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Abstract

Background—Endoventricular patch plasty (Dor) is used to reduce left ventricular (LV) volume
after myocardial infarction (MI) and subsequent LV remodeling.

Methods and Results—End-diastolic and end-systolic pressure volume and Starling
relationships were measured and magnetic resonance (MRI) images with non-invasive tags used to
calculate 3D myocardial strain in six sheep 2 weeks before, and 2 and 6 weeks after the Dor
procedure. These experimental results were previously reported.

The imaging data from one sheep was incomplete. Animal specific finite element (FE) models
were created from the remaining five animals using MRI images and LV pressure obtained at
early diastolic filling. FE models were optimized using 3D strain and used to determine systolic
material properties, Tmax skinned-fiber» and diastolic and systolic stress in remote myocardium and
borderzone (BZ).

Six weeks after Dor procedure, end-diastolic and end-systolic stress in the BZ were substantially
reduced. However, although there was a slight increase in Tayx skinned-fiber in the BZ near the Ml
at 6 weeks, the change was not significant.

Conclusions—The Dor procedure decreases end-diastolic and end-systolic stress but fails to
improve contractility in the infarct BZ. Future work should focus on measures that will enhance
BZ function alone or in combination with surgical remodeling.
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Introduction

Initially described by Dor in 1989 1, endoventricular patch plasty (Dor procedure) is used to
reduce left ventricular (LV) volume after myocardial infarction (M) and subsequent LV
remodeling. Briefly, the infarct is incised and a purse-string suture (Fontan stitch) used to
reduce the circumference of the aneurysm “neck.” A patch of either autologous or synthetic
material is then sewn to the edge of the aneurysm neck thereby reducing LV volume. 1

The Dor procedure can be performed safely. 2: 3 However, the NIH-sponsored Surgical
Treatment for Ischemic Heart failure (STICH) trial recently found no difference in
composite outcome between coronary bypass (CABG) and CABG plus Dor procedure. 4
The authors speculated that improved systolic function was balanced by worsened diastolic
function. 4 On the other hand, even if pump function is not improved, the Dor procedure
may have important effects on stress, strain and contractility in the infarct borderzone (BZ).

It has been known since the mid 1980s that systolic function (systolic shortening and wall
thickening) is depressed in the non-ischemic infarct borderzone. ° It was initially thought
that reduced borderzone shortening was due to mechanical tethering (high systolic stress) by
the infarct. To better clarify the cause, we previously created a finite element model of the
LV that was based on magnetic resonance imaging (MRI) data obtained after anteroapical
Ml in sheep. 6: 7 Model output was optimized by comparing strain predicted by the model
with strain measured using MRI. Surprisingly, the finite element simulations showed that
BZ contractility was significantly depressed. Specifically, BZ contractility was found to be
50% of that in the remote uninfarcted myocardium. 6

It has been suggested that the Dor procedure reduces borderzone stress and strain and as a
consequence BZ contractility would improve. & The primary goal of the present study was,
therefore, to quantify the effect of the Dor procedure on BZ contractility and stress using
MRI based finite element models. We tested the hypothesis that the Dor procedure will
decrease diastolic and systolic stress and increase regional myocardial contractility in the
infarct BZ in sheep.

Material and Methods

Experimental Measurements

End-diastolic and end-systolic pressure volume and Starling relationships were measured ?
and magnetic resonance (MRI) images with non-invasive tags used to calculate 3D
myocardial strain 10 in six sheep 2 weeks before, and 2 and 6 weeks after the Dor procedure.
These experimental results were previously reported.

Specifically, an elliptical Dacron patch was fashioned so that the major and minor axes were
50% of the corresponding infarct neck on magnetic resonance imaging (MRI). An incision
was made in the apical infarct, and the transition between infarcted aneurysm and
uninfarcted myocardium was determined by inspection and palpation. The patch was
positioned parallel to the septum and sutured to the line of transition with interrupted 2-0
Ethibond Excel suture (Ethicon, Somerville, NJ). All dyskinetic portions of the anterior wall
and septum were excluded. °
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Previously reported end-diastolic and end-systolic pressures and volumes are seen in Table
1. 9 Representative long axis magnetic resonance imaging (MRI) images before and after
Dor procedure are seen in Figure 1. 10

FE Model—The imaging data from one sheep was incomplete. Animal specific finite
element (FE) models were created from the remaining five animals using MRI images and
LV pressure obtained at early diastolic filling. A flow chart of overall FE/material property
optimization method is seen in Figure 2.

