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The post-myocardial infarction scarred ventricle and congestive
heart failure: The preeminence of magnetic resonance imaging for
preoperative, intraoperative, and postoperative assessment

Vincent Dor, MD, Filippo Civaia, MD, Clara Alexandrescu, MD, and Franc¢oise Montiglio, MD

An operative procedure can be precise and perfect
only if it is based upon the surgeon’s profound knowl-
edge of anatomy, his understanding of the alteration of
this normal anatomy by the pathology with which he is
dealing and his ability to use the anatomic information
in organizing and affecting his surgical procedure.

J. W. Kirklin'

Magnetic resonance imaging (MRI), with its ability to pre-
cisely define myocardial anatomy, echoes the teachings of
one of cardiac surgery’s most distinguished pioneers. Since
the 1990s, several studies have demonstrated the preemi-
nence of cardiac magnetic resonance (CMR) for analysis
of wall motion abnormalities after myocardial infarction
(MID).>* Both cine-MRI to determine precise scar location
and the late enhancement technique to assess the transmural
extension of infarcted myocardium illustrate the utility of
CMR. CMR is the preeminent method of assessing left ven-
tricular remodeling and aneurysmal progression after ML
Moreover, thrombus formation; the site, depth, and exten-
sion of the scarred myocardial wall; precise localization of
asynergic areas; disorganization of the mitral apparatus;
and estimation of left ventricular volume and performance
are all circumstances in which CMR has proved more accu-
rate than other techniques.* In our opinion, a complete MRI
evaluation of cardiac function is paramount before deciding
how to appropriately treat patients after MI.

The core problem with ischemic congestive heart failure
(CHF) is the undue demand put on the residual viable left
ventricular myocardium. As noted by Klein and colleagues’
more than 40 years ago, ‘“When the myocardium in the
aneurismal area functions improperly, or has been replaced
by fibrosis in 20%-25% of the surface area of the left ven-
tricle, the extent of shortening required of the remaining
functioning heart begins to exceed physiological limits.”’
This was later confirmed by McKay and associates,’® who
showed that left ventricular dilatation occurs when the asyn-
ergic (dyskinetic or akinetic) left ventricular circumference
exceeds 40%.
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MRI can be used as a complementary tool in the surgical
care of post-MI ventricular dysfunction and the ischemic
CHF that may ensue. What follows is concise summary of
MRT’s applicability to surgical care to treat this complex dis-
ease process.

POSTISCHEMIC MYOCARDIAL ASSESSMENT

Immediately after MI, MRI shows no reflow to the endo-
cardium.”*® This can be helpful, because it aids in predicting
the degree of benefit to be expected from successful recana-
lization. Indeed, in patients seen many hours after coronary
occlusion, demonstration by MRI of total lack of transmural
reflow is highly suggestive that there is little in the way of
viable tissue and that further intervention to reperfuse the
myocardium is unlikely to improve on the residual impair-
ment that remains.’ In addition, 5 to 15 days after MI,
CMR again becomes useful in the decision-making process,
providing additional information about the scarred ventricle
and its potential consequences.

To calculate reliable values of end-systolic volume index
(ESVI), end-diastolic volume index (EDVI), and left ven-
tricular ejection fraction (LVEF) true volumes of multiple
parallel disks are added together. An increase of 20% in
EDVI is considered to be the definition of left ventricular
remodelling,10 and an ESVI greater than 60 mL/m2 is
a criterion for chronic advanced heart failure.''

The site, depth, and extension of the scarred wall may be
evaluated completely with 4 MRI projections. The 2-cham-
ber view is used to assess the anterior and posterior walls of
the left ventricle, the 4-chamber view allows assessment of
the septum and lateral wall, the short-axis view enables
a staged analysis of the septum and papillary muscles, and
the projection that illustrates the left ventricular outflow tract
(accordingly entitled the left ventricular outflow tract view)
also provides a detailed analysis of the mitral apparatus
(Figure 1).

The silhouette of an asynergic left ventricle cannot be
correctly characterized by a simple plane angiogram in the
right oblique projection, because this view cannot ‘‘see’’
the septum and lateral wall. The classification of left ventric-
ular aneurysms into four types by means of this technique is
thus obsolete. The type of asynergy is often correlated with
the depth of the scar, being dyskinesia when the scar is
transmural and akinesia when the scar is subendocardial
(Figure 2).'?

