provide insight into the issues and complexities
that must be considered within the MI region itself.

Keywords—Myocardial infarction, Anisotropy, Heterogene-

ity, Myocardial stiffness.

INTRODUCTION

Despite significant improvements in achieving early
reperfusion with an acute coronary syndrome,
myocardial injury still commonly occurs, ultimately
leading to myocardial infarction (MI) and progressive
left ventricle (LV) remodeling.8,49,59,74,77,78 This process,

generally termed adverse post-MI remodeling, is amajor
contributory factor to the development and progression
of heart failure (HF).30,44,54,69 Due to increased survival
rates following the initial coronary event, the number of
patients that carry the post-MI burden has been steadily
rising over the past three decades.19,20 Currently, post-
MI standard of care is largely relegated to symptomatic
management, leaving patients vulnerable to the delete-
rious consequences of the post-MI remodeling process.
As such, significant research efforts spanning academia
and industry have been devoted to the development of
effective strategies to curtail adverse post-MI remodel-
ing and the progression to HF in this growing patient
population.31,35,40,41,46,55,65,81

Adverse post-MI remodeling is a multi-factorial
process, causing progressive changes in the geometry
(MI region thinning, remote wall thickening, and LV
dilation) and mechanical properties (MI region stiff-
ness) of the myocardium.6,7,13,14,36,47,68 Therefore,
proposed strategies to interrupt post-MI remodeling
are largely focused on restoring or stabilizing the
mechanical behavior of the MI region. To date, vari-
ous attempts to directly (via physical restraint or
localized biomaterial injections) or indirectly (via local
delivery of stem cells or bioactive compound/cells)
modulate the mechanical behavior of the MI region
have shown promising results in terms of in vivo indices
of LV function.15,18,31,46,58 To facilitate the continued
advancement and clinical translation of these and
other emergent strategies to attenuate the remodeling
process, there is a clear need for high fidelity, in vivo
measurements of LV wall mechanics that can charac-
terize post-MI behavior throughout the cardiac cycle,
within specific regions, and in defined directions.
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Previous studies of post-MI mechanics have utilized
quantitative approaches, including imaging modalities
(ultrasound, MRI, etc.), physical techniques (im-
plantable markers, tensile testing, sonomicrometry), or
a combination of both to evaluate changes in LV wall
stress, strain, and stiffness.10,38,39,45,60,64,82,83 A major-
ity of past studies have characterized myocardial
mechanics at the chamber level and thus provide global
measures of LV properties, response, and function
(i.e., chamber stiffness, segmental shortening, and wall
strain rate).5,24,43,52,57,60,64,70,84,85 Continued advance-
ments in both image-based and physical techniques
have enabled increasingly precise quantification of
regional mechanical behavior and thus distinction of
normal and infarcted myocardial mechanics. One of
the fundamental techniques used previously for
the purpose of mechanical assessment in the myo-
cardium is sonomicrometry, which allows for high
fidelity measurements of defined segmental lengths in
both the spatial (0.024 mm) and temporal (>1 MHz
data acquisition rate) domains.2,16,21,29,37,71,82 While
sonomicrometry has been used to examine the
mechanical behavior of a specific myocardial segment/
direction, no studies have fully exploited this method
to examine how regional mechanical properties vary
with direction, location, and cardiac phase in the post-
MI context.

Past studies have primarily focused upon regional
systolic performance following MI and hence have
examined regional mechanics at only one point in the
cardiac cycle.17,32,33,56,73 In addition, many sonomi-
crometry studies are performed at early post-MI time
points when the infarct region is still undergoing the
acute wound healing response, which can potentially
confound mechanical measurements.1,11,17,75,76,82

These limitations motivate the use of sonomicrometry
in a large animal MI model to enable high fidelity
mechanical measurements throughout the cardiac cycle
and within a well-defined and experimentally repeat-
able MI region.

