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Background and aim of the study: In some patients,
dysfunction in a localized infarct region spreads
throughout the left ventricle to aggravate mitral
regurgitation and produce deleterious global left
ventricular (LV) remodeling. Alterations in trans-
mural strains could be a trigger for this process, as
these changes can produce apoptosis and extracellu-
lar matrix disruption. The hypothesis was tested that
localized infarction perturbs transmural strain pat-
terns not only in adjacent regions but also at remote
sites.

Methods: Transmural radiopaque beadsets were
inserted surgically into the anterior basal and lateral
equatorial LV walls of 25 sheep; additional markers
were used to silhouette the left ventricle. One week
thereafter, 10 sheep had posterior wall infarction
from (obtuse marginal occlusion, INFARCT) and 15
had no infarction (SHAM). Four-dimensional marker
dynamics were studied with biplane videofluo-
roscopy eight weeks later. Fractional area shrinkage,
LV volumes and transmural circumferential, longitu-
dinal and radial systolic strains were analyzed.

In some patients - particularly those exhibiting
chronic ischemic mitral regurgitation - localized
myocardial infarction leads to deleterious global left
ventricular (LV) remodeling, which is characterized by
a number of degenerative changes in cardiac structure
and function (1-4). Further, infarct extension can initi-
ate this global myopathic process (2,4-7). Regional dys-
function, initially localized within the infarcted
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Results: Compared to SHAM, INFARCT greatly
increased longitudinal-radial shear (midwall: 0.07 +
0.07 versus 0.14 = 0.06; subendocardium: 0.03 + 0.07
versus 0.20 + 0.08) in the inner half of the lateral LV
wall and increased circumferential-radial shear (mid-
wall: 0.03 + 0.05 versus 0.10 + 0.04; subepicardium:
0.02 + 0.05 versus 0.12 + 0.10) increased in the outer
half of the LATERAL wall. In the ANTERIOR wall,
INFARCT also increased longitudinal-radial shear
(midwall: 0.01 = 0.05 versus 0.12 = 0.04; subendo-
cardium: 0.04 + 0.09 versus 0.25 + 0.20) in the inner
layers.

Conclusion: Increased transmural shear strains were
found not only in an adjacent region, but also at a site
remote from a localized infarction. This perturbation
could trigger remodeling processes that promote the
progression of ischemic cardiomyopathy. A better
understanding of this process is important for the
future development of surgical therapies to reverse
destructive LV remodeling.
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myocardium, extends to the remainder of the ventricle
and transforms normally perfused myocardium into
dysfunctional remodeled myocardium. Altered LV
wall strains have been proposed as a cause of infarct
extension (2,4), and abnormal strain patterns can result
in the production of cytokines and reactive oxygen
species (ROS), which in turn stimulate myocyte apop-
tosis (8-10) and extracellular matrix disruption (11-13).
Progressive LV dilation and LV chamber shape change
can also lead to more myocyte stretch (14-17). This sub-
sequently catalyzes a positive feedback loop of dilata-
tion and further exaggeration of wall stress, which
ultimately leads to heart failure. This feedback loop of
LV dilatation and chamber shape change lead to pro-
gressive papillary muscle displacement, leaflet tether-
ing, and annular dilatation as seen in chronic ischemia
mitral regurgitation (18-20). In an attempt to interrupt
this vicious cycle, various surgical therapies aimed at
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reducing wall stress/strain and normalizing LV shape
have received considerable attention recently.

Recent data (21) from an open-chest ovine model
have shown that transmural strain patterns adjacent to
ischemic myocardium are perturbed acutely; however,
precise direct three-dimensional (3-D) measurements
of regional transmural LV wall strains in regions adja-
cent to and remote from an infarction in a closed-chest
model are lacking. The aim of the present study was to
test the hypothesis that myocardial infarction alters
transmural strain patterns not only in adjacent regions
but also at remote LV sites. This perturbation of
myocardial transmural strain patterns could serve as
important triggers for the remodeling processes that
promote progression from localized infarction to glob-
al ischemic cardiomyopathy. A better understanding of
these alterations is important for the future design of
surgical treatments to prevent or reverse LV remodel-
ing in ischemic cardiomyopathy.

