
E
l
s
P
P
C
a

Zhang et al Cardiopulmonary Support and Physiology
brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 
ndoventricular patch plasty for dyskinetic anteroapical
eft ventricular aneurysm increases systolic circumferential
hortening in sheep

eng Zhang, MD, PhD,a,b Julius M. Guccione, PhD,a,b Susan I. Nicholas, MD,a Joseph C. Walker, PhD,c

hilip C. Crawford, CCP,a Amin Shamal, MD,b,d Gabriel Acevedo-Bolton, PhD,b,e Michael A. Guttman, MS,f

engizhan Ozturk, MD, PhD,f Elliot R. McVeigh, PhD,f David A. Saloner, PhD,b,e Arthur W. Wallace, MD, PhD,b,d
nd Mark B. Ratcliffe, MDa,b

O
s
i
c
u

M
i
b
w
a
i
t
n
w
t

R
w
r
2
L
n

C
s

U
f
r
s
l
R
p
w

t

CS
P

Supplemental material is avail-
able online.

From the Departments of Surgery,a Bio-
engineering,c Anesthesia,d and Radiology,e

University of California, San Francisco,
Calif; the Department of Veterans Affairs
Medical Center,b San Francisco, Calif; and
the Laboratory of Cardiac Energetics,f Na-
tional Institutes of Health, National Heart,
Lung and Blood Institute, Bethesda, Md.

This study was supported by National In-
stitutes of Health grant R01-HL-77921 (Dr
Guccione), Veterans Affairs Merit Review
(Dr Wallace), an award from the American
Heart Association (Mr Walker), and R01-
HL-63348 (Dr Ratcliffe).

Received for publication Oct 11, 2006; re-
visions received Feb 8, 2007; accepted for
publication March 14, 2007.

Address for reprints: Julius M. Guccione, PhD,
Division of Surgical Services (112D), San Fran-
cisco Veterans Affairs Medical Center, 4150
Clement St, San Francisco, CA 94121 (E-mail:
julius.guccione@med.va.gov).

J Thorac Cardiovasc Surg 2007;134:1017-24

0022-5223/$32.00

Copyright © 2007 by The American Asso-
ciation for Thoracic Surgery

See related editorial on page
844.
u
doi:10.1016/j.jtcvs.2007.03.060

T

bjective: Endoventricular patch plasty (Dor procedure) has gained favor as a
urgical treatment for heart failure associated with large anteroapical myocardial
nfarction. We tested the hypotheses that the Dor procedure increases systolic
ircumferential shortening and longitudinal shortening in noninfarcted left ventric-
lar regions in sheep.

ethods: In 6 male Dorsett sheep, the left anterior descending coronary artery and
ts second diagonal branch were ligated 40% of the distance from the apex to the
ase. Sixteen weeks after myocardial infarction, a Dor procedure was performed
ith a Dacron patch that was 50% of the infarct neck dimension. Two weeks before

nd 2 and 6 weeks after the Dor procedure, animals underwent magnetic resonance
maging with tissue tagging in multiple short-axis and long-axis slices. Fully
hree-dimensional strain analyses were performed. All 6 end-systolic strain compo-
ents were compared in regions 1 cm, 2 cm, 3 cm, and 4 cm below the valves, as
ell as in the anterior, posterior, and lateral left ventricular walls and the interven-

ricular septum.

esults: Circumferential shortening increased from before the Dor procedure to 6
eeks after repair in nearly every left ventricular region (13/16). The greatest

egional change in circumferential shortening was found in the equatorial region or
cm below the base and in the posterior wall (from 9.0% to 18.4%; P � .0001).
ongitudinal shortening increased 2 weeks after the Dor procedure but then returned
ear baseline by 6 weeks after the Dor procedure.

onclusion: The Dor procedure significantly increases systolic circumferential
hortening in nearly all noninfarcted left ventricular regions in sheep.