In the present study, we used a porcine MI model,
whereby a repeatable MI region with regards to size,
location, and transmurality is surgically created via
coronary artery ligation. A six-crystal sonomicrometry
array was acutely implanted within the myocardium at
14 days post-MI, with an array location and structure
that facilitate quantification of MI region mechanical
anisotropy and heterogeneity. Regional mechanical
measurements were performed at 14 day post-MI for
several reasons. First, this time point represents the
conclusion of the acute inflammatory/wound healing
period, and the formation of an MI region composed
of extracellular matrix.33 Second, this time point rep-
resents when the healed MI begins to undergo adverse
remodeling such as thinning and expansion. At this

post-MI time point, sonomicrometry measurements
were obtained under varying loads to assess key indices
of stiffness during both the systolic and diastolic phase.
As such, these measurements help distinguish between
MI-induced changes in extracellular matrix properties
(passive myocardial response) and the regional loss of
contractile units (active response). In addition to iso-
chronal systolic and diastolic measurements, exami-
nation of the entire pressure–chord length loop was
performed in several directions to further examine re-
gional geometric/functional changes following MI.
Our findings demonstrate that mechanical hetero-
geneity and anisotropy are differentially altered by
post-MI remodeling and underscore the need to specify
cardiac phase in the quantification of MI region
mechanical behavior.

MATERIALS AND METHODS

Overview

All animals were treated and cared for in accor-
dance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals, and all
protocols were approved by the University of South
Carolina’s Institutional Animal Care and Use Com-
mittee. We utilized an adult pig model, whereby MI is
induced through permanent coronary artery ligation.
Our model was previously shown to yield a fully
transmural MI with reproducible size, as well as con-
sistent progression of post-MI remodeling as indicated
by classical functional indices.15,47,58 The transmural
MI was confirmed in previous studies by histology and
is due to the fact that this is a complete ligation with no
reperfusion.15 In this porcine MI model, wound heal-
ing completed by 2 weeks post-MI is characterized by
a relative reduction in inflammation and a significant
accumulation of collagen—i.e., fibrosis within the MI
region.7 Accordingly, this time point was chosen for
assessment of MI region mechanical properties, with
comparison to identical measurements performed in
the same region of the LV in referent non-MI controls.
Using 2-dimensional targeted echocardiography fol-
lowed by placement of a sonomicrometry array and
LV microtransducers within the region of inter-
est,10,19,22 steady-state and pressure-dependent mea-
surements of functional indices and chord length data
were recorded. To generate adequate sonomicrometry
data for chord stiffness calculations, LV preload was
altered by transient caval occlusion. Acquired data
were aggregated and processed to compute stress–
strain relationships and mechanical stiffness for each
chord during the systolic and diastolic phases of the
cardiac cycle.
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Animal Model

A total of 11 mature male Yorkshire pigs (25 kg,
Palmetto research swine, Reeseville, SC) were ran-
domized into two different groups, a referent control
(N = 6) and an MI group (N = 5). The MI group was
anesthetized with isoflurane (2%) and underwent a left
thoracotomy to induce MI, reproducing a previously
established MI model.47 Briefly, once access to the
heart was achieved, the pericardium was opened to
expose the targeted obtuse marginal arteries (OM1,
OM2). These arteries were then ligated near their ori-
gin from the circumflex artery to create reproducible
infarct geometry (Fig. 1a). The infarct was confirmed
initially by changes in ST segment elevation in the
electrocardiogram signal as well as visible blanching of
the myocardium in the target MI region. Animals in
the MI group were carefully monitored for the fol-
lowing 14 days leading to the endpoint echocardiog-
raphy and sonomicrometry studies (as described
below).

Ultrasound

The animals were sedated at the terminal time point
with 200 mg of diazepam administered orally prior to
the procedure. Two-dimensional and M-mode
echocardiographic studies were then conducted from a
right parasternal approach using a GE vivid 7 dimen-
sion with an M4S transducer.15,58 Obtained measure-
ments were processed to yield LV dimensions and
functional indices.