The BZ infarct intersection was defined manually. The remote BZ intersection was defined
as the point where the wall thickness is 70% of the maximum wall thickness and the
intersection between intermediate BZ (BZ1) and BZ near M| (BZ2) was mid way between
the BZ infarct and remote BZ intersections.

From the LV contours, surface meshes were created to replicate the in-vivo geometry
(Rapidform, INUS Technology, Inc., Sunnyvale, CA). The spaces between the endocardium
and epicardium surfaces were filled with 8-noded brick elements, each with a single
integration point, to generate a volumetric mesh that is 3 element thick transmurally and has
a different material for each of the 4 regions (Truegrid, XYZ Scientific Applications, Inc.,
Livermore, CA). Representative surface and FE meshes are seen in Figure 3.

Cardiac myofiber angles of —37°, 23° and 83° were assigned at the epicardium, midwall and
endocardium, respectively, in the remote and borderzone regions 11. At the aneurysm region,
fiber angles were set to 0° in order to use experimentally determined aneurysm material
parameters with respect to this direction 12. Nodes at the LV base were only allowed to
move in the plane of the LV base and basal epicardial nodes were fixed. The LV endocardial
surface was loaded to the measured in-vivo end-diastolic and end-systolic LV pressures.

Material parameters—Passive 13 and active myocardial 1 material property laws (see
Appendix) were implemented using a user-defined material subroutine in the explicit FE
solver, LS-DYNA (Livermore Software Technology Corporation, Livermore, CA).

Diastolic materials parameters, b, b; and by, were set to the average optimized values for
sheep obtained previously from Walker et al. 7: bf = 49.25, by = 19.25, bg = 17.44. C in the
remote myocardium was determined so that the calculated end-diastolic LV volume matched
the measured value. For the Pre-Dor models, C in the aneurysm region was defined as 10
times stiffer than that in the remote. 1° The patch was assumed to be isotropic and made of a
very stiff material, with Young’s modulus = 10 GPa and Poisson’s ratio = 0.3.

The material constants for active contraction were found to be 16: Cagy = 4.35 umol/L,
(Cag)max = 4.35 umol/L, B =4.75 um™1, Iy = 1.58 um, m = 1.0489 sec um ™1, b = —1.429
sec, and Ig was set at 1.85 um, the sacromere length in the unloaded configuration. Based on
the biaxial stretching experiments 17 and FE analyses 7+ 18, cross-fiber, in-plane stress
equivalent to 40% of that along the myocardial fiber direction was added.

Material parameter optimization—The commercial FE optimization software, LS-OPT
(Livermore Software Technology Corporation, Livermore, CA), was used to find the
optimum systolic material properties in remote myocardium and the BZ. 1° FE simulations
were performed and the mean square errors (MSE) for all points were calculated. The MSE
is defined as the difference between the computed FE and experimental results (end-
diastolic and end-systolic volumes and strains).
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where n is the in-vivo strain point, N is the total number of in-vivo strain point, Ej; s is the
computed FE strains at each strain point, Vgp and Vgp are the computed FE end-diastolic
and end-systolic LV volumes, respectively. The overbar represents experimental in-vivo
measurements. Strain in the radial direction, E33, is excluded as it cannot be measured with
sufficiency accuracy with tagged MR images. 2%: 21 The goal of the optimization is to
minimize the MSE.

