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RFollowing myocardial infarction, the mechanical properties of the healing infarct are an important determinant
of heart function and the risk of progression to heart failure. In particular, mechanical anisotropy (having differ-
ent mechanical properties in different directions) in the healing infarct can preserve pump function of the
heart. Based on reports of different collagen structures and mechanical properties in various animal models,
we hypothesized that differences in infarct size, shape, and/or location produce different patterns of mechanical
stretch that guide evolving collagen fiber structure. We tested the effects of infarct shape and location using a
combined experimental and computational approach. We studied mechanics and collagen fiber structure in
cryoinfarcts in 53 Sprague–Dawley rats and found that regardless of shape or orientation, cryoinfarcts near the
equator of the left ventricle stretched primarily in the circumferential direction and developed circumferentially
aligned collagen, while infarcts at the apex stretched similarly in the circumferential and longitudinal direction
and developed randomly oriented collagen. In a computational model of infarct healing, an effect of mechanical
stretch on fibroblast and collagen alignment was required to reproduce the experimental results. We conclude
thatmechanical environment determines collagen fiber structure in healingmyocardial infarcts. Our results sug-
gest that emerging post-infarction therapies that alter regional mechanics will also alter infarct collagen struc-
ture, offering both potential risks and novel therapeutic opportunities.

© 2012 Published by Elsevier Ltd.
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1. Introduction

Oncemyocardium dies during a heart attack, it is gradually replaced
by scar tissue over the course of several weeks. The mechanical proper-
ties of the healing scar are a critical determinant of both depression of
pump function and the eventual transition to heart failure [1]. Over a
decade ago, we reported that infarcts resulting from ligation of an ob-
tuse marginal branch of the left circumflex (LCx) coronary artery in
pigs develop a structurally andmechanically anisotropic scar containing
highly aligned, circumferentially oriented collagen fibers [2,3]. Consid-
ering similar reports of structural [4] and mechanical [5] anisotropy in
healing canine and ovine infarcts, we were very surprised to find re-
cently that infarcts resulting from ligation of the left coronary artery
in rats develop isotropic scars containing randomly aligned collagen [6].

We recently showed that infarct anisotropy, not just overall stiffness,
is an important determinant of left ventricular function in a computa-
tional model of the infarcted left ventricle [7]. Therefore, understanding
what determines collagen fiber structure in healing infarcts has poten-
tially important therapeutic applications. The infarcts we studied in
pigs and rats differed in size, shape, location, and mechanical
83

84

85
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2.012
environment. Ligating an obtuse marginal of the LCx in the pig creates
relatively small, elliptical infarcts oriented longitudinally on the left ven-
tricle (LV) that do not involve the apex; these infarcts stretch circumfer-
entially during healing [8]. By contrast, coronary ligation in the rat
generates large, circular infarcts involving most of the lower half of the
LV; these infarcts stretch both circumferentially and longitudinally [6].
We hypothesized that differences in infarct size, shape, and/or location
produce different patterns of mechanical stretch, which then guide the
evolving collagen fiber structure. In the present study, we used a com-
bined experimental and computational approach to test the effects of in-
farct shape and location. We created an experimental model where we
could vary infarct shape and location independently in rats using custom
liquid-nitrogen-cooled cryoprobeswith different tips, and examined the
impact of infarct shape and location on regional mechanics and healing
infarct structure. Then, we utilized a computational model of infarct
healing to test whether a direct effect of regional mechanics on the ori-
entation of fibroblasts and the collagen fibers they deposit could explain
the collagen fiber structures we observed in healing cryoinfarcts.