nsatisfactory results obtained with standard linear aneurysm repair stimu-
lated modifications of that operation. As a consequence, in 1989 Dor and
associates1 popularized patch aneurysmorrhaphy, which is performed as

ollows: The infarct is incised and a purse-string suture (Fontan stitch) used to
educe the circumference of the aneurysm “neck.” A patch of either autologous or
ynthetic material is then sewn to the edge of the aneurysm neck, thereby reducing
eft ventricular (LV) volume, and the septal infarct is “excluded” from LV pressure.1

esidual aneurysm wall is closed over the patch. Patch aneurysmorrhaphy, now
opularly referred to as the Dor procedure, was initially performed on the dilated LV
ith dyskinetic anteroapical myocardial infarction (MI).
Although studies document that the Dor procedure can be performed safely,2,3

he effect of the Dor procedure per se on regional LV systolic function remains

nknown. Many studies have documented an improvement in global LV systolic
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unction after surgical ventricular restoration (SVR). For
nstance, Tanoue and associates4 used cardiac catheteriza-
ion data and a single-beat method of end-systolic elastance
stimation, and Schreuder and colleagues5 used a conduc-
ance catheter to document an improvement in end-systolic
lastance after the Dor procedure in humans. However, we
elieve strongly that the mechanical effect of SVR oper-
tions depends on how the procedure affects both end-
ystolic and diastolic pressure–volume relationships and
ow those changes combine to affect ventricular function
s measured by the Starling relationship.6

The effect of the Dor procedure on postoperative func-
ion is further confounded because the Dor procedure is
sually performed with concomitant coronary artery bypass
rafting (CABG) and often with mitral valve repair.2 For
nstance, all of Tanoue’s patients4 and 7 of 9 patients in
chreuder’s study5 received CABGs, and the effect of im-
roved myocardial perfusion cannot be separated from the
ffect of the SVR procedure. This makes studies such as that
f Ribeiro and colleagues3 and the Surgical Treatment for
schemic Heart failure (STICH) trial,7 sponsored by the
ational Institutes of Health, of major importance.
Given these difficulties with human data, experimental

tudies in animals8,9 and mathematical simulations10,11 are
ritically important. The sheep model of anteroapical MI
as been of particular importance.12 For instance, we13

erformed Dor procedures in sheep after anteroapical (dys-
inetic) infarction. The Dor procedure achieved a 29%
eduction in LV volume. End-systolic elastance and dia-
tolic compliance shifted in parallel on the pressure-volume
iagram and the Starling relationship, subsequently, was not
ignificantly changed. The primary goal of the present study
as to quantify the effect of the Dor procedure on end-

ystolic deformation in noninfarcted LV regions in sheep.
e hypothesize that patch aneurysmorrhaphy in which the

nfarct “neck” is reduced by 50% will significantly increase
egional myocardial strain.

aterials and Methods
nimals used in this study were treated in compliance with the

Guide for the Care and Use of Laboratory Animals” prepared by

Abbreviations and Acronyms
CABG � coronary artery bypass grafting
LV � left ventricle(ular)
MI � myocardial infarction
MR � magnetic resonance
MRI � magnetic resonance image(ing)
STICH trial � Surgical Treatment for Ischemic Heart

failure trial
SVR � surgical ventricular restoration
he Institute of Laboratory Animal Resources, National Research t

018 The Journal of Thoracic and Cardiovascular Surgery ● Oct
ouncil, and published by the National Academy Press, revised
996.

yocardial Infarction
nteroapical MIs were created in 6 adult sheep as previously
escribed.12 In brief, castrated male Dorsett sheep were anesthe-
ized (ketamine, 33 mg/kg, intramuscularly; isoflurane mainte-
ance, 2%-4% inspired) and their lungs were mechanically venti-
ated (tidal volume 15 mL/kg; model 309-0612-800; Ohio Medical
roducts, Madison, Wis). During a left thoracotomy, ligatures
ere placed around the left anterior descending and its second
iagonal branch at a point 40% of the distance from the apex to the
ase and sequentially tightened, causing an anteroapical MI. When
resent, branches of the posterior descending artery, which also
upply this region, were ligated 20% of the distance from the apex
o the base. After the thoracotomy was closed, the sheep recovered
rom anesthesia.

or Procedure
ixteen weeks after MI, a partial lower sternotomy was performed
ith the sheep under general anesthesia. Pericardial adhesions were
ivided. The right femoral artery and inferior vena cava were cannu-
ated to establish cardiopulmonary bypass (Sarns roller blood pump;
arns, Inc, Ann Arbor, Mich; and model 541 Medtronic Affinity NT
ollow-fiber oxygenator; Medtronic, Inc, Minnianapolis, Minn). The
rocedure was performed with the LV warm and beating. An ellip-
ical Dacron patch was fashioned so that the major and minor axes
ere 50% of the corresponding infarct neck on magnetic reso-
ance imaging (MRI). An incision was made in the apical infarct,
nd the transition between infarcted aneurysm and uninfarcted
yocardium was determined by inspection and palpation. The

atch was positioned parallel to the septum and sutured to the line
f transition with interrupted 2-0 Ethibond Excel suture (Ethicon,
nc, Somerville, NJ). All dyskinetic portions of the anterior wall
nd septum were excluded. The LV incision was closed in an
dge-to-edge fashion with running 3-0 Prolene suture (Ethicon).
ypass was discontinued, the sternotomy was closed, and the

heep recovered from anesthesia.

