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Assessing myocardial viability is important in the evalua-
tion and management of patients with ischemic cardio-

myopathy. Moreover, quantifying the extent of viable 
myocardium may identify patients who could benefit from 
interventional therapy. The recovery of functional myocar-
dium after revascularization appears to be directly related to 
the presence and the extent of scarred tissue in the heart (1). 
In addition, a substantial increase of viable left ventricular 
(LV) myocardium is needed to improve LV ejection fraction 
after revascularization (2). Myocardial viability has been iden-
tified by several widely used diagnostic techniques, such as 
single photon emission computed tomography (3-7), positron 
emission tomography (8,9), magnetic resonance imaging 
(10-12) and dobutamine stress echocardiography (13). 

Electromechanical mapping (EMM) has been compared 
with single photon emission computed tomography (14-16), 
positron emission tomography (17), dobutamine stress echocar-
diography (18,19) and magnetic resonance imaging (20) in 
assessing myocardial infarction and viability. EMM has been 
used as a three-dimensional navigation system to guide injec-
tions during transendocardial delivery of gene or cell therapy 
products. Delivering therapeutic products into a noninfarcted 
area of tissue is critical for angiogenesis (21,22); therefore, dif-
ferentiating infarcted from noninfarcted myocardium is import-
ant. Our goal was to define EMM criteria for differentiating 

noninfarcted from infarcted myocardial tissue using histopath-
ology as the gold standard. 

Methods
Animal care
All animals received humane care in compliance with the 
Animal Welfare Act, the “Principles of Laboratory Animal 
Care” formulated by the National Society for Medical Research, 
and the “Guide for the Care and Use of Laboratory Animals” 
(National Institutes of Health publication number 85-23, 
revised 1996). The present study was performed in accordance 
with the standard humane care guidelines of the Institutional 
Animal Care and Use Committee of the Texas Heart Institute, 
which conform to federal guidelines.

Model of chronic ischemic cardiomyopathy
A total of 23 domestic pigs weighing 30 kg to 60 kg underwent 
implantation of an ameroid constrictor. After sedation and 
preoperative preparation, the animals were transported to the 
operating room and placed in the right lateral recumbent pos-
ition. General anesthesia was maintained during the surgical 
procedure with the use of isoflurane (0.5% to 3.0%) and oxy-
gen (40% to 100%). Respiratory rate, fraction of inspired oxy-
gen and tidal volumes were adjusted to maintain a steady state 
of anesthesia. The left chest and shoulder were prepped and the 
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bACkGRound And obJeCtIVe: Left ventricular electrome-
chanical mapping (EMM) determines myocardial viability on the basis 
of endocardial electrograms. The aim of the present study was to vali-
date EMM in differentiating infarcted myocardium from viable myo-
cardium by histopathological analysis. 
Methods: Sixty days after implanting an ameroid constrictor over 
the left circumflex artery to create chronic ischemia in 19 pigs, EMM 
was performed to construct unipolar voltage (UPV), bipolar voltage 
(BPV) and linear local shortening (LLS) maps. Noninfarcted and 
infarcted myocardium were identified by histopathology. Threshold 
determinations comparing noninfarcted tissue with scarred tissue were 
made by measuring the area under the receiver operating characteristic 
curves.

ResuLts: From the 19 hearts, 149 myocardial segments were divided 
into noninfarcted myocardium (n=128) and transmural infarct (n=21). 
UPV, BPV and LLS values (4.7±1.2 mV, 2.8±2.5 mV and 10.0±5.1%, 
respectively) of infarcted segments were significantly lower than those 
in noninfarcted myocardium (10.9±3.4 mV, 4.5±2.4 mV and 
15.7±9.5%, respectively; P<0.01 for each comparison). The threshold 
values of UPV, BPV and LLS differentiating noninfarcted from 
infarcted myocardium were 6.2 mV (98% sensitivity, 95% specificity, 
97% accuracy), 2.8 mV (80% sensitivity, 72% specificity, 79% accu-
racy) and 12.3% (68% sensitivity, 67% specificity, 68% accuracy), 
respectively. The relative dispersion of voltage was lower for UPV 
versus BPV.
ConCLusIon: UPV can accurately differentiate infarcted from 
noninfarcted tissue in the chronic ischemic heart of pigs; however, 
BPV and LLS results were less accurate. 