2. Methods

2.1. Study and cryoprobe design

In order to vary infarct shape and location, we created custom
cryoprobes consisting of hollow stainless steel tubes (Fig. 1; 3.75 in.
ine collagen fiber structure in healing myocardial infarcts, J Mol Cell
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Fig. 1. Cryoinfarct methods and study design. A, Hollow steel cylinders fitted with rectangular (6.2 mm×1.7 mm) or circular (6.4 mm diameter) porous stainless steel tips and filled
with liquid nitrogen provided a tip temperature of−100 °C for 1 min. B, C 45 s of contact with the heart surface produced nearly transmural elliptical (B, rectangular tip) or circular
(C, circular tip) infarcts as shown by picrosirius red staining 3 weeks later; V-shaped notch in (B) and missing corners in both sections were introduced to track orientation during
processing. Scale bars indicate 1 mm. D The study compared circular cryoinfarcts at two different locations (apex, A; mid-ventricular anterior wall, M) as well as cryoinfarcts with
different shapes and orientations at a single mid-ventricular location on the anterior wall (circle, M; longitudinally oriented ellipse, LE; circumferentially oriented ellipse, CE). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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long, 0.5 in. inner diameter, 0.031 in. wall thickness) fitted with po-
rous stainless steel tips (316L, Mott Corporation, Farmington, CT;
rectangular tip dimensions, 6.2 mm×1.7 mm; circular tip 6.4 mm di-
ameter). When filled with liquid nitrogen, evaporation held the probe
tip temperature at−100 °C for at least 1 min. To test the impact of in-
farct location, we created circular cryoinfarcts at the apex (A) and on
the anterior wall at the mid-ventricle (M, Fig. 1). To test the impact of
infarct shape, we created circular (M), longitudinally oriented ellipti-
cal (LE), and circumferentially oriented elliptical (CE) cryoinfarcts on
the anterior wall at the mid-ventricle (Fig. 1). We performed acute,
nonsurvival studies to measure the effect of cryoinfarction shape
and location on infarct mechanics and parallel survival studies to
measure the effect of cryoinfarction shape and location on infarct col-
lagen structure at 3 weeks.

2.2. Surgical protocols

The University of Virginia Animal Care and Use Committee ap-
proved all studies. To assess the impact of infarct shape and location
on regional mechanics, we created acute cryoinfarcts in 30 adult
male Sprague–Dawley rats weighing 397±64 g (M n=7; LE n=7;
CE n=6; A n=6; 4 acute deaths as a result of the infarction proce-
dure). Following anesthesia with isoflurane in 100% O2 (5.0% induc-
tion, 2.5% maintenance) and intubation via tracheotomy, we
established positive-pressure ventilation and opened the chest via
midline sternotomy. We created cryoinfarcts by application of the
custom cryoprobes to the heart surface for 45 s, then sewed seven
sonomicrometer crystals (Sonometrics, London, Ontario, Canada) to
the epicardial surface of the LV for real-time measurement of base-
apex (BA) and anterior–posterior (AP) distances as well as circumfer-
ential and longitudinal segment lengths within the infarct region (ac-
quisition at 312 Hz using SonoLAB software, Sonometrics). A Millar
SP-671 pressure transducer (Millar Instruments, Houston, Texas)
inserted into the LV cavity through the anterior wall measured LV
pressure. Temporary occlusions of the inferior vena cava (IVC) and
aorta (Ao) performed 45 min after infarction allowed assessment of
LV pump function and infarct mechanics over a range of loading con-
ditions. For comparison, we report here regional mechanics following
coronary ligation in 6 rats measured using the same methods and
reported previously [6]. Following cardiac arrest by retrograde aortic
perfusion with cold 2,3-butanedione monoxime (BDM, Sigma
Please cite this article as: Fomovsky GM, et al, Regional mechanics determ
Cardiol (2012), doi:10.1016/j.yjmcc.2012.02.012
E
D
 PBiochemicals, St. Louis, MO) in phosphate-buffered saline (PBS), we

assessed transmural penetration of the cryoinjury by incubating
short-axis slices of the LV for 15 min at 37 °C in 0.1% Nitroblue Tetra-
zolium (NBT) in 0.1 M Sorensen's Phosphate Buffer.

To assess the impact of infarct shape and location on collagen fiber
structure in healing infarct scars, we created cryoinfarcts in 52 adult
male Sprague–Dawley rats weighing 344±24 g (M n=6; LE n=7;
CE n=7; A n=7; 25 perioperative deaths, with an unexpectedly
high mortality rate of >70% in the M group). Following anesthesia
with an intraperitoneal injection of ketamine (80 mg/kg) and xyla-
zine (5 mg/kg), intubation, and establishment of positive-pressure
ventilation with room air, we performed a left thoracotomy, opened
the pericardium, and applied a cryoprobe to the LV surface for 45 s;
we sprayed sterile, room-temperature saline onto the tip of the cryo-
probe to facilitate its detachment from the epicardial surface. We
then closed the chest in layers, injected bupivacaine (2.5 mg/kg)
near the incision site and administered subcutaneous buprenorphine
(0.05 mg/kg) for postoperative pain, with additional injections of
buprenorphine every 12 h for the first 48 h. Three weeks after cryoin-
farction, we harvested hearts under deep anesthesia for histological
analysis of scar collagen fiber structure as outlined below.