Sonomicrometry

A custom array of six sonomicrometric crystals was
implanted to monitor regional LV mechanics in both
the referent control and MI groups (Sonometrics,
London, Ontario, Canada). At the terminal procedure,
a median sternotomy was performed and the crystal
array was implanted into the LV wall at the 14 day
post-MI time point for both study groups (Fig. 1a).
Consistent array placement was facilitated by an
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FIGURE 1. Sonomicrometry array. (a) The sonomicrometry crystal array is presented in schematic form to identify the location of
the crystals and defined chords. The LV cross-sectional view demonstrates the location and relation of catheters and endocardial/
epicardial crystals, whereby the small case letters identify the specific chord lengths measured. (b) Representative hemodynamic
and myocardial chord lengths under steady state conditions and with transient reduction in LV pre-load by caval occlusion (LVP
LV pressure, Ao Aortic pressure, PA pulmonary artery pressure).
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implantation template (approximately a 2 cm 9 2 cm
grid), which spanned the MI region or analogous re-
gion in the control group. The array layout consisted
of four crystals on the epicardial surface of the LV and
two crystals placed subendocardially, thus producing a
set of chord lengths in orthogonal directions, described
as longitudinal (from base to apex), transverse (from
epicardium to endocardium), and circumferential
(Fig. 1a). Output from the crystal array was matched
to a left ventricular pressure trace from a catheter in-
serted directly into the LV (Millar Instruments,
Houston, TX). Changes in pressure were achieved
through partial occlusion of the inferior vena cava in
order to provide an effective loading range for
mechanical analysis in both referent normal and MI
groups (Fig. 1b). Data analysis was done on a beat-by-
beat basis during steady state and occlusion runs,
facilitating the quantification of pressure–chord length
relationships for each chord (Ponemah software ver-
sion 5.0, Data Sciences International, St. Paul, MN).

Alteration of baseline loading conditions thus enabled
the acquisition of sonomicrometry data at various
loading conditions, which could then be processed/
registered to yield stress–stretch curves that reference a
specific point in the cardiac cycle (described below).

Data Analysis

Segmental Shortening

Chord lengths at end diastole and end systole were
used to calculate segmental shortening. This quantity is
traditionally reported as a single measure to reflect the
chamber deformation along the short-axis. In the
present study, segmental shortening was calculated as a
percent difference in chord lengths at end diastole
(EDL) and end systole (ESL), i.e., [(EDL 2 ESL)/
EDL] 9 100. Therefore, obtained data were used to
quantify segmental shortening not only at the short-
axis chamber level but also in orthogonal directions
within the MI region.

TABLE 1. Left ventricular global and regional function in referent control and post-myocardial infarction.

Control (N = 6) MI (N = 5)

Hemodynamics

Heart rate (beats/min) 99 ± 4 95 ± 11

Aortic pressure (mean; mmHg) 66.6 ± 2.6 64.8 ± 4.4

End systolic pressure (mmHg) 86.8 ± 3.4 81.1 ± 4.1

dP/dt max (at 40 mm Hg; mmHg s21) 1528 ± 170 1030 ± 68*

Pulmonary capillary wedge pressure (mmHg) 4.0 ± 0.1 9.1 ± 0.7*

Cardiac output (L min21) 2.7 ± 0.3 1.7 ± 0.2*

End diastolic volume (mL) 50 ± 1 73 ± 3*

Diastolic posterior wall thickness (cm) 0.81 ± 0.1 0.57 ± 0.1*

Ejection fraction (%) 60 ± 1 43 ± 3*

LV sonomicrometry

Segmental shortening (%)

Circumferential

C1 12.7 ± 5.9 4.8 ± 0.7

C2 14.3 ± 2.2 5.5 ± 1.3*

C3 7.1 ± 1.7 4.3 ± 1.6

Longitudinal

L1 9.6 ± 1.6 5.9 ± 1.6*

L2 10.5 ± 2.4 9.3 ± 1.6

L3 7.6 ± 1.5 10.9 ± 1.9

Transverse

T1� 4.8 ± 0.8 3.05 ± 0.9

LV chamber short-axis 32.5 ± 5.2 13.6 ± 2.7*

Chord stroke work (mmHg cm21)

Circumferential

C3 3.38 ± 3.62 1.23 ± 1.21

Longitudinal

L1 2.14 ± 2.18 3.67 ± 2.01**

Transverse

T1 1.33 ± 1.10 0.49 ± 0.51+

Data presented as the mean ± SEM; * p< 0.05 vs. referent control; ** p< 0.05 vs. respective circumferential value; + p<0.05 vs.

respective longitudinal value.

Post-MI: 14 days following coronary ligation.
� Presented as wall thickening rather than segmental shortening.
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Pressure–Length Loops

Chord stroke work was assessed via processing of
pressure–chord length data obtained over a cardiac
cycle. As with segmental shortening, sonomicrometry
enables local quantification of chord stroke work in a
manner analogous to the typical chamber-level
assessment. Pressure–length loops of representative

chords in each orthogonal direction were analyzed for
all pigs in the control and MI groups. In order to
aggregate data within each group, each chord length
was normalized with respect to its maximal length
throughout the cardiac cycle. The difference in areas
under the loading and unloading curves in the pres-
sure–length plane was calculated to reflect the
mechanical chord work generated by contraction.