Since tagged MR images were acquired during systole, only systolic myocardial strains
could be determined. This meant that only systolic material parameters, Tmax_twitch i
remote (Tmax_twitch_R) and BZ regions (Tmax_twitch_intermediate @1 Tmax_twitch_nearm1), could
be optimized. Tmax twitch iN the aneurysm region was set to zero as the coronary ligations
were permanently put in place to create dyskinetic infarcts. Initial ranges for Tnax r Were
between 0.1 and 1000.0 kPa, and between 0.1 and 500.0 kPa for Tax g. -

Statistical analysis—All values are expressed as mean * standard deviation (SD) and
compared by repeated measures analysis using a mixed model to test for both fixed and
random effects. We performed the analysis using SAS PROC MIXED (SAS system for
Windows Version 9.1, SAS Institute, Cary, NC) which uses a maximum likelihood or
restricted maximum likelihood estimation technique as opposed to ordinary least squares. As
a consequence, subjects with missing data were not automatically deleted from the analysis.
Also, variables can be either continuous or categorical and relationships between the
variables can be linear or curvilinear since the mixed model does not assume a normal
distribution. 22 The statistical model was as follows:

=Time+Zone+T

max- twitch,Difference max_ twitch,Pre—operative (2)

where Difference = difference between pre- and post-operative values, Zone is the different
regions (remote and 2 separate BZ regions). As can be seen, the difference between pre- and
post-treatment strain was used as the dependent variable and absolute pre-treatment strain
was used as a covariate. 23 A similar statistical model was use to determine changes in fiber
stress. The statistical significance of individual group comparisons was tested using the
Student t test. Due to the large number of between Zone comparisons, no multiple-
comparison corrections were applied. Significance was set at p less than 0.05.

All 5 infarcted sheep survived the Dor procedure and completed the entire protocol. Weight
loss was minimal. Previously reported LV pressure and volume from these same animals are
shown in Table 1. 9: 1 Two weeks postoperatively, the Dor procedure had a significant
effect on end-diastolic pressure (P <.0475) and volume (P < .0027) and end-systolic volume
(P < .0260). Six weeks postoperatively, the Dor procedure had a significant effect on end-
diastolic (P < .0119) and end-systolic volume (P <.0072) and ejection fraction (P < .0058).
There was no trend toward re-dilation: no significant difference in end-diastolic volume (P
= .560) or end-systolic volume (P = .801) between 2 and 6 weeks after the Dor procedure.
10
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The reliability of the predictions from the 5 models was tested with a mesh convergence
study to find the minimum number of elements needed to produce accurate results within the
fastest computation time. The mesh convergence study determined that 2496 elements are
required and further mesh refinement only results in a 1% change in strain prediction.

Figure 4 shows how MSE (normalized to MSE at iteration = 0) changes during the
optimization. Table 2 documents the close agreement between measured and predicted
circumferential strains and LV volume.

Figure 5 shows the effect of the Dor procedure on the optimum systolic material property.
Panel A includes Tpay twitch 9enerated by the optimization routine. In panel B, values have
been corrected so that they correspond to results of skinned fiber preparation

(Tmax skinned-fier; Equation 5). Note the decrease in Tyax skinned-fiber iN remote myocardium,
intermediate BZ and BZ near the MI (24.4, 73.9 and 78.5% respectively) 2 weeks after Dor.
There was a slight increase in Tyax skinned-fiber in the BZ near the Ml at 6 weeks but the
change was not significant.

Figure 6 shows the effect of the Dor procedure on stress at end-diastole (A) and end-systole
(B). Pre-Dor and 2 week post-Dor midwall fiber stress at end-diastole were similar. Note the
decrease in midwall fiber stress at end-diastole in the intermediate BZ and BZ near the Ml
(56.0 and 60.1% respectively) between 2 and 6 weeks after Dor. Pre-Dor and 2 week post-
Dor fiber stress distributions at end-systole are shown in long-axis cross-sections (Fig. 7).

There was an overall reduction in midwall fiber stress at end-systole but only the decrease in
midwall fiber stress at end-systole in the BZ near the Ml (28.5%) between 2 and 6 weeks
after Dor was significant.

Discussion

The primary finding of this study is that the Dor procedure decreases end-diastolic and end-
systolic stress but fails to improve contractility in the infarct borderzone.