key Words: Cut-off point; Electromechanical mapping; Infarct identifica-
tion; Myocardial viability; Transmural infarct
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chest was opened at the fifth intercostal space. The fifth rib was 
removed, and the dorsal lung was wrapped and packed with 
gauze to expose the heart. The pericardium was then excised 
and the circumflex artery isolated. An ameroid constrictor 
(Research Instruments SW, USA) with an internal diameter of 
2.25 mm to 2.75 mm was placed around the circumflex artery 
at its origin. If an intermediate branch was present, either a 
single ameroid that surrounded both arteries was used or a 
second ameroid was placed around the intermediate branch. 
After the constrictor was placed around the circumflex artery, 
the rib cage was closed with steel wire, and the muscle and skin 
layers were closed in standard fashion. After surgery, pigs were 
treated with antibiotics and analgesics, and maintained in the 
animal facility for 60 days to allow healing of the infarct. Four 
pigs were excluded from analysis because of early death at 26 to 
47 days after ameroid implantation. Final EMM assessment was 
performed on the remaining 19 pigs.

eMM system
The nonfluoroscopic EMM system has been described previ-
ously (20,23-26). In brief, the EMM system (NOGA, Biosense 
Webster Inc, USA) comprises a triangular location pad with 
three coils generating ultralow magnetic field energy, a station-
ary reference catheter with a miniature magnetic field sensor 
located on the body surface, a navigation sensor mapping cath-
eter with deflectable tip and electrodes providing endocardial 
signals, and a workstation for information processing and 
three-dimensional LV reconstruction. The maps were con-
structed by sequential sampling of the LV cavity. Each sample 
consisted of a map point that contained regional voltage and 
contractility information. 

Mapping procedure
EMM was performed 60 days after ameroid placement. The fem-
oral artery was exposed via a left femoral cutdown, and an 8 Fr 
sheath was inserted into the femoral artery. A D-type or F-type 
NogaStar mapping catheter was selected on the basis of LV size 
of each pig. Under fluoroscopic guidance, the 7 Fr catheter was 
advanced to the descending aorta, and then around the aortic 
arch and (fully deflected) across the aortic valve into the left 
ventricle. The deflection of the catheter was relaxed, and the tip 
was oriented to the LV apex. The initial map point was taken at 
the apex followed by points at the base of the septum and the 
lateral wall, thereby completing an initial triangle that defined 
the borders of the left ventricle. Subsequent points were taken 
until all endocardial segments had been uniformly sampled with 
at least three points in each of the 17 segments. 

After acquiring sufficient points to construct the initial sil-
houette of the LV cavity, an automatic filter was used to 
remove improper data points from the original map. The fol-
lowing were considered unacceptable mapping points: those 
located in the interior of the LV cavity, those that did not fit 
the standard stability criteria (location stability less than 
4 mm, loop stability less than 6 mm, cycle length less than 
10%), those obtained during a premature ventricular contrac-
tion, and those unrelated to the LV cavity (eg, in an atrial 
location). Using the above-described criteria, each point was 
filtered online immediately after acquisition and during the 
postprocessing analysis. Each map was displayed in a polar dis-
tribution format (bull’s eye). The average of the results of 

unipolar voltage (UPV), bipolar voltage (BPV) and linear local 
shortening (LLS) was correlated with the histopathological 
analysis of each individual segment (Figures 1A, 1B and 1C). 

histopathological analysis
After completing the mapping study, the pigs were humanely 
euthanized under deep anesthesia. The hearts were removed 
from each pig and perfusion fixed under physiological pressure 
with 10% neutral buffered formalin. According to American 
Heart Association segmentation criteria (27), the hearts were 
cut into 17 segments. A gross description of the infarcted area 
and the depth of the infarct was recorded for each segment. 
Myocardial sections were transferred to a 15% sucrose solution, 
dehydrated in a graded series of alcohols and embedded in par-
affin. Sections (4 µm to 5 µm) were mounted on charged slides 
and stained with hematoxylin and eosin, and Masson’s tri-
chrome to visualize fibrosis and scarring. Based on both gross 
and histological analyses, the hearts were categorized as nonin-
farcted myocardium and transmural scar (infarcted tissue 
involving more than 50% of the myocardial thickness) for each 
segment (Figures 1D and 1E).