The extension of wall motion abnormality was for de-
cades analyzed by the center-line method, which is still
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Abbreviations and Acronyms

CHF = congestive heart failure

CMR = cardiac magnetic resonance
DVBS = diastolic volume balloon sizing
EDVI = end-diastolic volume index
ESVI = end-systolic volume index

EVCPP = endoventricular circular patch plasty
IFV = ischemic failing ventricle
LVEF = left ventricular ejection fraction

LVR = left ventricular reconstruction
MI = myocardial infarction

MRI = magnetic resonance imaging
SI = sphericity index

used, but limited to the right oblique projection.'* The gado-
linium injected during MRI is especially fixed on dead
tissue, outlining the limit of irreversibly scarred myocar-
dium.'* The ratio between scar length (by late gadolinium
enhancement [LGE]) and length of the left ventricular cir-
cumference gives a result similar to the center-line method,
but this result can be analyzed with the 4 projections, allow-
ing a more precise estimation of the percentage of asynergic
wall. LGE is helpful in verifying the percentage of remain-
ing contractile myocardium on the anterior, lateral, and
septal walls, allowing the surgeon to learn whether the endo-
ventricular reconstruction is feasible and how it can be
carried out inside the ventricle.

The analysis of mitral valve anatomy and dysfunction can
be fully assessed by CMR. The presence of mitral regurgita-

tion, coaptation of leaflets, diameter of the annulus, distance
between the papillary muscles (analyzed at the level of the
tips), and the distance between basal interpapillary muscles
are all accurately evaluated with CMR. In the case of left ven-
tricular dilatation, the tips of the papillary muscles are often
increased. Conversely, for both anteroseptoapical and poste-
rior aneurysms, even when extremely large, the interpapillary
muscles are never affected. Only posterolateral aneurysms
related to occlusion of the obtuse marginal (less than 5%
of cases) result in distention of the interpapillary muscles.
In practice, however, infarction from obtuse marginal occlu-
sion is more often complicated by limited free-wall rupture or
papillary muscle rupture than is a lateral wall aneurysm.
This absence of involvement of the papillary muscle in
anteroseptoapical aneurysms and most posterior or postero-
septal aneurysms is explained by pathoanatomy.'> The pap-
illary muscles are not inserted onto the septum. Instead, the
anterior papillary muscle is inserted on the lateral wall and
the posterior papillary muscle onto the posterolateral wall
(Figure 3). As illustrated by McAlpine'® and well known
to anatomic pathologists, the orifice of an anteroseptal aneu-
rysm is septoapical, because the septum is more affected
than the anterior wall during an obstruction of the left ante-
rior descending artery. The orifice of the posterior aneurysm
is also posteroseptal. The basal papillary muscle can be re-
mote from the septum, but the interpapillary muscle remains
stable (Figure 4). Consequently, the diagram often used to
explain mitral insufficiency complicating left ventricular re-
modeling by distention between septal and lateral papillary
muscles does not correspond to normal anatomy or to path-
oanatomy. In reality, for an anteroseptoapical aneurysm,

LV SILHOUETTES DEPEND ON SCAR LOCALIZATIONS

Posterior akinesia,
& apical dyskinesia

4 ch

2ch

Postero lateral

Post. biventricular
& apico septal

Short Axis

LVEF: 22 % LVEF: 35% LVEF:17 %
EDVI : 137 ml/m? EDVI : 119 ml/m? EDVI : 263 ml/im?
ESVI : 106 ml/m? ESVI : 72 mlim* ESVI : 219 ml/m?
GLE > 50 % GLE > 40 % GLE > 60 %

FIGURE 1. Analysis of 2-chamber and short-axes views showing exactly localization of wall motion abnormality.
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TYPE OF ASYNERGY (dyskinesia, akinesia) depends on depth’s scar

Dyskinesia

Thrombosed LAD
Transmural necrosis

A

Akinesia

Recanalysed LAD
Partially necrosed wall

FIGURE 2. Magnetic resonance imaging showing depth of left ventricular scar: transmural (A) and subendocardial (B).

mitral regurgitation is always connected with annular dilata-
tion and is well corrected by a posterior annuloplasty. Only
preexisting degenerative disease or concomitant involve-
ment of the mitral apparatus can lead to chordal or papillary
muscle repair.

MRI AND SURGICAL LEFT VENTRICULAR
RECONSTRUCTION

The cause of left ventricular remodeling after MI is the
scarred left ventricular wall. With this in mind, the goal of sur-
gical treatment is to suppress or exclude the scarred portion of
the ventricle from the adjacent viable myocardium. Left ven-
tricular reconstruction (LVR) by endoventricular circular
patch plasty (EVCPP) has proved a successful option to
accomplish this task.'”'® The underlying principle behind
EVCPP is attainment of complete circular reorganization
(from inside the left ventricular cavity to allow complete epi-
cardial coronary revascularization) of the contractile myocar-
dium by a continuous suture, positioned between normal and
scarred myocardium, in an effort to restructure the curvature
of the left ventricular wall back to its original geometric con-
figuration, as it was before the MI (Figure 5, A and B).