2.3. Regional strain analysis

Using custom algorithms written in MATLAB (v7.0, The Math-
works, Natick, MA), we computed LV volumes and infarct strains
from sonomicrometry as follows. Assuming the rat left ventricle is a
truncated ellipse with circular cross-section, we calculated the vol-
ume enclosed by the epicardial surface from anterior–posterior (AP)
and base-apex (BA) segment lengths as: (derived in Holmes 2004
[9] based on Eq. (20) in Streeter and Hanna 1973 [10])

V ¼ 1:125 π=6ð ÞAP2 BA ð1Þ

We measured LV mass post-mortem in each animal, computed
wall volume assuming a myocardial density of 1.06 g/cm3, and sub-
tracted wall volume from epicardial volume to obtain cavity volume
[9]. We used computed cavity volumes and measured pressures to
identify end diastole (ED) as the point immediately preceding the
sharp rise in pressure and end systole (ES) as the point of maximal
elastance [9].
ine collagen fiber structure in healing myocardial infarcts, J Mol Cell
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Fig. 2. Acute regional mechanics following cryoinfarction. Acute cryoinfarcts
located near the equator on the anterior wall of the LV all stretched uniaxially in the
circumferential direction, regardless of shape (CE, LE, M). By contrast, acute circular
cryoinfarcts that involved the LV apex (A) stretched significantly in both the circumfer-
ential and longitudinal directions, similar to acute infarcts created by coronary
ligation (lig). CE—circumferentially oriented, elliptical cryoinfarct at the midventricle;
LE—longitudinally oriented, elliptical cryoinfarct at the midventricle; M—circular
cryoinfarct at the midventricle on the anterior wall; A—circular cryoinfarct at the
apex; lig—coronary ligation.
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We computed strains reflecting regional deformation in the infarct
region between ED and ES from segment lengths measured by sono-
micrometry as described previously by Villarreal et al. [11]. Assuming
that strain is locally homogeneous, the Lagrangian strain tensor E de-
scribes how a vector dX oriented in any direction will deform.
Changes in the length of that vector can be computed from:

ds2−dS2 ¼ dXT E dX; ð2Þ

where ds2 is the squared deformed segment length and dS2 is the
squared undeformed length. The four crystals sewed to the epicardial
surface of the infarct provided up to six segment lengths at each time
point (a minimum of three are needed to compute two-dimensional
strains), and digitizing the positions of the crystals from images
taken in the relaxed, arrested state immediately following the study
provided the orientation of each segment relative to the circumferen-
tial and longitudinal directions on the heart. Given ds2, dS2, and dX
values for at least three segments, solving Eq. (2) for E yielded cir-
cumferential (ECC), longitudinal (ELL), and shear strain (ELC) compo-
nents. Reported values represent averages over 3–5 consecutive
heart beats.

2.4. Histology and structural analysis

Following arrest, we dissected 3-week scars, fixed them unloaded
in 3.7% formaldehyde in phosphate-buffered saline (PBS), embedded
them in paraffin, sectioned them parallel to the epicardial surface at
7 μm thickness, stained them with picrosirius red (PSR), and quanti-
fied collagen orientation using polarized light methods modified
fromWhittaker [12] and described in detail in our recent report of in-
farct structure following coronary ligation in the rat [6]. Briefly, digital
image subtraction of bright-field from circularly polarized images iso-
lates collagen, the only tissue component that is bright under polar-
ized light but dark red under brightfield illumination of PSR-stained
sections, and automated analysis of the resulting image provides a
histogram of collagen fiber orientation for each image.

Applying a cryoprobe to the epicardial surface of a beating heart
produced conical cryoinfarcts, largest at the epicardial surface, with
the tip just reaching the endocardial surface. To minimize confound-
ing effects of transmural variations in mechanics, healing, and struc-
ture, we analyzed sections 30% of the distance from epicardium to
endocardium in all animals. For each section, we selected 10 fields
at 10× magnification (0.48×0.36 mm region of the section) using a
standardized sampling grid and averaged the resulting orientation
histograms to obtain a single histogram for each scar. We utilized cir-
cular statistics for analysis, representing angles as unit vectors and
performing averaging and other calculations on vector components
[13]. We tested for the presence of significant alignment by testing
whether the dot products of a group of vectors with their mean vector
were different from 0 by a one-sample t-test [14].