Materials and methods

Animals

Twenty-five adult Dorsett-hybrid sheep were used in
these studies. All animals received humane care in
compliance with the Principles of Laboratory Animal Care
formulated by the National Society for Medical
Research and the Guide for Care and Use of Laboratory
Animals prepared by the National Academy of Sciences
and published by the National Institutes of Health
(DHEW NIHG publication 85-23, revised 1985). This
study was approved by the Stanford Medical Center
Laboratory Research Animal Review Committee and
conducted according to Stanford University policy.

Surgical preparation and marker data acquisition
These surgical preparation and marker data acquisi-
tion methods have been described in detail previously
(22,23), and therefore are only outlined here. Through
a left thoracotomy, 25 sheep had 13 subepicardial
radiopaque markers surgically implanted to silhouette
the LV chamber (Fig. 1). Epicardial echocardiography
was used to locate and measure the wall depth of the
mid-lateral equatorial LV wall between the papillary
muscles and a site in the anterior LV wall basal to the
anterior papillary muscle. Three transmural columns
of beads (four beads in each column; Fig. 1) were
implanted into these two regions using a bead inser-
tion trochar oriented normal to the regional epicardial
tangent plane. The sheep were subdivided into SHAM
(n = 15) and INFARCT groups (n = 10). In INFARCT
animals, 2-0 polypropylene sutures were passed
around one or two obtuse marginal branches of the left
circumflex coronary artery located between the poste-
rior vein of the left ventricle and the middle cardiac
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Figure 1: Locations of left ventricular (LV) epicardial
markers and LV lateral equatorial and anterior basal wall
transmural beadsets. X, X, and Xy are the local
circumferential, longitudinal and radial axes, respectively.

vein and loosely snared using the method of Llaneras
et al. (24).

At one week postoperatively, the animals were taken
to the cardiac catheterization laboratory, sedated with
ketamine (25 mg/kg, i.m.), intubated, mechanically
ventilated, and anesthesia maintained with inhalation-
al isoflurane (1-2.5%). With the heart in normal sinus
rhythm and ventilation arrested at end-expiration,
simultaneous biplane videofluoroscopy (60 Hz), elec-
trocardiogram and LV and aortic pressures were
recorded during steady-state baseline conditions. Data
from the two radiographic views were later digitized
and merged to yield 3-D coordinates for each
radiopaque marker every 16.7 ms. Immediately after
baseline data were obtained, the INFARCT animals
were premedicated with lidocaine (100 mg i.v.),
bretylium (75 mg i.v.) and magnesium (3 g i.v.); the
coronary artery snares were then tightened, producing
complete occlusion of the selected vessels as verified
angiographically (Fig. 2). Ventricular tachyarrhyth-
mias were treated with lidocaine (50-100 mg i.v.) and
bretylium (75-150 mg i.v.), as needed. The animals
were then stabilized and subsequently recovered.

At eight weeks postoperatively, each animal was
returned to the cardiac catheterization laboratory for
the recording of hemodynamic and marker data. At
the conclusion of the study, 3.0-mm perfusion coronary
angioplasty balloon catheters (GUIDANT; AguilTrac
Peripheral Catheter, Santa Clara, CA, USA) were
placed into the proximal circumflex and left anterior
descending coronary arteries. The animals were then
euthanized by administration of sodium pentothal (1 g
i.v.) followed by an intravenous bolus of potassium
chloride (80 mEq.) to arrest the hearts at end-diastole.
After adjusting LV pressure by blood withdrawal to
match previous in-vivo LV end-diastolic pressure, 5%
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buffered glutaraldehyde (300 ml) was infused through
both coronary catheters simultaneously with the bal-
loons inflated to fix the hearts in situ. The hearts were
Pre-Infarction | - then explanted and stored in 10% formalin for histo-
' logical examination.
Hemodynamics and cardiac cycle timing

Three consecutive steady-state beats in sinus rhythm
were selected for analysis from each study. For each
cardiac cycle, end-diastole (ED) was defined as the
videofluoroscopic frame immediately prior to the
upstroke of the LV pressure curve, defined by LV
dP/dt >120 mmHg/s. End-systole (ES) was defined as
the videofluoroscopic frame when LV dP?/dt?* changed
sign from minus to plus, a definition which captures
the onset of relaxation and is consistent with the con-