Stress–Stretch Relationships

Pressure–length curves corresponding to the systolic
and diastolic phases of the cardiac cycle were generated
for each chord, with pressure recorded by a catheter
placed directly in the LV (Millar Instruments, Hous-
ton, TX) and chord length via sonomicrometry. Chord
length data were further processed to yield a stretch
ratio, where a theoretical initial chord length (L0) was
derived from a regression of the recorded pressure–
length relationships. At each loading state, the average
wall stress r was calculated using a thin-walled
spherical model for the LV, where in the circumfer-
ential and longitudinal directions

r ðg cm�2Þ ¼ PD

4h 1þ h
D

� �

" #

� 1:36 ð1Þ

where P is the chamber pressure (mmHg), D is the
minor axis length (cm), h is the posterior wall thickness
(cm), and 1.36 is a conversion coefficient for g cm22.67

The pressure ranges used to calculate stress were con-
sistent across the data sets of both study groups, with a
range of 40–95 mmHg for systole and 2–10 mmHg for
diastole.

Stiffness

Incremental chord stiffness was obtained via analy-
sis of stress–stretch relations for each chord over the
mid-range portion of pressures seen at end-systole (60–
70 mmHg) and end-diastole (4–7 mmHg) during caval
occlusion. Diastolic and systolic chord stiffness was
calculated as the slope of the linearized stress–stretch
relations over the respective pressure ranges, with
registration to either end-systole or end-diastole. In the
present study, these response variables are termed
‘‘systolic stiffness’’ and ‘‘diastolic stiffness’’ and are
reflective of the mechanical properties within the MI
region at the indicated point in the cardiac cycle.

Relative Anisotropy and Relative Heterogeneity

The relative anisotropy (RA) of mechanical stiffness
within the MI region was determined using chords
originating from a common crystal but oriented in
each coordinate direction (circumferential, longitudi-
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nal, and transverse). The RA was calculated by
Eq. (2), where the stiffness of chords C1, L3, and T1
are represented by Xi, and l represents the mean
stiffness among the three chords.

RA ¼ 1

l

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP3
i¼1ðXi � lÞ2

3

s

ð2Þ

The relative heterogeneity (RH) in stiffness within
the MI region was determined by an analogous equa-
tion, with the three relevant chords now oriented in the
same direction (circumferential) but differentially lo-
cated within the MI region (chords C1–C3). The
structure of the implanted crystal array was such that
only the circumferential direction could be used to
compute a measure of mechanical heterogeneity.

Statistical Analysis

Hemodynamic and stiffness data were analyzed
using Mann–Whitney tests for significance between

groups and Wilcoxon rank tests for pair-wise com-
parisons within groups. All other results were analyzed
using non-parametric statistical tests due to the non-
normal distribution of data.

RESULTS

Hemodynamics

All of the animals successfully completed the pro-
tocol, and the summary hemodynamics and global/
regional indices of LV function are provided in Ta-
ble 1. In the post-MI group, the maximum dP/dt val-
ues, posterior wall thickness, and ejection fraction
decreased relative to control values by over ~30%
(p< 0.05). Pulmonary capillary wedge pressure
increased by 2-fold and LV end-diastolic volume
increased by over 40% in the post-MI group compared
to referent controls (p< 0.05). Thus, at 14 days fol-
lowing coronary occlusion, systemic hemodynamics
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and LV function/geometry were consistent with the MI
phenotype, showing excellent agreement with previous
studies.15,58

LV Sonomicrometry

Segmental Shortening

LV regional function, as measured by segmental
shortening for the differently oriented chords, is shown
in Table 1. In the C1 and C2 chords, segmental
shortening in the post-MI group was less than half the
value observed in referent controls (p< 0.05). Simi-
larly, LV short axis measurements of segmental
shortening obtained by sonomicrometry in the post-
MI group were approximately half the value seen in
referent controls (p< 0.05). Conversely, segmental
shortening values in other directions were not signifi-
cantly different between the referent control and post-

MI groups, underscoring the directional dependence of
this canonical functional measurement.