2.5. Computational model

Motivated by previous work using agent-based models to explore
the role of chemotaxis in skin wound healing [15], we created an
agent-based model of fibroblast migration and collagen deposition
in healing infarcts. The computational model represented fibroblasts
as individual disk-shaped “agents” that were free to move about a
2-dimensional spatial domain. We represented infarcts as regions ini-
tially free of fibroblasts but generating chemokines reflecting inflam-
mation that attracted fibroblasts into the infarct from the surrounding
myocardium. Fibroblasts migrated, proliferated, and degraded matrix
at rates proportional to local chemokine concentration and under-
went apoptosis when they reached a finite lifetime. For each cell,
at each time step, a weighted vector average of the directional
cues in the local environment – stretch (mechanotaxis), chemokine
Please cite this article as: Fomovsky GM, et al, Regional mechanics determ
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concentration gradient (chemotaxis), fiber structure (contact guid-
ance), and current cell direction (persistence) – provided a resultant
vector that guided migration, the orientation of newly deposited col-
lagen fibers, and rotation of existing collagen fibers by that cell. The
model contained a total of 19 variable parameters; 9 were specified
directly from published in vitro studies on fibroblasts and 5 were de-
termined by simulating published experiments. Migration parame-
ters were chosen to match published in vitro migration data in
collagen gels with varying matrix alignment [16]. The initial collagen
content and matrix alignment were assumed to be the same as that
measured in healthy rat myocardium, and the rates of collagen depo-
sition and degradation were chosen to match collagen-content vs.
time data from Fomovsky [6]. Of the remaining 5 parameters not di-
rectly available from literature, only 3 affected model predictions of
collagen alignment: the weighting factors for the contributions of me-
chanical and chemical cues, which were set equal to the weighting
factor for contact guidance, and the rate of collagen fiber rotation,
which was estimated from our own measurements of the rate of col-
lagen gel compaction by cardiac fibroblasts. Using this model, we ex-
amined the effects of infarct shape, pre-existing extracellular matrix
orientation, and mechanical stretch on scar collagen fiber structure
at 3 weeks of simulated healing.

3. Results

3.1. Effect of infarct shape and location on regional mechanics

Regional systolic deformation varied with location on the LV, and
was independent of the shape of the infarcted region (Fig. 2). Acute
cryoinfarcts located near the equator on the anterior wall of the LV
all stretched uniaxially in the circumferential direction, regardless of
shape (CE, LE, M); strains in these infarcts were similar to those we
reported previously in pigs [8]. By contrast, acute circular cryoinfarcts
that involved the LV apex (A) stretched significantly in both the cir-
cumferential and longitudinal directions, similar to acute infarcts cre-
ated by coronary ligation [6].

3.2. Effect of infarct shape and location on scar collagen structure

Collagen fiber alignment in 3-week cryoinfarct scars varied with
the location on the LV, and was independent of the shape of the in-
farcted region (Fig. 3, Table 1). Cryoinfarcts located near the equator
on the anterior wall of the LV all developed significant collagen fiber
ine collagen fiber structure in healing myocardial infarcts, J Mol Cell
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alignment in the circumferential direction (CE, LE, M), similar to the
circumferential alignment we reported previously in pigs [2,3]. By
contrast, circular cryoinfarcts that involved the LV apex (A) devel-
oped an isotropic collagen fiber structure, similar to 3-week scars
resulting from coronary ligation in the rat [6]. Thus, collagen fiber
structure correlated with the mechanical environment in healing in-
farct scars, rather than with infarct shape.