Figure 2: Coronary artery angiogram (left and right
oblique biplane videofluoroscopic views). Coronary artery

snares were tightened one week postoperatively to occlude cept of end-systolic elastance. Instantaneous left ven-
OM2/OMS3 to induce posterior wall infarction in the tricular volume (LVV) was calculated every 16.7 ms
INFARCT group. Complete occlusion of the selected vessels from the 3-D coordinates of the epicardial LV markers
was verified angiographically. OM2 was occluded in this (Fig. 1) by summing the volumes of multiple space-fill-
representative animal (lower row). ing tetrahedra.

Regional LV systolic function
Ventricular systolic fractional area shortening (FAS)
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Figure 3: Systolic fractional area shortening (FAS) depicted as 3-D global LV marker array unrolled and projected onto a two-
dimensional surface. Twelve contiguous LV epicardial regions (four basal, four equatorial, four apical regions) were defined and
divided into anteroseptal, anterolateral, posterolateral and posteroseptal walls. Calculated values for systolic FAS are shown for
the SHAM (left panel) and INFARCT (right panel) groups. The gray area indicates the region with decreased FAS in the
INFARCT group compared to SHAM. The two beadsets used to measure transmural strains are shown in gray circles. Note that
the lateral equatorial beadset was adjacent to the infarcted myocardium while the anterior basal beadset was remote. Data shown
are mean + SD. *p <0.05 SHAM versus INFARCT.
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Figure 4a. Figure 4b.
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Figure 4: Three-dimensional transmural myocardial
deformation animation throughout the cardiac cycle. Left:
Summary of transmural cardiac strains of the lateral
equatorial wall (adjacent to the infarct in the INFARCT
group) at end-systole (ES) along the longitudinal (X,),
circumferential (Xc) and radial (Xg) axis. Right: The
transmural cardiac strains of the anterior basal wall
(remote from the infarct in the INFARCT group) at ES
along the longitudinal (X,), circumferential (X.) and radial
(Xg) axis. Note that the posterior wall infarction increased
longitudinal-radial shear strain (in the midwall and
endocardium) and circumferential-radial (in the midwall
and epicardium) in the lateral wall of the INFARCT group
(a). Infarction also increased longitudinal-radial strain in
the anterior wall of the INFARCT group (b). See online
archives (video [id and i) for video clip demonstrating
transmural deformations throughout the cardiac cycle.

was used as an index of regional LV systolic function
to determine the functional demarcation between
infarcted and non-infarcted myocardium. Each LV
region defined by four subepicardial markers (Fig. 1)
was divided into two triangular areas, and regional
area was computed as the sum of these areas (Fig. 3).
The apical region area was defined by a single triangle
(Fig. 3). For each region, fractional change in systolic
epicardial area (FAS) was computed as:

FAS =100% x ([rAreagp — rAreags]/rAreagp)

where rAreag, was the regional area at ED and rAreagg
the regional area at ES.

Finite cardiac strains

Placement of the transmural beadsets allowed
assessment of transmural 3-D myocardial deforma-
tions in the lateral equatorial and anterior basal
regions of the LV wall. The strain analysis methodolo-
gy has been described in detail previously (22). Strains
were reported at 20%, 50% and 80% depths from the
epicardium, with ED as the reference configuration
and ES as the deformed configuration.

Statistical analysis

Data were reported as mean + SD. All data were
compared using two-way repeated measures ANOVA
with Holm-Sidak pairwise multiple comparisons
(Sigmastat 3.11; SPSS, Inc., Chicago, IL, USA) unless
specified. A p-value <0.05 was considered to be statis-
tically significant.

Results
All comparisons between the INFARCT and SHAM

Table I: Hemodynamic data for the two animal groups.