Pressure–Length Loops

Pressure–length relationships throughout the cardiac
cycle were determined for representative orthogonal
chords (C3, L3, T1) in all animals. To facilitate quali-
tative comparison of the directionally-dependent effects
of MI, aggregate pressure–length relationships were
obtained by normalizing and averaging chord length
measurements within each group (Figs. 2a–2f). A
notable change in the morphology of these relationships
was observed between referent control and post-MI,
which was particularly pronounced in the circumferen-
tial orientation. Moreover, crossover between the
loading and unloading curves was observed in all
directions post-MI, indicating dyskinesis within the MI
region. To quantify these differences in terms of chord
stroke work, the difference in areas under the loading
and unloading curves in the pressure–length plane was
calculated and summarized in Table 1. In the circum-
ferential and longitudinal directions, MI induced a
notable loss in the chord stroke work, with an over 50
percent reduction compared to the respective control
values (p< 0.05, Fig. 2g). In order to more carefully
examine specific regional changes inmechanics post-MI,
regional stiffness during the systolic and diastolic phase
with alterations in LV load was next examined.

Chord Stiffness

Chord stiffness was computed during both phases of
the cardiac cycle via processing of isochronal values of
pressure and chord length gathered during caval
occlusion (Figs. 3a and 3b) to yield chord stress–
stretch relations at specified points in the cardiac cycle
(Fig. 3c). No consistent trend in MI-induced changes
in chord stiffness was observed in systole, a finding
likely reflective of active contractile units acting on the
MI region and thus confounding regional mechanical
property measurements (Fig. 4a). Conversely, the
diastolic stiffness values for multiple chords were sig-
nificantly elevated post-MI, with the most pronounced
and consistent differences emerging in the circumfer-
ential direction (Fig. 4b). Specially, chords C1-C3
exhibited a 2–6 fold increase in diastolic stiffness with
respect to referent controls (p< 0.05). In the diastolic
phase, computed stiffness values are not influenced by
active contraction and thus reflect the passive
mechanical properties of the MI scar.

Relative Anisotropy

Most biological materials display mechanical ani-
sotropy due to their microstructure, which can be
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understood as an adaptation that promotes physio-
logical function.62,72 Mechanical anisotropy of the
myocardium is a consequence of collagen and car-
diomyocyte alignment along preferred directions,
which enhances the pumping efficiency of the LV.
Using our sonomicrometry array, we quantified the
relative anisotropy (RA) in both control and MI
groups by calculating the variance in the stiffness of
chords emanating from a common point (crystal b)
and oriented in the circumferential, longitudinal, and
transverse directions. In the systolic phase, the MI
group exhibited a significant percent increase in RA
with respect to the referent control, while diastolic RA
was equivalent between the groups (Fig. 5a).

Relative Heterogeneity

A localized increase in the collagen content within
the MI region creates a dense, passively deforming
scar.33,50,79,80 The deposition of collagen is largely
driven by the local stresses in the LV wall and is
therefore a mechanobiological process with potential
to alter the native mechanical heterogeneity of the
myocardium.42,48,51 Using our crystal array, we quan-
tified the spatial dependence of circumferential chord
stiffness by computing a relative heterogeneity (RH)
based on the variance among chords C1–C3 (Fig. 5b).
Obtained results show that the RH percent change
from control was significant (p< 0.05) in diastole,
reflecting a spatial variation in the post-MI remodeling
process (Fig. 5b).

DISCUSSION

An active area of basic science as well as clinical
research is to understand the basis and prevention of
adverse changes in myocardial structure and function
that occur following a myocardial infarction (MI), i.e.,
adverse post-MI remodeling. Post-MI remodeling is
comprised of both regional and global changes in left
ventricular (LV) geometry and composition. Together,
these changes impact LV mechanics and motivate the
quantification of evolving myocardial mechanical
properties as a means to understand the time course
and implications of heart disease progression. In par-
ticular, in vivo measurements of the mechanical prop-
erties of the MI region, such as stiffness, have emerged
as promising targets in the development of increasingly
refined therapeutic strategies to attenuate adverse post-
MI remodeling.31,34,41,61,65 In an effort to provide a
comprehensive description of MI region mechanics at
a critical post-MI time point, the present work utilized
2-D echocardiography and an acutely implanted
sonomicrometry array to quantify MI region
mechanical stiffness at 14 days post-MI in a porcine