ata Collection
agged MRIs in orthogonal short- and long-axis planes were
btained from sheep 2 weeks before, 2 weeks after, and 6 weeks
fter the Dor procedure. Before MRI scan, the sheep were anes-
hetized and intubated as described immediately above. Nonferro-
agnetic transducer-tipped pressure catheters (model SPC-350;
illar Instruments, Inc., Houston, Tex) were placed in the left and

ight ventricles via the right common carotid artery and jugular
ein by fluoroscopic guidance. The sheep were then placed in a
ealed plastic container and transported to the MRI scanner. Each
nimal was positioned on its left side in the magnet (Siemens
ymphony MRI scanner, 1.5 Tesla with Quantum gradients; Sie-
ens Medical Systems, Iselin, NJ) with its chest centered in a
elmholtz coil. Metaprolol (5 mg/kg, i.v.) and atropine (1.0 mg,

.v.) were administered before data collection and image acquisi-
ion to decrease autonomic reflexes. All data and MRI images were
btained at the end-inspiration phase with mechanical ventilation

emporarily suspended.

ober 2007
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agnetic Resonance Images
series of scout images was obtained to locate the heart and the

rue long- and short-axis planes. Subsequently, a set of 25 short-
xis imaging planes (6-mm thick) were obtained parallel to the true
hort-axis plane and at 5-mm intervals beginning at the level of the
itral valve and ending at a short-axis imaging plane that con-

ained only apical myocardium and no left or right ventricular
ndocardium. An additional set of 6 long-axis imaging planes was
btained according to the following criteria: (1) orthogonal to the
rue short-axis imaging plane, (2) intersecting the centroid of the
V, and (3) oriented in a radial fashion with 30° separations
etween long-axis imaging planes.

Image acquisition was synchronized to the R wave of the
lectrocardiogram signal. During the actual image data acquisition,
he ventilator (Hallowell 2000; Hallowell EMC, Pittsfield, Mass)
as stopped for about 10 seconds at maximum inspiration (to
inimize respiratory motion and the associated motion artifacts in

ur MRIs). During this time period, a series of images was ac-
uired at 50-ms intervals until the approximate completion of the
ntire cardiac cycle. A segmented cine gradient echo sequence was
sed and the cardiac cycle was divided into 50-ms windows; 7
hase-encoding lines were acquired in each window. Image data
ere collected over 16 heart cycles providing 99 phase-encoding

teps. The number of cardiac phases collected depended on the
pecific animal’s R-R interval, with 10 cardiac phases being typ-
cal The gradient echo sequence had an echo time of 4 ms, an
xcitation angle of 20°, and an acquisition matrix of 256 � 102.
he field of view was set to 280 � 230 mm2 and 280 � 230 mm2

or the short- and long-axis images, respectively. Total magnetic
esonance (MR) study time was about 45 minutes. Raw data were
nterpolated to 256 � 256 pixel images, and these were transferred
o a Silicon Graphics workstation (Silicon Graphics Inc, Mountain
iew, Calif) and were converted from Siemens format to Silicon
raphics format with custom software (Figure 1).

ata Analysis
slightly modified version of the MR tagging postprocessing

Figure 1. Long-axis MRIs after MI (A), 2 weeks after the
MI, Dykinetic myocardial infarct; SI, septal infarct; IP,
Note that the LV shapes obtained with plication and th
postplication shape (C) is very globular with acute ben
however, seems to be rectangular, is less spherical, a
oftware, “Findtags,”14 was used to “contour” the endocardial a