3.3. Computational model

The collagen fiber distribution predicted by the model agreed
closely with the measured distributions in the cryoinfarcts for all
groups (shown for LE in Fig. 4B). The influence of mechanical stretch
on fibroblast orientation was required for accurate predictions; when
the coefficient modulating sensitivity to mechanical stretch was set to
zero, predicted distributions fell outside one standard deviation of the
experimental data (Fig. 4B). By contrast, pre-existing matrix orienta-
tion and infarct shape were much less critical to matching the ob-
served distributions. The effect of the initial matrix alignment faded
with time in the simulations; by 3 weeks, predicted distributions
fell within one standard deviation of the measured distributions
whether the matrix in the infarct region was assumed to be initially
Table 1
scar size, morphology, and collagen area fraction. Morphologic and histologic analysis
of tissue sections at 30% transmural depth confirmed a major:minor axis ratio of ap-
proximately 2 in elliptical infarcts and provided information on the relative size and
collagen content of the various infarcts. *Data from Fomovsky [6]. All values reflect
mean±SD.

Ligation* M CE LE A

Area (mm2) 59.0±14.4 40.3±4.1 21.2±9.1 24.0±4.4 22.5±5.4
Axis ratio – 1.3±0.01 2.1±0.4 1.8±0.3 –

Collagen (%) 19.4±7.0 34.9±7.0 26.5±8.8 20.4±1.7 34.9±6.7

Please cite this article as: Fomovsky GM, et al, Regional mechanics determ
Cardiol (2012), doi:10.1016/j.yjmcc.2012.02.012
random, perfectly aligned in the circumferential direction, or (as
measured in healthy myocardium) somewhere in between (Fig. 4C).
Infarct shape did affect fibroblast migration into the model infarct
through chemokine gradients, consistent with prior models of che-
motaxis in healing skin wounds [15], but the overall impact on pre-
dicted structure was small compared to the effect of mechanics
(Fig. 4D), consistent with the experimental distributions shown in
Fig. 3.
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4. Discussion

We compared circular cryoinfarcts in two locations (apex, A, and
mid-ventricular, M) to test the effect of infarct location; and com-
pared circular (M), circumferentially-oriented (CE), and
longitudinally-oriented elliptical (LE) infarcts all in the same mid-
ventricular location to test the effect of infarct shape and orientation
relative to the pre-existing tissue architecture. We found that infarct
shape and orientation were irrelevant to both infarct mechanics and
scar structure; to our surprise, only infarct location mattered in
these experiments. Cryoinfarcts near the LV equator stretched pri-
marily in the circumferential direction and developed anisotropic
scars containing circumferentially aligned collagen fibers, just as we
had reported previously in pigs. Infarcts at the apex stretched in
both the circumferential and longitudinal directions, and developed
structurally isotropic scars, just as we reported following coronary li-
gation in the rat. In a computational model of infarct healing, regula-
tion of fibroblast and collagen fiber orientation by regional mechanics
was required to explain the collagen fiber structures observed in
healing cryoinfarcts, while contact guidance by pre-existing extracel-
lular matrix and effects of infarct shape on chemotactic gradients and
fibroblast migration could not explain the experimental results.
Taken together, these results suggest that mechanical environment
ine collagen fiber structure in healing myocardial infarcts, J Mol Cell
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guides collagen fiber structure in healing infarcts and that therapies
that perturb regional mechanics may also alter scar structure.

4.1. Collagen structure in healing myocardial infarcts

We report here that collagen fibers in mid-ventricular cryoinfarcts
in the rat are highly aligned in the circumferential direction, while col-
lagen fibers in apical cryoinfarcts are randomly aligned; we reported
recently that collagen fibers in large anteroapical infarcts resulting
from coronary ligation in rats are also randomly aligned. By contrast,
Whittaker [17] and Zhou et al. [18] reported high levels of collagen
fiber alignment following coronary ligation in the rat. The reason for
this apparent discrepancy is the choice of different sectioning planes
in these studies. As illustrated in Fig. 5, following coronary ligation in
the rat, collagen is organized in planes parallel to the epicardial surface,
but its orientation within each of these planes is random. When the
heart is cut into short-axis cross-sections and the collagen is viewed
in the circumferential–radial plane (Fig. 5A), it appears highly aligned
in the circumferential direction, because most collagen fibers are paral-
lel to the epicardial surface. However, when the same infarct is sec-
tioned parallel to the epicardial surface, the random orientation of
collagen fibers in the circumferential–longitudinal plane becomes ap-
parent (Fig. 5B). Interestingly, Zhou also found that mechanical unload-
ing of infarcted rat hearts by heterotopic transplantation decreased the
degree of alignment in the circumferential–radial plane [18], consistent
with the overall conclusions of the present study.