Parameter SHAM (n = 15) INFARCT (n = 10)
Baseline 8 weeks Baseline 8 weeks
Heart rate (bpm) 104 =16 104 =20 98 +13 96 +22
LV dP/dt,,, (mmHg/s) 1,660 + 385 1,533 +438 1,496 + 255 1,534 +259
EDV (ml) 102 +17 105 £ 27 113 + 34 137 +49°
ESV (ml) 83 +13 82 +21 90 +27 102 = 31"
SV (ml) 23 +6 27 +9 27 +9 39 +18
EDP (mmHg) 11 +6 7+8 13«5 10 £5
ESP (mmHg) 101 +18 106 =14 101 +12 111 =25
LVP,,,, (mmHg) 104 =19 111 + 14 102 £12 115 =25

Group mean (+ SD) data from 25 hearts. p-values from two-sided paired-t test of eight-week data compared to baseline (one
week post-op) data.

EDP: LV end-diastolic pressure; EDV: LV end-diastolic volume; ESP: LV end-systolic pressure; ESV: LV end-systolic volume; LV
dP/dt,,,. Maximum time derivative of LV pressure (LVP) during isovolumic contraction; LVP,,,.: LV maximum pressure; SV:
Stroke volume.

*p <0.05 baseline versus eight weeks within the same group (Student’s two-tailed paired t-test).
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Figure 5: A) Plot of LV pressure (LVP) with simultaneous lateral LV wall longitudinal-radial shear strain in the midwall and
subendocardial layers versus time of the cardiac cycle for the SHAM and INFARCT groups. B) Similar plot of LVP and LV
longitudinal-radial shear strain in the midwall and subendocardium for the anterior basal LV region.

groups were based on the eight-week data.
Hemodynamic data for both groups (SHAM and
INFARCT) are summarized in Table I. The left ventri-
cle dilated (i.e. both end-diastolic volume and end-sys-
tolic volume became larger) over the seven-week
observation period in INFARCT animals, while heart
size in the SHAM animals was unchanged. Stroke vol-
ume increased at eight weeks in the INFARCT group.
No other hemodynamic parameters changed signifi-
cantly between the baseline and eight-week studies in
both groups. The fact that LV end-diastolic pressure
did not become elevated after infarction in the
INFARCT group reflected indirectly that these animals
were not in congestive failure.

The group mean FAS in the SHAM and INFARCT
animals is summarized in Figure 3. Consistent with
occlusion of the targeted obtuse marginal branches,
infarction decreased systolic FAS in the posterolateral
equatorial region in the INFARCT group (Fig. 3; gray
region), adjacent to the lateral equatorial beadset; as
also illustrated in Figure 3, the anterior basal beadset
was remote from the infarct.

Transmural systolic cardiac strains (group mean) at
eight weeks in the lateral equatorial LV wall are shown
in Table II (ED reference configuration; ES deformed
configuration). Compared to SHAM, INFARCT exhib-
ited greater longitudinal-radial shear strain (E;) in the
inner half and circumferential-radial shear (Ecy) in the
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subepicardium and midwall of the lateral wall adja-
cent to the infarct. No other cardiac strain differed sig-
nificantly between SHAM and INFARCT.

Group mean transmural systolic cardiac strains in
the anterior basal LV wall, remote from the infarct, are
listed in Table III. Relative to SHAM, the INFARCT
group exhibited greater longitudinal-radial shear
strain (E ) in the midwall and subendocardium. All
other cardiac strains were not significantly different
between SHAM and INFARCT.

Figure 4 depicts still frames from an animation illus-
trating total 3-D transmural myocardial deformation at
three wall depths in both regions for the SHAM and
INFARCT groups (see online archives (video 4a and
4b) for video clip demonstrating deformations
throughout the cardiac cycle). Each glyph in Figure 4
illustrates how a perfect cube of tissue from each depth

Table 1I: Transmural lateral equatorial left ventricular (LV)
wall systolic cardiac strains.
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at ED becomes deformed in all axes at ES. These still
frames illustrate the increase in longitudinal-radial
shear in the inner wall and circumferential-radial shear
in the outer wall of the lateral equatorial region (Fig.
4a), as well as the increase in longitudinal-radial shear
of the inner wall of the anterior basal region (Fig. 4b).

Figure 5 illustrates group mean longitudinal-radial
shear strains (E;p) throughout the cardiac cycle in the
anterior basal and lateral equatorial LV regions for the
two groups. INFARCT exhibited greater E;; shear
strains throughout the cardiac cycle (ED to ED) relative
to SHAM in the midwall and endocardium in the lat-
eral equatorial wall adjacent to the infarct.
Longitudinal-radial shear also increased in the
INFARCT group throughout the cardiac cycle in the
inner wall of the anterior basal region, remote from the
infarct.