The Journal of Thoracic
nd epicardial surfaces and “segment” the tags in 8 to 12 images
eparated by 40 ms for each imaging plane/slice that is fixed in
pace. The original number of contour points (64) in Findtags
as quadrupled to account for the wide variation in LV wall

hickness associated with LV aneurysm. To quantify myocar-
ial deformation throughout the LV, we typically acquire these
mages in 6 different long-axis planes (at 30° increments around
he circumference) as well as in at least 5 different short-axis
lanes separated by 1 cm. Thus, each of our 3-dimensional MR
agging studies required the Findtags postprocessing of at least
8 to 132 images. Endocardial and epicardial contours are
rawn by hand (with a computer mouse) in the initial (end-
iastolic) image and created automatically by Findtags in sub-
equent images. Findtags is not perfect, however, so these
utomatically created contours sometimes need to be corrected
y hand. Next, the 4-dimensional B-spline-based motion track-
ng technique for tagged MRIs15 was used to compute all 6
nique, nonlinear, Lagrangian (Green’s) strain tensor compo-
ents referred to cardiac coordinates (ie, circumferential, lon-
itudinal, and radial) at 36 locations (subendocardium, midwall,
nd subepicardium in each of 12 equally-spaced “sectors”
round the circumference) in each short-axis plane/slice after
orrecting (with the postprocessed tagged long-axis MRIs) for
hrough-plane motion. It is important to note here that these
train values are based on the displacement of the entire tag
ines and not only on the displacement of tag intersection
oints. The “coverage” of myocardium by tag lines shown in
igure 1 is typical. The endocardial contours at end diastole and
t end systole were used to compute LV volumes at these time
oints.

All animals were placed on their left side with the chest in
he same location within the MRI scanner. Moreover, each
eries of scout images used to locate the heart and the true long-
nd short-axis planes was obtained in exactly the same manner.
hese steps assured that each of the 12 sectors had the same
natomic location (eg, sector 8 corresponded to the middle of
he anterior LV wall) in every animal and at every time point

procedure (B), and 2 weeks after plication (C) in sheep.
ct plication. All images were obtained at end systole.
r procedureare significantly different. For instance the
at the plication. The LV shape after the Dor procedure,

more ellipsoidal than that after plication (B).
Dor
infar
e Do
ding
nd is
fter the data analysis. We used distance of the short-axis

and Cardiovascular Surgery ● Volume 134, Number 4 1019
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maging slice from the LV base at end diastole to define the
ongitudinal position in our strain comparisons.

tatistical Analysis
ll values are expressed as mean � standard deviation and com-
ared by repeated-measures analysis with a mixed model to test for
oth fixed and random effects. We performed the analysis with
AS PROC MIXED (SAS system for Windows version 9.1; SAS
nstitute, Inc, Cary, NC), which uses a maximum likelihood or
estricted maximum likelihood estimation technique as opposed to
rdinary least squares. As a consequence, subjects with missing
ata are not automatically deleted from the analysis. Also, vari-
bles can be either continuous or categorical and relationships
etween the variables can be linear or curvilinear inasmuch as the
ixed model does not assume a normal distribution.16 The statis-

ical model was as follows:

nn,Difference � Time � Distance � Quadrant

� Enn,Preoperative � LVVED � LVPES (1)

here nn � strain component, Difference � difference between
reoperative and postoperative values, Distance � distance from
he LV base, Quadrant � septum, anterior wall, and so on,
VVED � volume at end diastole, and LVPES � end-systolic
ressure. As can be seen, the difference between pretreatment and
osttreatment strain was used as the dependent variable, and ab-
olute pretreatment strain was used as a covariate.17 Time, dis-
ance, and quadrant cross terms were initially included, and sta-
istically nonsignificant terms were sequentially removed
eginning with those of highest order.

The statistical significance of individual group comparisons
as tested with the Student t test. Thus, there were 16 regions (4
uadrants at each of 4 distances), each of which received a t test.
ith 16 regions compared, multiple-comparison corrections
ould have made any statistical test a prohibitively high barrier.
herefore, to keep the statistical test as sensitive as possible, we
pplied no multiple-comparison corrections. Statistical signifi-
ance was interpreted cautiously.

esults
ll 6 infarcted sheep survived the Dor procedure and com-
leted the entire protocol. None of the sheep required ino-
ropic support after surgery. Weight loss was minimal.
epeated-measures analysis of end-systolic LV pressures
nd stroke volume found no significant difference before
nd after the Dor procedure (Table E1). Two weeks post-
peratively, the Dor procedure had a significant effect on
nd-diastolic pressure (P � .0475) and volume (P � .0027)
nd end-systolic volume (P � .0260). Six weeks postoper-
tively, the Dor procedure had a significant effect on end-
iastolic (P � .0119) and end-systolic volume (P � .0072)
nd ejection fraction (P � .0058). There was no trend
oward redilation: no significant difference in end-diastolic
olume (P � .560) or end-systolic volume (P � .801)
etween 2 and 6 weeks after the Dor procedure.