The STICH tial

The NIH-sponsored Surgical Treatment for Ischemic Heart failure (STICH) trial recently
found no difference in composite outcome between coronary bypass (CABG) and CABG
plus Dor procedure. 4 This corroborates previous mathematical simulation 24+ 25 and
animal studies 9 of the Dor procedure in which LV pump function failed to improve. In each
case, a shift to the left of the end-systolic pressure volume relationship (PVR) was balanced
or exceeded by a shift of the end-diastolic PVR. The resultant effect on pump function was
neutral 2. However, even if the effect of Dor procedure on pump function is neutral, the Dor
procedure might reduce borderzone stress and strain and as a consequence improve regional
BZ contractility. 8

Calculation of myocardial material properties with the inverse finite element method

Moulton and colleagues were the first to show that material properties of passive, diastolic
myocardium could be determined using the finite element method. 26 Moulton determined
material parameters by minimizing the least squares difference between FE model-predicted
and MRI-measured diastolic strain.

The gradient-free response surface optimization method (RSM) 27 used in this study
achieved good agreement between calculated and measured strain has significant
advantages. RSM has inherent noise-filtering properties 28 and should become popular for
biomechanical design applications where the response can be highly nonlinear.
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Interpretation of Ty ax

In our mathematical model for active stress development in ventricular muscle 14 29, T4, is
the isometric tension achieved at the longest sarcomere length and maximum peak
intracellular calcium concentration. An alternative approach to changing border zone
contractility using our mathematical model is to vary peak intracellular calcium
concentration (Cag). However, this also would change the shape of the active stress-
sarcomere length relationship. 14 For simplicity, we only allowed the regional values of Tpay
(and not Cag) to be optimized to best fit myocardial strain measurements.

Kentish et al have shown that maximal force developed by skinned rat ventricular trabeculae
at saturation levels of calcium concentration depends on sarcomere length. 39 In order to
remove this load dependence, we define our index of contractility, Trax, to be the maximal
stress developed at the highest calcium concentration and the longest sarcomere length. Our
stress-strain equations for systolic ventricular myocardium can accurately simulate the data
measured by Kentish et al from rat ventricular trabeculae before the muscle were skinned
with the detergent Triton X-100. 30

Contractility in the borderzone

As above, borderzone contractility is depressed after anteroapical MI. The cause is unclear
but is probably initiated by high stress and strain in the borderzone myocardium. High
systolic stress and positive strain in the BZ initiates myocyte apoptosis 31+ 32 and activation
of MMPs 2 and 9. 33: 34 Activated MMP2 has been shown to directly damage the
intracellular contractile proteins myocin light chain 1 and troponin I. 35 36

The LV wall is thin in the borderzone near to the infarct (BZ2). This is best seen in Figure 1.
Wall thickness is a predictor of functional recovery in hibernating myocardium 37: 38 and
that hibernating myocardium with an end-diastolic wall thickness less than 0.6 cm in
humans is unlikely to recover. 38 However, the myocardium in peri-infarct borderzone in
sheep has a normal blood supply. & Furthermore, contractile reserve in hibernating
myocardium is inversely correlated with interstitial fibrosis 3 and, with the exception of a
rim of borderzone immediately adjacent to the infarct, the infarct borderzone in sheep does
not have increased interstitial fibrosis. For these reasons we believe that it is very reasonable
to continue to look for medical and surgical therapies that increase BZ function.

In spite of stress reduction, our finite element-based calculations show that borderzone
contractility is not improved after Dor procedure. We thought that 6 week post Dor would
be sufficient for BZ recovery. However, long term observation after Dor procedure in this
animal model may be necessary.

We tested the hypothesis that enhanced BZ contractility after Dor would improve LV
function. Specifically, the Sheep 50 finite element model was re-run with Tyax gz =
Trmax,Remote- Sheep 50 is illustrious since it was the animal with the lowest cardiac output
after Dor. Figure 8 shows the effect of enhanced BZ contractility on Egg and Starling’s law
in Sheep 50. Note the significant increase in stroke volume at given LV pressure at end
diastole.

Contractility in the remote myocardium

In our first finite element modeling study of border zone contractility ® we did not allow
Tmax in the remote region to vary. Instead, we set T, = 81.4 kPa in the remote region at the
end of isovolumic contraction and varied T in the border zone region until our model
simulation was able to reproduce experimentally observed stretching of border zone fibers
during isovolumic systole. 40 Since in the present study we also had measurements of strain

J Thorac Cardiovasc Surg. Author manuscript; available in PMC 2011 July 1.
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in the remote region, we allowed the value of T in the remote region to be optimized as
well in order to best fit these strain measurements. It is somewhat surprising that Tpay in the
remote region decreases significantly due to the Dor procedure.