We focus on the circumferential–longitudinal plane in our studies
because the collagen fiber orientation in this plane determines the in
situ mechanics of the infarct and its effect on left ventricular function.
When the left ventricle is pressurized, the infarct is placed under ten-
sion in the circumferential and longitudinal directions and compres-
sion in the radial direction. Because collagen fibers contribute to
tissue mechanics only under tension (they buckle under compres-
sion), even fibers that are angled transmurally across the wall don't
contribute much to mechanics in the radial direction. By contrast,
Please cite this article as: Fomovsky GM, et al, Regional mechanics determ
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Ethe number of collagen fibers oriented in the circumferential vs. lon-
gitudinal directions in planes parallel to the epicardium, together
with the circumferential and longitudinal wall stresses acting on the
infarct, determines how much the infarct stretches in the circumfer-
ential and longitudinal directions, and this stretching (dyskinesis) is
the source of LV systolic dysfunction. The mechanics are similar to
other well-studied examples in cardiovascular mechanics; for exam-
ple, myofiber orientations in planes parallel to the epicardial surface
determine LV shape changes during filling [19,20], and the helix
angle of the collagen fiber weave in the arterial wall determines the
balance between circumferential and longitudinal expansion during
inflation [21].

We did not directly test the effects of infarct size in this study;
however, our results suggest that infarct size was not an important
determinant of mechanics or structure. Circular and elliptical cryoin-
farcts at the mid-ventricle had similar mechanics and structure de-
spite a two-fold difference in area (Table 1), and circular
cryoinfarcts at the apex and anteroapical infarcts resulting from coro-
nary ligation had similar mechanics and structure despite a 50% dif-
ference in area. We also observed substantial differences in collagen
area fraction in the different infarct groups (Table 1), but could not
identify a clear relationship between collagen area fraction and in-
farct size, shape, location, or mechanics.

4.2. Regulation of collagen alignment in healing myocardial infarcts

The regulation of collagen fiber orientation by mechanical envi-
ronment appears to be a general feature of wound healing in mechan-
ically loaded tissues. As examples, collagen fibers align along the
direction of applied tension in healing skin wounds but orient ran-
domly in the absence of applied tension [22,23], and hindlimb
unloading and joint immobilization affect the organization of collagen
fibers in healing ligaments [24–26]. Accordingly, many recognized
features of fibroblast biology could govern the alignment of collagen
fibers in healing myocardial infarcts. The data and simulations
ine collagen fiber structure in healing myocardial infarcts, J Mol Cell

http://dx.doi.org/10.1016/j.yjmcc.2012.02.012


O
R
R
E
C
T

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

Fig. 5. Effect of sectioning plane on apparent collagen orientation 3 weeks after coro-
nary ligation in the rat. A, Schematic showing location and orientation of sections. LV
was divided into 4 transverse rings, and the apical ring sectioned perpendicular to
the epicardium, starting from the basal side; dotted rectangle indicates approximate
region shown in panel B. The adjacent ring was sectioned parallel to the epicardial sur-
face, to provide another view of the same region of the infarct. B, Collagen is arranged
in planes parallel to the epicardial surface; in short-axis sections of the heart, it there-
fore appears highly aligned in the circumferential direction. C, Sections parallel to the
epicardial surface show the orientation of the collagen in the circumferential–longitu-
dinal plane; following coronary ligation, collagen fibers are oriented randomly in this
plane. Sections stained with picrosirius red and imaged through a 10× objective
under circularly polarized light. (For interpretation of the references to color in this fig-
ure legend, the reader is referred to the web version of this article.)

6 G.M. Fomovsky et al. / Journal of Molecular and Cellular Cardiology xxx (2012) xxx–xxx
U
N
C

presented here allow us to exclude some of those potential mecha-
nisms in the case of healing cryoinfarcts.

First, the inflammatory process in healingwounds generates chemo-
kines that attract migratory cells into the wound. MacDougall et al. pre-
dicted that wound shape could influence fibroblast migration patterns
and collagen fiber orientation in healing skinwounds through the effect
of wound shape on local chemokine gradients [15]. We studied three
groups of cryoinfarcts (M, CE, LE)with different shapes and orientations
but identical locations on the left ventricle (and therefore pre-existing
matrix) and mechanics. All three groups developed similar collagen
fiber structures (Fig. 3), suggesting little impact of infarct shape on col-
lagen fiber orientation. Model simulations predicted that infarct shape
does influence collagen structure in the healing infarct, but that the im-
pact of shape is minor compared to the effects of regional mechanics
and pre-existing matrix orientation (Fig. 4).