The repeated-measures analysis (see Methods: Statistical

nalysis) was positive with respect to end-systolic circum- a

020 The Journal of Thoracic and Cardiovascular Surgery ● Oct
erential and longitudinal strain components (P �.0001 in
ach case). Figure 2 shows the effect of the Dor procedure
n these 2 strain components. Figure 2, A, shows that
ircumferential shortening increases from before the Dor
rocedure to 6 weeks after the Dor procedure between the
V base and the border zone. Figure 2, B, shows that

ongitudinal shortening is increased 2 weeks after the Dor
rocedure near the LV base and in the border zone but then
eturns to baseline by 6 weeks after the Dor procedure.
igure 2, C and D, shows the effect of the Dor procedure on
ircumferential and longitudinal systolic shortening when
lotted against quadrant. The effect on circumferential
hortening is most pronounced in lateral and posterior walls.
he biggest change is from before to 6 weeks after the Dor
rocedure. The effect on longitudinal shortening is most
ronounced in the lateral wall. There is an increase at 2
eeks but a return near baseline at 6 weeks after the Dor
rocedure.

Pre-Dor and 2- and 6-week post-Dor regional three-dimen-
ional strain between end diastole and end systole are given
n Tables 1 and 2. These data are presented at the centers of

different circumferential “quadrants” (posterior, lateral,
nterior, and septal) in 4 different longitudinal “slices” (1, 2,
, and 4 cm below the base). They can be used with our
nite element method to determine myocardial contractility
nd stress in these LV regions after the Dor procedure.

iscussion
he primary finding of this three-dimensional MRI tagging
tudy is that the Dor procedure significantly increases sys-
olic circumferential shortening in all noninfarcted LV re-
ions in sheep. The greatest regional changes in circumfer-
ntial shortening are found in the equatorial region and in
he posterior wall. Longitudinal shortening is increased 2
eeks after the Dor procedure but then returns near baseline
y 6 weeks. Moreover, the present study (together with our
revious study18 of myocyte orientation with MR diffusion
ensor imaging) provides the most complete set of data to
ate for creating and validating mathematical models for the
echanics of the infarcted LV before and after aneurysm

epair.

ptimal Postoperative Shape
e contend that no one knows the optimal LV size and shape

fter SVR. Certainly, if regional myocardial systolic and dia-
tolic material properties (including the properties of the in-
arct) could be normal after the Dor procedure, then preinfarct
ormal shape would be optimal. However, the ventricle has
emodeled19 and, as documented in our prior modeling study
f border zone contractility, regional systolic and diastolic
yocardial material properties are altered after anteroapical
I.11 The hypothesis that our study tested was that patch
neurysmorrhaphy in which the infarct “neck” was reduced by

ober 2007
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0% will increase regional myocardial strain. We did not
ttempt to recreate a normal shape, and it is clear that the shape
e obtained is not normal. It is interesting to note that the
ostoperative end-diastolic volume in our study was 127 mL/
2,20 and therefore larger than the size obtained with a com -
ercially available sizer.21

tress Reduction
he Dor procedure probably decreases the force or stress that

he ventricular muscle fibers must develop to generate the
reoperative end-systolic pressure or afterload. If we were to
dealize LV wall geometry as a hemispherical shell that is 10
m thick at end diastole and is made of an incompressible
aterial, an analysis of our LV pressure–volume data (see
able 1 and Figure 3 in Zhang and associates13) based on
tatics22 suggests that the Dor procedure decreases average
ircumferential wall stress by 25.6% at 2 weeks and by 23.1%
t 6 weeks after the Dor procedure. Furthermore, mathematical
odeling of the heart and cardiac operations has developed

ufficiently to be of predictive value. For instance, Dang and
olleagues23 used a finite element model of the LV with an

kinetic but contractile anteroapical LV wall to test the hy- o

The Journal of Thoracic
othesis that the Dor procedure increases stroke volume and
educes mean myofiber stress. They found that end-diastolic
tress was reduced by 50% in the border zone and 33% in the
emote myocardium.23 Additionally, end-systolic stress was
educed by 34% in the border zone and 17% in the remote
yocardium.23 However, these results still must be corrobo-

ated with focused clinical data, and to date a finite element
imulation of the Dor procedure with dyskinetic aneurysm has
ot been performed.