Table 11I: Transmural anterior basal left ventricular (LV)
wall systolic cardiac strains.

Parameter SHAM INFARCT Parameter SHAM INFARCT
(n=10) n=9) n=7) n=26)
20% depth 20% depth
Ecc -0.08 +£0.04 -0.04 +0.08 Ecc -0.07 £0.05 -0.07 £0.05
E.. -0.01 £0.07 -0.01 £0.09 E.. -0.07 +£0.08 -0.12 £ 0.07
Err 0.17 £ 0.08 0.20 +0.16 Err 0.34 +0.26 0.33 +£0.14
EqL 0.02 +0.02 0.04 +0.05 EqL -0.05 +£0.04 -0.01 £0.02
Ex 0.10 £ 0.08 0.10 £0.09. Ex 0.04 =0.07 0.03 +0.09
Exr 0.02 +0.05 0.12 +0.10 Exr 0.00 +0.05 -0.01 £0.11
50% depth 50% depth
Ecc -0.10 £0.05 -0.04 £ 0.09 Ecc -0.07 £0.08 -0.09 £ 0.04
E.L -0.02 £0.07 -0.02 £0.11 E.L -0.08 +0.08 -0.08 £0.10
J 0.17 = 0.07 0.18 +£0.10 Err 0.37 +£0.17 0.34 +0.18
Eq. 0.02 +0.03 0.05 +0.05 Eq. -0.06 +0.06 0.00 +0.03
Ex 0.07 =0.07 0.14 £ 0.06 Ex 0.01 +0.05 0.12 £0.04
Ecr 0.03 +0.05 0.10 £0.04" Ecr 0.02 +0.15 0.01 +£0.10
80% depth 80% depth
Ecc -0.11 £ 0.08 -0.07 £0.08 Ecc -0.06 =0.08 -0.12 £0.07
E.L -0.05 +£0.07 -0.03 £0.12 E.L -0.12 £0.05 -0.05 +£0.18
Egr 0.20 =0.11 0.23 +0.20 J 0.47 +0.20 0.48 +0.40
Eq. 0.02 +0.03 0.07 +0.05 Eq. -0.02 +£0.06 -0.03 +£0.09
Ex 0.03 =0.07 0.20 = 0.08" Ex 0.04 +0.09 0.25 +0.20°
Ex 0.06 =0.07 0.10 £0.12 Ex 0.01 +£0.23 0.00 +£0.18

Group mean (+ SD) data. ED: Reference configuration; ES:
Deformed configuration.

p <0.05 SHAM versus INFARCT within the same wall
depth from two-way repeated measures ANOVA with
Holm-Sidak pairwise multiple comparisons. Depth
measured as a percentage of the radial distance from the
epicardial bead to the most subendocardial bead.

Ecc: Circumferential strain; E, : Circumferential-
longitudinal shear; Ec: Circumferential-radial shear; E,; :
Longitudinal strain; E, ;: Longitudinal-radial shear; Egg:
Radial strain.

Group mean (+ SD) data. ED: Reference configuration; ES:
Deformed configuration.

p <0.05 SHAM versus INFARCT within the same wall
depth from two-way repeated measures ANOVA with
Holm-Sidak pairwise multiple comparisons. Depth
measured as a percentage of the radial distance from the
epicardial bead to the most subendocardial bead.

Other abbreviations as Table II.
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Discussion