Second, the well-known phenomenon of contact guidance could
allow pre-existing extracellular matrix that survives the initial
Please cite this article as: Fomovsky GM, et al, Regional mechanics determ
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myocardial infarction to guide subsequent fibroblast migration, align-
ment, and collagen deposition [27]. Our model predicted that the in-
fluence of pre-existing matrix alignment decreases rapidly, so that by
3 weeks the model-predicted collagen fiber distribution fell within
one standard deviation of experimentally measured means regardless
of the initial degree of matrix alignment (random, perfectly aligned,
or matched to the level of collagen fiber alignment in noninfarcted
myocardium). We chose migration parameters for the model consis-
tent with the level of contact guidance measured by Dickinson et al.
in fibroblast-populated collagen gels [16]. Therefore, we conclude
from the model results that contact guidance at levels consistent
with published data is inadequate to explain the level of collagen
fiber alignment we observed in healing cryoinfarcts.

In vitro, fibroblasts can align with applied uniaxial tension [28],
rotate existing collagen fibers toward the cell axis [29,30], and deposit
collagen fibers aligned with the cell axis [31–33]. Our results suggest
that fibroblast-mediated alignment of collagen in response to me-
chanical cues is the most likely mechanism for the collagen fiber
alignment we observed in healing infarcts. Cryoinfarcts that stretched
primarily in the circumferential direction developed circumferen-
tially aligned collagen fibers regardless of shape or orientation rela-
tive to pre-existing tissue structure, while apical cryoinfarcts and
infarcts resulting from coronary ligation stretched in both the circum-
ferential and longitudinal directions and developed random collagen
fiber structures. In the computational model, an effect of mechanical
stretch on fibroblast alignment and subsequent collagen remodeling
and deposition were required in order to reproduce the collagen
fiber structures we observed in all cryoinfarct groups.

Two other mechanisms that can influence collagen alignment in
some settings were not investigated in this study. In engineered tis-
sues such as fibroblast-populated collagen gels, differential compac-
tion of existing collagen in the presence of anisotropic mechanical
boundary conditions can produce net collagen alignment, even with-
out new collagen synthesis [14,34–36]. While fibroblast-mediated
compaction likely plays an important role in healing skin wounds, it
is unclear whether it is an important feature of myocardial infarct
healing. Recently, Ruberti and colleagues reported that mechanical
stretch slows the rate of collagen fiber degradation by bacterial colla-
genase and MMP8 [37,38]. Their work suggests the intriguing possi-
bility that net collagen fiber alignment in the direction of greatest
stretch could evolve through continuing deposition of randomly
aligned collagen coupled with selective degradation of unstretched
fibers.

4.3. Mechanical regulation of collagen alignment: therapeutic implications

A number of post-infarction therapies currently under develop-
ment or already in clinical use alter patterns of mechanical stretch
in the healing infarct. Cardiac resynchronization therapy (CRT) is
often applied in patients with prior myocardial infarction and
changes the patterns of electrical activation and mechanical stretch
throughout the heart [39,40]. Peri-infarct pacing, a variant of CRT
with the explicit goal of altering deformation in the infarct, is already
in clinical trials [41]. Other therapies intended to alter infarct defor-
mation, such as polymer injection [42] and mechanical restraint
[43], are also under development. The most important implication
of our finding that mechanical stretch guides infarct structure is that
therapies that alter infarct mechanics will also alter infarct structure,
and should be designed and tested with attention to their long-term
effects on infarct healing.

Taken together with a recent modeling study, our results also sug-
gest that there is an opportunity to develop novel therapeutic inter-
ventions that guide evolving collagen fiber structure by controlling
the infarct mechanical environment during healing. Using a finite-
element model of large anteroapical infarcts in dogs, we found that
infarcts that are much stiffer in the longitudinal direction than in
ine collagen fiber structure in healing myocardial infarcts, J Mol Cell
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other directions provide better predicted pump function than infarcts
that are stiffer in the circumferential direction or isotropically stiff [7].
Yet to our knowledge no study has ever reported longitudinally
aligned collagen fibers in a healing infarct. Taken together, these
two results suggest that the infarct structure that develops normally
does not provide the best possible pump function, raising the possi-
bility that manipulating the evolving infarct structure could be a
novel approach to improving cardiac function following infarction.