Comparison of eMM results and histopathology
By using NOGA software, an American Heart Association 
17 segment bull’s eye map of voltage (unipolar and bipolar) and 
LLS was generated that matched histopathology segmentation. 
Segment by segment, the histopathology results were compared 
with the corresponding voltage and LLS values. Based on his-
tology, EMM results were divided into two groups: noninfarcted 
and infarcted segments.

statistical analysis
Data are presented as the mean ± SD. The Wilcoxon’s rank-sum 
test was used to compare the two groups of segments. Thresholds 
comparing noninfarcted with infarcted tissue were determined 
using area under the receiver operating characteristic curves. 
P<0.05 was considered to be statistically significant.

ResuLts
For each of the 19 pigs in the study, 92±14 points were acquired 
(total mapping time 49±21 min). Of the 152 segments from the 
left circumflex territory (lateral and posterior segments), 
three  segments were excluded because they were derived from 
fewer than three EMM points, resulting in a total of 149 seg-
ments for analysis: 128 segments of noninfarcted myocardium 
and 21 segments with infarcted myocardium. The values for 
UPV, BPV and LLS were significantly lower for infarcted seg-
ments than for noninfarcted segments (Table 1). Results of 
receiver operating characteristics (Figures 2, 3 and 4) showed 
that the threshold for distinguishing between infarcted and non-
infarcted myocardium was 6.2 mV for UPV (sensitivity 98%, 
specificity 95%, accuracy 97%), 2.8 mV for BPV (sensitivity 
80%, specificity 72%, accuracy 79%) and 12.3% for LLS (sensi-
tivity 68%, specificity 67%, accuracy 68%). Both BPV and LLS 
were less accurate than UPV in differentiating infarcted seg-
ments from noninfarcted segments because of a larger relative 
dispersion (SD/mean) in BPV and LLS than in UPV (Table 2).

dIsCussIon
Our study confirms that EMM can be used to distinguish 
infarcted from noninfarcted myocardium in the porcine model 
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of chronic ischemia, and contributes to previous findings by 
establishing a practical ‘cut-off’ value for distinguishing nonin-
farcted myocardium from scar.

The porcine ameroid model of chronic myocardial ischemia 
has been widely used to evaluate the outcome of therapeutic 

angiogenesis (28,29) and stem cell therapy (30). The advan-
tage of the ameroid model, unlike the model of acute myocar-
dial infarction induced by coronary balloon occlusion or 
ligation, is that it provides an ischemic area with patches of 
scar tissue. The histopathological result from the present 
study confirmed this ischemia-infarct mixed model and 
allowed us to set up a threshold in EMM to distinguish 
infarcted myocardium. 

The ability of EMM to diagnose myocardial ischemia and 
viability has been extensively studied in both preclinical and 
clinical studies (15,20,31,32). However, using EMM character-
istics (UPV, BPV and LLS) to differentiate scar from nonin-
farcted myocardium, with histopathology as the gold standard, 
has been assessed in few studies. Callans et al (18) demonstrated 
that decreased endocardial electrocardiogram amplitude could 

TablE 1
Electrical data in 149 segments classified according to 
histopathological assessment

Noninfarct 
(n=128)

Transmural scar 
(n=21)

 
P

Unipolar voltage, mV 10.9±3.4 4.7±1.2 0.0001
Bipolar voltage, mV 4.5±2.4 2.8±2.5 <0.0001
Linear local shortening, % 15.7±9.5 10.0±5.1 0.0012

Figure 1) Unipolar voltage (A), bipolar voltage (b) and linear local shortening (LLS) (C) maps showing an area of inferior-mid transmural 
infarction (black arrows) on left lateral view. Accordingly, histological slides (d, stained with hematoxylin and eosin, and Masson’s trichrome) 
and gross specimen (e) from the same animal show transmural scar (white arrows)
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be used as a good predictor to identify the infarcted area in a 
porcine model of healed (six to 10 weeks after acute infarction) 
anterior myocardial infarction. Wolf et al (33) and Gepstein 
et al (34) used the NOGA system to differentiate infarcted 
from noninfarcted myocardium in a canine model of chronic 
anterior wall infarction by permanent LAD ligation. 