In most cases, asynergic areas cannot be resected because
they affect the septum and posterior wall. The endoventric-
ular suture must follow the ‘‘contractility trail’’ outlined by
the limit of the endocardial scar (Figure 6). When the endo-
cardial scar is not well defined, it is of great interest to know
the exact percentage of asynergy, which has to be excluded
from each wall. This is accomplished with clarity by LGE
cartography.
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By 1998, after 14 years of experience with EVCPP recon-
struction, despite promising immediate improvements in
systolic function, more long-term follow-up made it appar-
ent that disappointing secondary results of progressively im-
paired diastolic function and restrictive cardiomyopathic
processes as a result of excess volume reduction necessitated
technique modification. The technique has since been im-
proved by the inclusion of diastolic volume balloon sizing
(DVBS) to the surgical procedure.'”?® After positioning of
the endoventricular suture, a rubber balloon is inflated inside
the remaining left ventricular cavity at the theoretic diastolic
volume of the patient (50—60 mL/m? body surface area). The
suture is tied, and the balloon is deflated and removed. The
shape and size of the patch to close the left ventricular cavity
are determined by the remaining orifice (Figure 5, C and D).
The DVBS technique has changed the immediate and long-
term results of LVR, especially in borderline cases in which
the patient is in the final stage of drug-resistant CHF and
heart transplantation appears to be the only safe solution.
In such cases, only a precise analysis of the very limited re-
maining contractile myocardium on the anterior, septal, and
posterior walls will show whether ‘‘viable’’ contractile cav-
ity can be rebuilt.

For surgical treatment of ischemic CHF, in addition to
coronary revascularization, mitral valve repair and the cor-
rection of ventricular arrhythmias where appropriate, the
use of LVR by EVCPP may further improve cardiac perfor-
mance for two key reasons. First, LVR suppresses and
excludes the asynergic area of the left ventricular wall,
the area responsible for left ventricular remodeling. The
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cle on septum.

importance of this asynergic area in left ventricular remodel-
ing is clearly demonstrated by postoperative MRI analysis,
in which the LGE percentage is seen to decrease from
50% to less than 30% with removal of this tissue (Figure 7).
Scar exclusion by small circular patch anchored on contrac-
tile myocardium restores the curvature of the left ventricular
wall and suppresses the deleterious systolic eccentric motion
of viable myocardium remote from the scarred area. This
prompts a return to a systolic concentric contraction, as dem-
onstrated by a dynamic analysis of the left ventricular wall
and return to pressure—volume loop morphology seen before
distortion.”' Second, LVR maintains the physiologically ap-
propriate diastolic volume, preventing any immediate or de-
layed effects of excessive volume reduction. It should be
emphasized that LVR is to be conducted on the arrested
heart. Not only does arresting the heart facilitate concomi-
tant procedures, such as mitral valve repair and the correc-
tion of ventricular arrhythmias, it facilitates sizing of the
diastolic volume and subtotal endocardectomy, both integral
aspects of LVR surgery.

In a series of patients from our institution, each of whom
had a very depressed IFV before undergoing DVBS, in-hos-
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MRI short axis

FIGURE 3. Autopsy left ventricular transection, anatomy atlas, and magnetic resonance imaging short-axis view confirm lack of insertion of papillary mus-

pital mortality decreased from 15% to 8%. The secondary
recurrence of remodeling also decreased from 25% to less
than 10%. Furthermore, a comparison of in-hospital mortal-
ities and 5-year survivals between our earlier experience and
our more contemporary experience shows that results have
improved with time (Table 1).

MRI AND POSTRECONSTRUCTION FOLLOW-UP
LVR by EVCPP with preservation of diastolic volumes
improves both systolic and diastolic function. For decades,
many cardiologists were of the opinion that left ventricular
aneurysm surgery did not result in improved LVEF.?? In-
deed, aneurysm surgery was historically limited to the resec-
tion of the scarred external area, followed by a linear suture.
With this technique, akinetic septum was left inside the left
ventricular cavity. Since the use of circular reorganization,
external for Sosa>> and endoventricular LVR, however,
the improvement in systolic function has been clearly dem-
onstrated. All published data from the RESTORE group, as
well as published data from others have indicated an increase
in postoperative ejection fraction in the range of 7% to 15%
after LVR reconstruction.”*° It would be of great interest
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Mc Alpine 1975

FIGURE 4. From: McAlpine WA, editor. Heart and coronary arteries: an anatomical atlas for clinic diagnosis, radiological investigation, and surgical treat-

ment. New York: Springer-Verlag; 1975. p. 34.

for these postoperative results to be assessed by MRI months
and years after surgery. We have used MRI at our institution
for such comparisons and gained promising results. In a se-
ries of more than 100 consecutive patients with IFV operated
on from 2002 to 2006, we were able to precisely document
improvements in ejection fraction, EDVI, and ESVI with
MRI early and 1 year postoperatively (Table 2).