ause of Increased Regional Strain
n increase in myocardial strain could be caused by an in-

rease in preload (end-diastolic stress), a reduction in afterload
end-systolic stress), or an improvement in regional myocardial
ontractility. An increase in preload is unlikely. However, the
eduction in end-systolic stress after the Dor procedure that is
redicted by the above studies is probably sufficient by itself to
ncrease strain. In addition, we suggest that the reduction in
tress that occurs after the Dor procedure may also reverse
ypertrophy and cause remote and border zone contractility to
eturn to normal levels. In addition, although regional myofiber

Figure 2. Effects of aneurysm plication
on selected end-systolic strain tensor
components. A, Circumferential strain
versus distance from LV base. B, Lon-
gitudinal strain versus distance from
LV base. C, Circumferential strain ver-
sus quadrant. D, Longitudinal strain
versus quadrant.
rientation was unchanged after linear repair in sheep,24 the

and Cardiovascular Surgery ● Volume 134, Number 4 1021
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or procedure might align myofibers so that they contract
ore effectively.25

There is an improvement in longitudinal strain in some
egions of the myocardium 2 weeks after repair, but this

ABLE 2. Regional longitudinal strain between end diasto
egion Before Dor procedure

cm below base
Anterior 11.5 � 5.4
Lateral �10.7 � 10.1
Posterior �6.7 � 11.8
Septal �13.4 � 5.6

cm below base (equator)
Anterior �6.7 � 13.4
Lateral �8.4 � 10.3
Posterior �11.4 � 6.7
Septal �14.4 � 5.1

cm below base
Anterior �8.6 � 6.7
Lateral �6.6 � 6.4
Posterior �12.0 � 5.6
Septal �12.1 � 6.5

cm below base (border zone)
Anterior �5.6 � 3.1
Lateral �1.1 � 5.8
Posterior �3.0 � 5.7
Septal �5.9 � 5.9

alues are mean � standard deviation. *P � .05 2 and 6 weeks after Dor p

ABLE 1. Regional circumferential strain between end dia
egion Before Dor procedure

cm below base
Anterior �9.8 � 5.7
Lateral �13.8 � 7.7
Posterior �8.9 � 6.1
Septal �8.0 � 3.4

cm below base (equator)
Anterior �9.9 � 5.0
Lateral �12.2 � 7.0
Posterior �9.0 � 5.1
Septal �6.9 � 4.0

cm below base
Anterior �8.5 � 5.1
Lateral �10.0 � 5.1
Posterior �9.7 � 4.7
Septal �6.2 � 4.6

cm below base (border zone)
Anterior �6.1 � 5.2
Lateral �4.6 � 5.9
Posterior �9.0 � 3.4
Septal �5.7 � 4.3

alues are mean � standard deviation. *P � .05 2 and 6 weeks after Dor p
or procedure.
or procedure.

022 The Journal of Thoracic and Cardiovascular Surgery ● Oct
mprovement is lost at 6 weeks. There are only three pos-
ible explanations for this. First, there was a temporary
mprovement in regional contractility that, because of re-
ional myocyte orientation, manifested itself as an increase

d end systole
wo weeks after Dor procedure Six weeks after Dor procedure

10.8 � 5.7 �9.2 � 8.4
�17.8 � 8.2* �3.1 � 11.2*†
�18.9 � 8.8* �0.1 � 16.4*†
�10.1 � 5.5* �13.0 � 10.1

�11.7 � 4.2* �10.7 � 8.2
�12.8 � 6.3 �16.9 � 9.7*†
�11.6 � 7.1 �3.6 � 14.5*†
�15.0 � 4.8 �12.7 � 7.8