Stress reduction

Limitations

A reduction in systolic border-zone stress may stop or reduce non-ischemic infarct extension
(NITE)—a process in which normally perfused segments adjacent to the infarct increase in
size over time in response to high systolic stress. 8 41 Our finite element-based calculations
show that end-diastolic and end-systolic fiber stress is decreased in the border-zone after
Dor procedure.

However, the amount of stress reduction necessary to halt or reverse NIIE in the infarct BZ
is unknown. In a recent study, Moustakidis and coworkers reported that peak systolic stress
(circumferential) in normal sheep was approx 12 kPa (see figure 4A). 42 It should be noted
that the Dor procedure, which reduces end-systolic fiber stress to 31.1, 17.6, and 21.2 kPa in
the remote, intermediate BZ and BZ near to the MI, does not succeed in ‘normalizing’
stress. Further evaluation of end-systolic and end-diastolic stress levels in normal sheep
using the methods employed in this study may be warranted.

The primary limitation of the present study is the limited spatial resolution associated with
our MR image acquisition. In several of our experiments we acquired tagged short-axis
images that were separated by 1 cm. Since the long-axis length of repaired LVs were
significantly less than those of the other LVs, strain comparisons could be made only in the
short-axis slices 1-4 cm below the valves. Moreover, the border zone in the anterior LV wall
was contained within the latter slice but the other border zone regions were located below it.
Thus, it is not entirely accurate to label all LV regions in the short-axis slice 4 cm below the
valves as border zone regions.

Conclusions and Future Directions

The Dor procedure decreases end-diastolic and end-systolic stress but fails to improve
contractility in the infarct borderzone. Future work should focus on measures that will
enhance borderzone function alone or in combination with surgical remodeling.
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Diastolic constituitive relationship (material property law)

The passive myocardium was described by a strain energy function, W, that is transversely
isotropic with respect to the local fiber direction,

W= (exphrEh o (BB B B b (B B BB _ 1)
2 (3)

where C, b, by and by are diastolic myocardial material parameters. Eq4 is strain in fiber
direction, Ey, is cross-fiber in-plane strain, Es3 is radial strain transverse to the fiber
direction, and the rest are shear strains.
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Systolic constituitive relationship

Systolic contraction was modeled as the sum of the passive stress derived from the strain
energy function and an active fiber directional component, T, which is a function of time, t,
peak intracellular calcium concentration, Cag, sacromere length, I, and maximum isometric
tension achieved at the longest sacromere length, Tpax 4,

SZPJC71+2J72/3D6V %_g] +To {t, Cap, I, Tax}

(4)

where S is the second Piola-Kirchoff stress tensor, p is the hydrostatic pressure introduced as
the Lagrange multiplier needed to ensure incompressibility and was calculated from the bulk
modulus of water, J is the Jacobian of the deformation gradient tensor, C is the right

Cauchy-Green deformation tensor, Dev is the deviatoric projection operator and yy is the
deviatoric contribution of the strain energy function, W (Equation 3).

The modified Hill equation is used to describe the sigmoidal relation between active tension
and calcium concentration in skinned cardiac muscle.

Ca?
To= Tmax, skinned—fiber = - n
Cay+ECayg,

To describe the effect of twitch duration, Tozeren and colleagues suggested scaling the
modified Hill equation with an internal variable, Cy, 43 as follows:

To=T, _Ca__
0= 1 max,twitch 73 7y
X,twi Ca8+ECa;0
—1{1 _ cnc 0.25
where C,—2(1 cos | ~ e E[1+1+b+l)ﬂ) ©

and m and b are constants. n is assumed to be 2. Note also that:

Tmax,skinned—ﬁber:Tmax,twitchct (7)

The length-dependent calcium sensitivity, ECasg, was determined by Guccione et al 14 to
be:

(CGO)max
\/exp[B(lR\/2 Ev+l - Do) - 1

ECG50=

(8)

where B is a constant, (Cag)max is the maximum peak intracellular calcium concentration, |y
is the sarcomere length at which no active tension develops and I is the stress-free
sarcomere length.
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Figure 1.
Long axis MR images (A) post-MI and (B) 2 weeks post-Dor in sheep. MI=dykinetic
infarct; Sl=septal infarct. All images were obtained at end-systole.
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Figure 2.