Diastolic Function

Currently, the published literature supports LVR as a sur-
gical option to improve systolic function and quality of life
for select patients with ischemic cardiomyopathy. Most pa-
tients who undergo LVR have end-stage heart failure with
arestrictive pattern and increased pulmonary pressure before
surgery. Recently, Menicanti and colleagues27 suggested

Left Ventricular Reconstruction L V R

FIGURE 5. Left ventricular reconstruction. A, Anteroseptoapical aneurysm with mural thrombi. Dilatation also affects unscarred myocardium on septum ()
and lateral wall (L). B, Continuous purse-string suture at limit between fibrous and normal myocardium (Fontan trick) C, Suture is tied on rubber balloon
inflated to 50 mL/m? body surface area (normal diastolic volume). Shortening of SL length illustrates reorganization of curvature. D, Dacron polyester fabric
patch anchored on suture. Right ventricular apex projects beyond new left ventricular apex.
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The contractility trail

FIGURE 6. Endoventricular purse-string suture (Fontan trick) positioned
at limit between contractile and scarred myocardium and tied on rubber bal-

loon inflated at theoretic diastolic capacity of left ventricle.

that patients with severe preoperative diastolic dysfunction
may have worse outcome after LVR.

An increasing number of patients undergo LVR in ass-
ociation with a surgical procedure on the mitral valve (ann-
uloplasty, edge-to-edge technique).”® Such concomitant
procedures completely change the aspect of transmitral

flow and modify the myocardial velocities at the annular
level of the mitral valve. The standard echocardiographic
criteria are therefore not applicable.

Potentially more appropriate for such analyses, as done at
our institution, is to assess the pressure—volume loop and the
tendency of the left part of this loop toward lower values, in
addition to assessing the increase in peak filling rate and the
shortening of peak filling rate times.?” Notably, these assess-
ments are not possible in all cases. Another alternative that
has been suggested is to assess the end-diastolic and end-
systolic pressure—volume relationship.>® The results from
these studies are somewhat difficult to interpret, however,
because certain measurements were made while the patients
were still receiving inotropic agents. Tulner and col-
leagues®' reported increases in diastolic chamber stiffness
and in end-diastolic pressure immediately after the proce-
dure. But the same authors reported significant reductions
in pulmonary arterial pressures 6 months after LVR, sug-
gesting an immediate compliance problem intraoperatively.

Left atrial enlargement has been proposed as a marker of
left ventricular diastolic function.*> The normal values of
left atrial volume index are considered to be 22 + 6 mL/
m? for all ages. In our center, the assessment of the left atrial
volume, indexed by MRI with the length—surface method for
31 consecutive patients with ischemic CHF referred for LVR
(26 LVR alone, 5 LVR with mitral valve repair), showed
a decrease in left atrial volume index from 39.8 £ 22.3
mL/m? before the operation to 27.4 4+ 14.7 mL/m* 1 month

Case N° 1079 CHF lll +... 4 years after successfull LAD stenting

Asynergy

(LGE) : 61%

Pre-op : epvi: 93 mim?
ESVI: 64 mim’
LVEF : 30 %

Asynergy

(LGE) < 30%

Post-op  : Epwi: 65 mim?
1month  ggvi: 35 mim?
LVEF : 47 %

FIGURE 7. Case of patient 4 years after successful left anterior descending stenting. A, Preoperative 4-chamber view. A’, Mural scar (late gadolinium en-

hancement, LGE) on same view, B, Postoperative 4-chamber view. Right ventricle projects beyond new left ventricular apex. B’, Residual scar is below 30%.
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TABLE 1. Results of left ventricular reconstruction in two series

LVEF (mean %)

Total In-hospital death Follow-up Before After Late death 5-y survival
1991-1996* 245 20 (8.1%) 207/225 (92%) 35% 48% 27 (13%) 82%t
1998-2003 252 12 (4.8%) 235/240 (98%) 35% 50% 13 (5.5%) 85%

LVEF, Left ventricular ejection fraction. *Without diastolic balloon sizing. fHospital death not included.

after the intervention (P = .009). Eighty-two percent of the
patients had diminished left atrial volume index values after
surgery showing improved diastolic function (Table 3).