�10.2 � 3.3* �6.2 � 7.5†
�8.3 � 6.2 �9.2 � 4.8
�8.9 � 3.5* �7.4 � 12.7*

�13.0 � 3.9 �9.5 � 7.1*†

�8.2 � 8.2* �2.7 � 12.7†
�9.6 � 8.3* �7.1 � 10.6*
�5.3 � 4.9* �4.0 � 10.1
�5.4 � 5.4 �5.5 � 9.6

ure versus before Dor procedure. †P � .05 2 weeks versus 6 weeks after

e and end systole
wo weeks after Dor procedure Six weeks after Dor procedure

�10.6 � 6.3 �14.1 � 6.3*†
�11.6 � 5.3 �11.5 � 7.9
�10.6 � 8.5 �13.3 � 8.3*
�10.9 � 6.1* �10.1 � 4.5*

�8.3 � 9.5 �13.1 � 4.3*†
�10.3 � 8.1 �16.9 � 8.0*†
�10.6 � 10.0 �18.4 � 10.8*†
�9.6 � 8.2* �10.9 � 4.9*

�6.4 � 9.5 �10.1 � 4.8†
�7.6 � 10.8 �15.5 � 7.9*†
�8.8 � 8.6 �15.8 � 10.8*†
�8.7 � 7.0* �10.5 � 4.1*

�5.7 � 7.2 �5.8 � 4.8
�5.7 � 8.3 �11.5 � 11.1*†
�7.2 � 8.7 �7.4 � 6.5
�7.1 � 5.3* �6.7 � 5.2

ure versus before Dor procedure. †P � .05 2 weeks versus 6 weeks after
le an
T

roced
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n longitudinal strain. However, it is not clear why an
mprovement in contractility would reverse. Second, the
ncrease in strain was not due to increased contractility but
o a change in load, which could be either an increase in
reload or a decrease in afterload. An increase in preload
ould have been from too much intravascular volume in the
arly postoperative period, because the animals did not
eceive furosemide (Lasix). A change in afterload would be
elated to either shape change or pressure. There was a trend
oward an increase in end-systolic pressure at 6 weeks.
hese two possibilities would require modeling to sort out.
he last possibility is that there is some sort of progressive
V restraint caused by fibrosis in the pericardium.

Myocyte contractility is probably decreased in both the
emote uninfarcted and border zone myocardium of the LV
hat has remodeled after large anteroapical MI. For instance,
mmediately after MI, the infarcted region loses contractile
unction. The remote uninfarcted myocardium compensates
ia the Starling relationship, end-diastolic volume is increased,
nd stroke volume is maintained.4 As a consequence, end-
iastolic stress is increased and eccentric hypertrophy of the
emote myocardium develops. For instance, Anand and col-
eagues26 found that myocytes isolated from the remote myo-
ardium of rats had an increase in length of 24%. Systolic
unction is initially preserved, but eventually contractility of
he remote myocardium is decreased.26 It is unknown whether
he reduction in end-diastolic stress that occurs with the Dor
rocedure is sufficient to reverse eccentric hypertrophy and
hereby increase contractility in the remote myocardium. How-
ver, if the stress is immediately reduced by the operation and
hen remains unchanged until 6 weeks postoperatively whereas
he strain only improves (increases) in the interval between 2
nd 6 weeks, then the most likely cause is an increase in
ontractility in the remote myocardium that occurs between 2
nd 6 weeks.

Contractility in the border zone is also decreased. For
nstance, Jackson and associates19 described infarct exten-
ion after anteroapical MI in sheep that surprisingly occurs
n the face of normal border zone blood flow. This nonisch-
mic infarct extension is associated with an increase in
nd-systolic stress.27 In addition, Guccione and colleagues11

imulated the LV with anteroapical MI and showed that the
echanism underlying mechanical dysfunction in the bor-

er zone region of LV aneurysm is primarily the result of
yocardial contractile dysfunction rather than increased
all stress in this region. It is also unknown whether the

eduction in end-systolic stress that occurs with the Dor
rocedure is sufficient to reverse nonischemic infarct exten-
ion and thereby increase regional border zone contractility.

omparison Between the Dor Procedure and Linear
neurysm Repair
he effect of surgical ventricular remodeling on ventricular
unction is difficult to determine from clinical data given c