model. The sonomicrometry array structure and the
inherent spatial and temporal resolution of this tech-
nique allowed for assessment of mechanical anisotropy
and heterogeneity within the MI region at distinct
loading conditions physiologically relevant to the sys-
tolic and diastolic phases of the cardiac cycle. The
novel findings of this study include the quantification
of MI region stiffness at the two ends of the cardiac
cycle, as well as the assessment of how mechanical
anisotropy and heterogeneity are impacted post-MI.
Our findings underscore the complexity of post-MI
mechanics, here manifested as directional and spatial
variations in stiffness within the MI region and sig-
nificant dependence on cardiac phase.

Since the area contained within a pressure–dimen-
sion relation is reflective of myocardial work, then the
reduction in chord work within the MI region and in
specific directions is indicative of a loss in overall
mechanical performance (Fig. 2). Thus, utilizing these
directional relationships in order to examine the
effectiveness of emergent localized treatment strategies,
such as biomaterial injections into the infarcted myo-
cardium, would warrant consideration of this novel
response variable. The use of a six crystal sonomi-
crometry array further allowed for the computation of
seven chord stretch ratios within the MI region, which
when combined with mean wall stress calculated via
echocardiography, enabled estimation of chord stiff-
ness. Here, the stiffness in systole was found to be less
affected post-MI than its diastolic counterpart, with
only one chord showing significant changes with re-
spect to referent normal controls. The stiffness of all
chords in systole was significantly higher than diastole,
reflecting the influence of contraction on recorded
mechanical properties and the nonlinear mechanical
behavior of myocardium (even in the post-MI con-
text).27,28 The loss of contractile units within the MI
region would suggest a decreasing systolic stiffness
post-MI; however, no significant change was observed
with respect to the controls. It is important to note that
systolic chord stiffness computed in this study reflects
local mechanical properties of the myocardium at end
systole. This definition fundamentally differs from the
classic response variable ‘‘end systolic myocardial
stiffness’’, which is based on chamber-level measure-
ments and serves as a load-independent index of con-
tractility. This seemingly counterintuitive result can be
attributed to the effect of the viable myocardium sur-
rounding the MI, as the generated contractile forces
act upon the MI region during the systolic phase of the
cardiac cycle and confound explicit measurement of
MI region mechanical properties. Conversely, diastolic
chord stiffness was generally increased post-MI, al-
though there was notable chord-to-chord variation in
the magnitude and statistical significance of this
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change (Fig. 4). The observed increase in circumfer-
ential chord stiffness at end diastole is in agreement
with a previous study by Holmes et al., where a post-
MI decrease in circumferential strain suggested a
concomitant increase in stiffness.25 Another study by
Gupta et al. reported that the passive stiffness of in-
farcted myocardium in both circumferential and lon-
gitudinal directions increases at 1–2 weeks post-MI in
sheep, although this did not correlate with collagen
content.22 Taken together, these results support the
notion of restoring referent normal biomechanical
properties with focus on the diastolic cardiac phase as
a promising post-MI therapeutic target.

The relative anisotropy (RA) in chord stiffness
indicates the directional dependence of material prop-

erties under physiologic loading (Fig. 6, left). Normal
myocardium has heavily ordered fiber architecture and
as a result is mechanically anisotropic, which like many
soft tissues is an evolved characteristic that promotes
its biomechanical function.9,53,62,83 Mechanical aniso-
tropy of the normal and infarcted myocardium has
been previously reported in terms of strain,2,4,23,25,26,66

but here uniquely presented as a function of mechan-
ical stiffness in three coordinate directions defined by
the implanted sonomicrometry crystal array (circum-
ferential, longitudinal, and transverse). The significant
increase in systolic RA post-MI reflects the cumulative
effects of altered material properties and geometry of
the MI region as well as the active contractile forces
transmitted to the MI region. Conversely, MI-induced
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changes in diastolic RA were not significant at the
14 day post-MI time point. This finding suggests that
despite the occurrence of significant adverse remodel-
ing as indicated by hemodynamic indices, the normal
extracellular matrix architecture is at least partially
preserved at this post-MI time point. This finding is in
qualitative agreement with previous work by Zim-
merman et al., where it was reported that the native
microstructure of the myocardial extra cellular matrix
is retained within the MI region (determined by strain
and histological analysis) and serves as a scaffold that
guides new collagen deposition.86 Gupta et al. also
noted that referent normal anisotropy in the ovine
infarct is preserved up to 2 weeks post-MI, which
corroborates our findings and supports the notion that
native scaffold architecture guides the deposition of
collagen at early times post-MI.22