Flow chart of finite element/ material property optimization method.
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Figure 3.

Finite element model of the LV with anteroapical MI. Animal specific contours were
generated from MRI (A). Solid mesh (B) was broken into four regions (green = remote,
brown = BZ1 (intermediate), red = BZ2 (near Ml), blue = MI) defined by wall thickness.
Long-axis cross-section (C) at end-systole six-weeks post-Dor in a typical sheep (yellow =
patch).
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Figure 4.
Convergence of MSE during the optimization. MSE values are normalized to the starting
MSE value for comparison.
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Figure 5.

Calculated systolic material property, Tmax, after the Dor procedure. Panel A shows

Tmax twitch 9enerated by the optimization routine. In panel B, values have been corrected so
that they correspond to results of a skinned fiber preparation (Tmax skinned-fibers Equation 5).
Note the decrease in Tpax in the infarct BZ. Also, there is an increase in BZ Ty,  at 6 weeks
but the change was not significant. Data is presented as mean + standard deviation. * = p <
0.05
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Figure 6.

Effect of Dor procedure on fiber stress at end-diastole (A) and end-systole (B). Note the
decrease in fiber stress in the infarct BZ. There was an overall effect of time and region but
the change in BZ 2 was not significant. Data is presented as mean + standard deviation. * =
p <0.05
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Figure 7.

Effect of Dor procedure on longitudinal and transmural distributions of end-systolic
myofiber stress pre-Dor (left) and six-weeks post-Dor (right) in a typical sheep (corresponds
to Fig. 3c). Fringe levels are in units of hPa = 0.1 kPa = 0.1 mN/mm?. Note that stress
concentrations (green surrounded by blue) in the subendocardium of the infarct BZ pre-Dor
still remain six-weeks post-Dor. Additionally, wall thickening in the remote region six-
weeks post-Dor is much greater than that pre-Dor. Finally, note that the end-systolic
myocardial material properties are different between these two states separated by six
weeks.
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Figure 8.

Effect of enhanced BZ contractility after Dor in Sheep 50 on end systolic elastance, Egs and
Starlings law. Results were obtained by re-running the finite element analysis with

Tmax, twitch in the BZ equal to that in the remote. LV = left ventricle, ED = end-diastole, ES
= end-systole.
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Effect of Dor procedure on LV pressure and volume. Values are mean * standard deviation. LVP = left

Table 1

Page 22

ventricular pressure; EDV = end-diastolic volume; ESV = end-systolic volume; SV = stoke volume; EF =

ejection fraction

Pre-Dor Two weeks Post-Dor  Six weeks Post-Dor
LVP atED (mmHg) 8.9+5.5 17.545.6" 10.543.9
LVP at ES (mmHg)  96.2423.2  105.7+20.0 123.2+19.4
EDV (mL) 161.6+37.1 104.1%29.2" 101.3+22.2"
ESV (mL) 130.1£36.0  68.0£29.5” 66.3+14.3"
SV (mL) 315+94  31.9+139 35.0+10.8
EF (%) 20681  33.011.0 34.4x7.1%

*
P < 0.05 two and six week Dor versus pre-Dor.

TP < 0.05 two week Dor versus six week Dor.
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Comparison between experimentally measured and finite element predicted volume and circumferential strain.

Values are mean + standard deviation. LV = left ventricle, ED = end-diastole, ES = end-systole, BZ =

borderzone

Experiment Simulation
LV Volume @ ED [ml] 94.3+25.1 94.2425.1
LV Volume @ ES [ml] 73.6+26.0 75.6+27.5

Circumferential Strain
@ Base —0.091+0.041 | —0.067+0.029
@ Remote —0.114+0.037 | —0.108+0.046
@Bz —0.030+0.015 | —0.033+0.026
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