The Journal of Thoracic
hat the operations often include concomitant CABG and
itral valve repair. Thus, despite the strong clinical trend

way from linear repair of LV aneurysm, it is not clear that
choice for patch aneurysmorrhaphy is correct. After hav-

ng performed fully three-dimensional strain analyses on a
ery reproducible animal model of LV aneurysm before and
fter each of these two types of repairs, we now are in a
nique position to compare their effects on regional systolic
eformation. The greatest regional differences in circumfer-
ntial shortening between 6 weeks after and before the Dor
rocedure (5.3% more shortening 2 cm below the LV base;
.6% more shortening in the posterior wall) are larger than
hose between 6 weeks postplication and preplication (3.9%
ore shortening in the border zone; 3.0% more shortening

n the anterior wall).28 This suggests that patch aneurysmor-
haphy has a more positive effect on systolic circumferential
hortening than linear repair. Moreover, patch aneurysmor-
haphy is not associated with LV redilation. Patch aneu-
ysmorrhaphy is therefore superior to aneurysm plication.

imitations
nd-systolic radial strain tends to be more variable than
oes circumferential strain in tagged MRIs.29 One factor in
adial strain variablility is that tagging with either parallel
ines or rectangular grids results in relatively sparse sam-
ling of myocardial motion in the radial direction. For
xample, a 10-mm-thick myocardium with a tag spacing of
mm yields only one or two tag lines in the radial direction,
hich makes the resulting measurement of radial strain

ensitive to noise in the tag line position measurements and
ighly influenced by the deformation model. Another
ource of variability in both radial and longitudinal strain is
he difficulty of defining the radial and longitudinal direc-
ions on the curved LV wall, particularly at the apex.

Another limitation of the present study is the limited spatial
nd temporal resolution associated with our MRI acquisition.
n several of our experiments, we acquired tagged short-axis
mages that were separated by 1 cm. Since the long-axis
engths of repaired LVs were significantly less than those of
he other LVs, strain comparisons could be made only in the
hort-axis slices 1 to 4 cm below the valves. Moreover, the
order zone in the anterior LV wall was contained within the
atter slice, but the other border zone regions were located
elow it. Thus, it is not entirely accurate to label all LV regions
n the short-axis slice 4 cm below the valves as border zone
egions. We acquired tagged MRIs every 40 ms between end
iastole and end systole. This temporal resolution was not
ufficient to rigorously study strain during isovolumic systole
nd thus prevented us from confirming the measurements of
oulton and coworkers.30

No baseline imaging (ie, before infarction) was per-
ormed during the present study. This would have allowed

omparison of regional differences in contractility to be

and Cardiovascular Surgery ● Volume 134, Number 4 1023
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ssessed and would have permitted therapy to be compared
o normal. Such analysis would better elucidate the effect of
he remodeling procedure. Since the effect of the anteroapi-
al infarct in sheep on regional 2-dimensional (circumfer-
ntial) myocardial strain has already been measured,31 how-
ver, we did not think that preinfarct and immediately
ostinfarct data collection was critical. Conversely, our
resent study extends only 6 weeks after the Dor procedure
nd may miss later remodeling events.

onclusions and Future Directions
he Dor procedure significantly increases systolic circum-

erential shortening in all noninfarcted LV regions in sheep.
his is the first objective evidence (other than that suggested
y Ribeiro and colleagues3 and Zhang and colleagues13)
hat the Dor procedure does anything. Moreover, these
esults support our hypothesis that the effect is on border
one and remote systolic function and is mediated by stress
eduction. Ideally, our mathematical modeling that is cur-
ently underway will support an improvement in remote and
order zone function rather than just a reduction in load.

We thank Dr Charles McCulloch, Professor and Head, Division of
iostatistics, University of California San Francisco, for his guidance
n the statistical analysis. We thank Dr J. M. Guccione, Sr, for his
elp in the construction of the plastic container used in this study.
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ABLE E1. Dor versus pre-Dor
Before Dor

VP at ED (mm Hg) 8.9 � 5.5
VP at ES (mm Hg) 96.2 � 23.2
DV (mL) 161.6 � 37.1
SV (mL) 130.1 � 36.0
V (mL) 31.5 � 9.4
F (%) 20.6 � 8.1

alues are mean � standard deviation. LVP, Left ventricular pressure; E
olume; SV, stoke volume; EF, ejection fraction. *P � .05 2- and 6-week p
Two weeks after Dor Six weeks after Dor

17.5 � 5.6* 10.5 � 3.9
105.7 � 20.0 123.2 � 19.4
104.1 � 29.2* 101.3 � 22.2*

68.0 � 29.5* 66.3 � 14.3*
31.9 � 13.9 35.0 � 10.8
33.0 � 11.0 34.4 � 7.1*

D, end diastole; ES, end systole; EDV, end-diastolic volume; ESV, end-systolic
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