4.4. Limitations and sources of error

We measured strains at the epicardial surface in anesthetized,
open-chest rats, so the magnitude of the strains reported here is fairly
small. However, the trends we observed regarding the isotropy or an-
isotropy of regional deformation are consistent with reported three-
dimensional strain measurements at comparable locations on the
heart in closed-chest patients and animals. As examples, we previous-
ly reported stretching in only the circumferential direction in 3-week
infarcts in closed-chest pigs using biplane cineradiography (midwall
ECC 0.07±0.08, ELL −0.03±0.05) [3], consistent with the strains
reported here for the LE group; Bogaert et al. reported strains mea-
sured with MRI tagging during the first week after infarction in pa-
tients with anterior MI and found circumferential and longitudinal
strains of similar magnitude at both the epicardium and endocardium
[44], consistent with the A group in this study; and using MRI tagging
in mice with large anterior infarcts, Young et al. reported strains of
similar magnitudes at the apex but more positive circumferential
strains at the mid-ventricle [45].

Because we measured strains only at the epicardial surface, we
might have missed transmural strain variations. However, three-
dimensional studies of infarct mechanics in larger animals have
shown that circumferential and longitudinal strains become transmu-
rally uniform within the first 5 min of ischemia [46] and remain trans-
murally uniform for at least 3 weeks [8], suggesting that transmural
strain variations are not a prominent feature of healing infarcts. Never-
theless, transmural strain variations could have been present in this
study because the cryoinfarcts are conical, decreasing in area from the
epicardium to the endocardium, which raises the possibility that pre-
served endocardium could influence mechanics in the inner wall.

Our structural measurements focused on a single transmural
depth of 30%. Consistent with mechanics studies showing little trans-
mural strain variation, our prior studies of healing pig [3] and rat [6]
infarcts showed only modest transmural variation in collagen content
and alignment. Due to the conical shape of the cryoinfarcts in the pre-
sent study, we were concerned that transmural variations could be
more significant in the present study. We therefore repeated our
structural analysis at 9 equally spaced transmural depths in the M
group and found that collagen content was uniform across the entire
wall, while mean collagen fiber angle remained near zero (circumfer-
ential) and degree of alignment uniform in the outer half of the wall,
before shifting toward the surrounding muscle fiber direction near
the endocardium.

We focused our strain measurements and structural analysis on
the center of the infarct region, intentionally avoiding the border
zone. While the structural transition and integration between the in-
farct and surrounding myocardium at the border is an important and
interesting problem, the mechanics of the border are complex, mak-
ing it much more difficult to directly measure gross deformation
and relate it to scar structure as we were able to do in the center of
the infarct. Finally, the mechanism of cell death and spatial uniformity
of damage differ between cryoinfarcts and ligation-induced infarcts,
although in other respects the cryoinfarcts are similar to reperfused
infarcts [47]. Nevertheless, we detected clear differences between
the mechanics of cryoinfarcts at the midventricle and the apex and
these differences led to striking differences in collagen fiber structure
at 3 weeks.
Please cite this article as: Fomovsky GM, et al, Regional mechanics determ
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5. Conclusions

We used a combined experimental and computational approach to
test the hypothesis that differences in infarct shape or location pro-
duce different patterns of mechanical stretch that guide evolving col-
lagen fiber structure.We found that regardless of shape or orientation,
cryoinfarcts near the equator of the rat ventricle stretched primarily in
the circumferential direction and developed circumferentially aligned
collagen, while infarcts at the apex stretched similarly in the circum-
ferential and longitudinal direction and developed randomly oriented
collagen. In a computational model of infarct healing, regulation of fi-
broblast and collagen fiber orientation by regional mechanics was re-
quired to reproduce the experimental results. We conclude that
mechanical environment determines collagen fiber structure in heal-
ing myocardial infarcts. Based on these results, we would expect
emerging post-infarction therapies that alter regional mechanics to
also alter infarct collagen structure, a potential risk of these therapies
that has not been considered. The ability to guide and predict evolving
infarct structure by altering regional mechanics may also present new
potential opportunities for therapeutic intervention.
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