Ventricular remodeling after myocardial infarction is
manifested by changes in LV size, shape, structure and
function. These geometric and functional alterations
are associated with gene expression, cellular and inter-
stitial changes (1,2,8,10-12,25,26). Infarct extension has
been shown to be an important initiating event of this
myopathic process and has been postulated to explain
the progression from localized myocardial infarction to
global ischemic cardiomyopathy (2,4-7). Regional dys-
function, initially localized within the infarcted
myocardium, spreads to involve the remainder of the
ventricle and converts normally perfused myocardium
into remodeled, hypokinetic myocardium (2,4). The
cause of infarct extension is not well established, but it
has been proposed that it is caused by increased wall
stress/strain adjacent to the infarcted region; an acute
increase in transmural shear strain adjacent to the
ischemic region (21) has recently been demonstrated.
Altered transmural wall strain patterns have been
associated with the production of cytokines and ROS,
which in turn stimulate myocyte apoptosis, disruption
of extracellular matrix secondary to activation of
matrix metalloproteinases, and fibrosis (8,10-12,26).
This cascade may cause subsequent collagen degrada-
tion and fibrosis that contribute to thinning and
stretching of the infarct border zone, or infarct exten-
sion (2,4-7). Subsequently, the heart enters into a posi-
tive feedback loop of dilatation and further
exaggerated wall stress, which ultimately leads to pro-
gressive global and regional dysfunction and heart
failure. The present experiment allowed an examina-
tion to be made of the changes in transmural strains in
myocardium adjacent to and remote from the infarcted
region, that may be involved in such a biochemical cas-
cade leading to infarct extension and LV remodeling.
An understanding of this mechanical alteration could
be important in the design of future surgical therapy
(e.g., passive ventricular constraint, surgical anterior
ventricular remodeling procedures (27,28), Paco-pexy,
Dor operation, Coapsys®) to arrest or even potentially
to reverse LV remodeling.

The principal findings of the present study were that
posterior wall infarction not only increased longitudi-
nal-radial shear and circumferential-radial shear strain
in the myocardium adjacent to the infarct, but also
increased longitudinal-radial shear strain in regions
remote from the infarct.

Rodriguez et al. (21), in an acute open-chest experi-
ment from the present authors’ laboratory, demon-
strated an acute increase in circumferential-radial and
longitudinal-radial shear adjacent to the ischemic
myocardium during mid-circumflex coronary occlu-
sion. The present study extended these investigations
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to examine transmural strains in a chronic closed-chest
preparation in regions both adjacent to and remote
from the infarct. The results of both studies showed
that infarction or ischemia increased circumferential-
radial shear in the outer wall and longitudinal-radial
shear in the midwall adjacent to the infarct. In the
chronic INFARCT group, longitudinal-radial shear
also increased in the subendocardium in this adjacent
region. Both the acute ischemia preparation and the
present chronic infarct experiment demonstrated the
same positive increase in circumferential-radial and
longitudinal-radial shears. These shear perturbations
reflect the direct interaction between infarcted and
non-infarcted myocardium, which could trigger infarct
extension.

The addition of a second beadset in the present study
allowed transmural strain patterns to be examined in
myocardium remote from the infarcted region.
Changes in shear strain were seen in the remote ante-
rior basal wall; infarction increased longitudinal-radial
shear in the midwall and subendocardium at the
remote site. It is speculated that this could be a factor
in the evolution from a localized myocardial infarction
to a global ventricular disease, although the animals in
the present study were only eight weeks postinfarction
and not in heart failure.

Surgical therapies designed to inhibit infarct exten-
sion by reducing wall stress have received consider-
able recent attention. For example, passive epicardial
LV constraint recently was proposed to prevent infarct
extension and LV remodeling. Kelley et al. (29), using
an ovine LV aneurysm model, stiffened the region by
placing a tailored piece of Marlex mesh over the antic-
ipated myocardial infarct. In mesh-stiffened animals,
hemodynamics, stroke work and end-systolic elas-
tance returned to preinfarction values by one week
after infarction. The patch placed over the infarct area
prevented infarct extension by increasing the collagen
content and decreasing matrix metalloproteinase
(MMP)-1 and MMP-2 activity in the border zone (13).
Using a similar protocol, Moainie et al. (30) used
Marlex mesh prophylactically to cover a posterior wall
infarction. When compared to the uncovered infarct
group, geometric analysis using multiple piezoelectric
crystals indicated significantly less short-axis strain in
the infarcted myocardium in the mesh-restrained
hearts.