Fallavollita et al (35) demonstrated the presence of endo-
cardial voltage amplitude spatial heterogeneity in normal and 
chronically dysfunctional myocardium. The authors showed 
that in normal hearts the voltage of the inferior wall is lower 
than that of the anterior wall. In our study, we created chronic 
ischemia by placing an ameroid over the left circumflex artery. 
To avoid the confounding factor of UPV spatial heterogeneity, 

we limited our analyses of NOGA and pathology to the lateral 
and inferior walls where the ameroid had induced myocardial 
ischemia.

Some studies (18,33,34) have suggested that BPV ampli-
tude is superior to UPV amplitude for identifying myocardial 
viability. However, Fallavollita et al (35) reported that BPV 
has greater variability among both normal and infarcted 
regions than does UPV. Our results also showed that in both 
infarcted and noninfarcted regions, BPV had greater variability 
than UPV. Compared with unipolar measurement, the bipolar 
electrogram offers the theoretical advantage of minimizing the 
effects of far-field averaging that would reduce relative differ-
ences in the electrogram voltage. However, BPV amplitude is 
very angle-dependent. This angle dependency means that if 
the activation front from the endocardium is perpendicular to 
the electrode pair, the bipolar spike will be of maximum ampli-
tude, whereas if it is parallel, both electrodes will record the 
same waveform at the same time, and no spike will result 
(36,37). In our study, UPV was more reproducible than BPV, 
and this may be why UPV is used in most clinical cell therapy 
studies (15,20,38,39). 

Cell therapy for the treatment of cardiovascular disease has 
generated promising results, which, in turn, have stimulated an 
interest in studying optimal delivery methods. Although intra-
coronary delivery provides a homogeneous distribution of cells 
to the area of interest, cell retention rates may be lower with 

TablE 2
Relative dispersion (SD/mean) of voltage and linear local 
shortening in 149 segments 

Noninfarct (n=128) Transmural scar (n=21)

Relative dispersion, % 
Unipolar voltage 31.2 25.5
Bipolar voltage 53.3 89.3
Linear local shortening 60.5 51.0

1 - Specificity

S
en

si
tiv

ity

Area under curve:  0.72
Threshold             12.3%
Sensitivity             68%
Specificity             67%
Accuracy             68%

0.00        0.25              0.50              0.75            1.00

1.00

0.75

0.50

0.25

0.00

LLS

Figure 4) Receiver operating characteristic comparing linear local 
shortening (LLS) of noninfarcted myocardium and transmural scar
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Figure 2) Receiver operating characteristic comparing unipolar volt-
age (UPV) of noninfarcted myocardium with transmural scar
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Figure 3) Receiver operating characteristic comparing bipolar voltage 
(BPV) of noninfarcted myocardium with transmural scar
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intracoronary delivery than with intramyocardial injections 
(40). Depending on patient circumstances, the cell or gene 
product may have to be delivered directly to ischemic myocar-
dium to promote angiogenesis or to infarcted segments to pro-
mote myogenesis. Therefore, the ability to precisely differentiate 
noninfarcted myocardium from scar in the catheterization lab-
oratory is important for guiding cell and gene therapy to 
specific myocardial regions. 

In the present study, we determined a UPV threshold value 
for differentiating infarcted from noninfarcted myocardium, 
and this value was validated by histopathological assessment. 
Using this threshold value, practitioners can use EMM as a 
guiding system to accurately inject cell or gene products into 
noninfarcted or infarcted myocardium for achieving angiogen-
esis or myogenesis. 

study limitations
Although the chronic ischemia induced in the pig model repro-
duces histopathological changes seen in human myocardium 

and produces similar changes seen in previous clinical studies, 
we cannot directly extrapolate results from an animal model to 
human cases. Moreover, to confirm the presence of viable myo-
cardium, recovery of myocardial contractility after restoration 
of blood flow must be demonstrated. Noninfarcted segments 
detected by histopathological assessment contained normal 
myocardium and chronically dysfunctional (hibernating) myo-
cardium, and diminished the predicted value of LLS. Identifying 
hibernating myocardium by an additional imaging modality, 
such as stress echocardiography, should be included in future 
studies. 

ConCLusIon
Using histopathology as the gold standard, we have shown that 
electromechanical parameters can distinguish noninfarcted 
myocardium from transmural scar with high sensitivity and 
specificity. Our results establish a practical cut-off point that 
can be used to identify myocardial segments compromised by 
transmural myocardial infarction.
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