Repair of Ischemic Mitral Regurgitation

Mitral valve repair is performed by the atrial approach be-
fore LVR. The reduction of the posterior mitral annular di-
ameter from more than 40 mm to 25 to 30 mm appears
stable years after surgery, contrary to the Cleveland clinic se-
ries, which suggested that ischemic mitral regurgitation is
a progressive ventricular disease unless reconstructed.’”

The improvement of contractility is not related to shape.
Although Buckberg and associates®® have suggested that
a spherical cavity is less contractile than an elliptic one,
the dogma of elliptic shape was established without convinc-
ing physical or physiologic data. Proponents of this idea sug-
gest that progressive postoperative impairment correlates
with a poor sphericity index (SI).>> With a true measurement
of SI (calculated by the ratio between systolic and diastolic
volumes of a sphere with the same long diameter as the
left ventricle and not by the ratio between longitudinal and
transversal diameters checked by echocardiography), it ap-
pears that before repair, the great majority of large antero-
septoapical asynergies are more elliptic than spherical and
that excellent immediate and delayed results in terms of con-
tractility and systolic and diastolic functions are associated
with an increase in the postoperative SI value.

A comparison of LVEF, ESVI, and SI index values at 1
month and 1 year postoperatively were carried out in 40 con-
secutive cases of anteroseptoapical aneurysm. It appears that
there is no relationship between quality of result, indicated
by a progressive increase of LVEF, and changes in ESVI

TABLE 2. Magnetic resonance imaging—documented results in 104
patients with ischemic failing ventricle, May 2002 through August 2006

Preoperative 1st Month 1st Year
Ejection fraction (%) 26£5 40 £+ 7* 45 + 8t
End-diastolic volume 125 £ 37 83 + 23* 81 £20
index (mL/m?)
End-systolic volume 93 £29 51 £ 18* 46 + 171

index (mL/m?)

All patients with class III or IV congestive heart failure, left ventricular ejection frac-
tion less than 30% (mean 26% =+ 5%), end-systolic volume index greater than 60 mL/
m? (mean 93 + 28 mL/m>), scar (by late gadolinium enhancement) of 35% to 69%
(mean 49.5%). Follow-up 100% complete, with 9 deaths and 10 patients without
improvement. *P = .0001 vs pre-op. {P = .0001. 1P = .004 vs 1 month post-op.
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and SI, which can sometimes decrease and sometimes in-
crease.

The goal of efficient LVR is to reestablish the systolic
concentric contraction of the whole left ventricular wall,
connecting the contractile myocardium by the circular suture
positioned on the ‘‘contractility trail,”” made to measure in
each case. The postoperative improvement must be assessed
not only in the immediate postoperative period but also after
months and years. Contrary to the commonly accepted opin-
ion of secondary failure,>® in more than 80% of cases of re-
built left ventricles for IFV with very poor preoperative left
ventricular performance, progressive, statistically significant
improvement has been observed, confirming the reversion of
left ventricular remodeling.37

CONCLUSIONS

MRI of IFV allows cardiologists and cardiac surgeons to
refresh their knowledge of the real anatomy of normal and
the diseased ischemic left ventricle, thus avoiding irrational
inventions of mechanisms and recourse to questionable tech-
niques. LGE cartography allows verification of the feasibil-
ity of LVR, suggests how it must be carried out, and helps to
set the limits of indications.

Because endocardectomy is often helpful to localize the
“‘contractility trail,”” and above all because DVBS is key
in effective immediate and long-term results, LVR cannot
be correctly accomplished on a beating heart.

For IFV, LVR by EVCPP excluding asynergic areas re-
stores efficient systolic concentric contraction of the left
ventricular wall with preservation of physiologically appro-
priate volumes, improving both systolic and diastolic func-
tions. The deleterious effects of left ventricular remodeling,
even in apparently hopeless situations, may be reversible.

TABLE 3. Results of left ventricular reconstruction in 31 consecutive
patients with left atrial volume index measurements

Preoperative  Postoperative P value
End-diastolic volume 98.4 + 33.5 65.4 + 19.3 <.001
index (mL/m?)
End-systolic volume 63 £+ 30 358+ 14.2 <.001
index (mL/m?)
Left atrial volume index 39.8 +£22.3 27.4 + 14.7 <.05

(mL/m?)

Left ventricular ejection fraction less than 30% (mean 26%). Left ventricular recon-
struction alone in 26 cases and with mitral valve repair in 5 cases.
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