Passive ventricular constraint, such as the Acorn car-
diac support device (CSD) has also received consider-
able attention, and may prevent infarct extension by
providing external ventricular support to reduce
myocardial stretch. Recent data from the Acorn
Corcap™ randomized clinical trail (31,32) were prom-
ising. Acker et al. (31) showed that a CSD added to
mitral annuloplasty or replacement in patients with
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non-ischemic cardiomyopathy and functional mitral
regurgitation normalized LV size and shape over time,
improved the patients’ quality of life, and enhanced
freedom from requiring another major cardiac proce-
dure. Laboratory data also demonstrated that Acorn
CSD can reverse LV remodeling: Pilla et al. (33)
showed that a CSD reduces infarct area and improves
myocardial energetics and LV ejection fraction in an
experimental model of ischemic cardiomyopathy.
Sabbah and colleagues reported that a CSD lowers
stretch protein level, improves calcium cycling, and
attenuates pro-apoptotic signaling in cardiomyocytes
(34).

In summary, localized posterior infarction increased
transmural shear strains (i.e., longitudinal-radial and
circumferential-radial shear) not only in myocardium
adjacent to but also in a site remote from the infarct.
This remote shear strain perturbation could trigger
remodeling processes that promote infarct extension in
global LV remodeling. A better understanding of these
strain patterns might be important for the future
development of surgical therapies to prevent infarct
extension and to reverse deleterious LV remodeling.
Surgical strategies designed to reverse shear strain
(both directional and magnitude) potentially may pro-
vide a new paradigm to prevent progression of local-
ized myocardial infarction to global LV dysfunction by
arresting the infarct extension process.

Study limitations

Considerable caution must be employed in applying
the results from the present experiment in sheep to the
clinical scenario in humans. The need for immediate
glutaraldehyde fixation for quantitative histological
microstructural measurement precluded the assess-
ment of perfusion in the infarct region using dye or
microsphere injection; instead, coronary angiography
was used to confirm obtuse marginal artery occlusion,
and FAS was calculated to define regional systolic
function. A deeper understanding of myofiber and
sheet structure myocardial dynamics is currently being
explored in the present authors’ laboratory using
newly developed histological measuring techniques
and transmural fiber-sheet strain analytical methods
(35).

Significant shear strain perturbations were demon-
strated, not only adjacent to but also remote from, the
infarct. Although no molecular nor biochemical data
were measured, these findings emphasize the need for
further research regarding the cellular remodeling
processes triggered by mechanical strain alterations,
which might be important in the evolution into global
ischemic cardiomyopathy. Potential concern exists
regarding the effects of tissue injury on measured
strains caused by the insertion of the radiopaque bead-
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sets. Inert material (i.e., gold) was used for the beads;
furthermore, heart wall mechanical measurements,
using the current method, were similar compared to
other those obtained with non-invasive methods (19).
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Meeting discussion

DR. PRAVIN SHAH (Newport Beach, California,
USA): I compliment you on the elegance of your
study. Could you tell us about the time course of
the shear strain in the remote region? Did that
develop as quickly as the infarct was created? Did
you examine the time course itself?

DR. ALLEN CHENG (Stanford, California, USA):
Yes. Actually we have two studies, one acute and
one chronic. In the acute study we looked at the
shear strain pattern 1 minute after ischemia is
induced, and found that the shear strain perturba-
tion occurred only adjacent to the infarcted area -
we have not seen any shear strain pattern at a
remote site. We then looked at the shear strain pat-
tern again at one week - it occurred adjacent to the
infarct, but we also start to see a pattern of shear

strain at a remote site, but it is not yet significant.
But at eight weeks the shear strain pattern
becomes very significant at remote sites.

DR. THOMAS JOUDINAUD (Missoula,
Montana, USA): We have performed a similar
study in which we induced a posterior infarct by
percutaneous injection of pure ethanol. Then, at
eight weeks we used a molecular biology
approach to monitor endothelial nitric oxide syn-
thase (eNOS) production. This enzyme seemed to
be related with stretch, and in seven different areas
of the heart - anterior, posterior, lateral wall of
both ventricles - we found an upregulation of
eNOS. This increased nitric oxide production
seemed to correspond to the increased stretch in
your report.

DR. CHENG: Thank you for the comment.

DR. DANIEL LOISANCE (Creteil, France): You
seem to have perfect control of your model and of
the technology. Are you planning to place some
crystal markers on the papillary muscles or on the
valve itself?

DR. CHENG: Yes, we have another study planned
in which we will place many radiopaque markers
on the leaflet itself. In this way we can build a
finite element model of the leaflet, but we may also
consider putting radiopaque markers on the papil-
lary muscle.