The relative heterogeneity (RH) provides a
description of the spatial variation in chord stiffness
within the MI region, with our crystal array structure
facilitating comparison among three circumferentially-
oriented chords (Fig. 6, right). A significant increase in
diastolic RH post-MI suggests that the degree of col-
lagen synthesis and deposition differ throughout the
MI region. Although the diastolic RA results discussed
above suggest some retention of normal collagen

architecture post-MI, the non-uniform geometry of the
MI region would give rise to wall stress field hetero-
geneity and in turn differential rates of mechanically-
mediated collagen synthesis/deposition.3,6,12,59,63

Limitations

Several study limitations must be considered for
careful interpretation of the obtained results. Firstly, a
global mean wall stress was used to develop chord
stress–stain relationships and ultimately calculate
chord stiffness, although local stress elevations, par-
ticularly along the border of the MI region, are likely
present. A second study limitation is that post-MI
mechanics were assessed at only one select post-MI
time point. Although this is an acceptable time point to
evaluate the effects of remodeling following significant
collagen deposition in a porcine model,32 it does not
allow for full characterization of the transient
mechanical changes during post-MI remodeling.
Moreover, loading conditions and thus the obtained
regional mechanical measurements can potentially be
affected by both the opening the pericardium and the
administration of anesthesia. Additionally, our find-
ings are based upon study of posterolateral infarcts,
whereas differently located MI regions may exhibit
different behavior. Finally, some animal-specific vari-
ation in the shape of the MI region may occur in our
MI model, which inevitably affects the placement/re-
gional containment of the crystal array and potentially
changes the sensitivity and error of obtained mea-
surements.

Future Directions

In order to address the limitations in this study, the
method by which wall stress is calculated should be
improved. Specifically, our future studies will use LV
geometries extracted from MRI in combination with a
finite element method to solve for myocardial stress
fields under prescribed loading conditions. Using this
approach, more accurate chord stress–strain relation-
ships can be developed throughout the MI region and
over the cardiac cycle. The present study was limited to
an analysis of regional mechanics at a single post-MI
time point (14 days post-MI); future work will entail
chronic studies which span the distinct phases of post-
MI remodeling and will include registration of local
and global mechanical response variables. An ultimate
goal of this study is to improve the development and
evaluation of therapeutic strategies to attenuate ad-
verse post-MI remodeling; therefore an important fu-
ture direction will be to integrate our study of local MI
mechanics with specific local interventions, such as the
use of injectable biomaterials to favorably alter MI

FIGURE 6. Stylized relative anisotropy and heterogeneity.
The relative anisotropy (RA) quantifies the directional
dependence of mechanical properties within the myocardium,
here calculated as the variance in stiffness among orthogonal
chords emanating from a common point in the crystal array.
Relative heterogeneity (RH) quantifies the spatial dependence
of mechanical properties, herein analyzed in terms of the
variance of circumferentially-oriented chords with different
locations/dimensions within the crystal array.
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region mechanics throughout the remodeling process.
Sonomicrometry, as well as other methods for in vivo
mechanical analysis, will elucidate the mechanism by
which these interventions curtail adverse post-MI
remodeling and thus facilitate their clinical translation.

CONCLUSION

The use of in vivo sonomicrometry to characterize
post-MI LV mechanics reveals a complex dependence
of mechanical stiffness on the location and direction of
measurements within a well-defined MI region, as well
as significant variation with respect to the cardiac
phase. We demonstrate that at the 14 day post-MI
time point in a porcine model, the degree of mechan-
ical heterogeneity in diastole and mechanical aniso-
tropy in systole are significantly elevated as compared
to referent normal myocardium. Efforts to compre-
hensively characterize transient changes of regional
post-MI mechanics still need be improved; however,
this work is put forth to provide insight into the
complexities within the MI region itself.
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