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Aims Substrate-based ablation of ventricular tachycardia (VT) relies on electroanatomical voltage mapping (EAVM). Inte-
gration of scar information from contrast-enhanced magnetic resonance imaging (CE-MRI) with EAVM may
provide supplementary information. This study assessed the relation between electrogram voltages and CE-MRI
scar characteristics using real-time integration and reversed registration.

Methods
and results

Fifteen patients without implantable cardiac defibrillator (14 males, 64+ 9 years) referred for VT ablation after myo-
cardial infarction underwent CE-MRI. Contours of the CE-MRI were used to create three-dimensional surface
meshes of the left ventricle (LV), aortic root, and left main stem (LM). Real-time integration of CE-MRI-derived
scar meshes with EAVM of the LV and aortic root was performed using the LM and the CARTO surface registration
algorithm. Merging of CE-MRI meshes with EAVM was successful with a registration error of 3.8+0.6 mm. After the
procedure, voltage amplitudes of each mapping point were superimposed on the corresponding CE-MRI location
using the reversed registration matrix. Infarcts on CE-MRI were categorized by transmurality and signal intensity.
Local bipolar and unipolar voltages decreased with increasing scar transmurality and were influenced by scar hetero-
geneity. Ventricular tachycardia reentry circuit isthmus sites were correlated to CE-MRI scar location. In three
patients, VT isthmus sites were located in scar areas not identified by EAVM.

Conclusion Integration of MRI-derived scar maps with EAVM during VT ablation is feasible and accurate. Contrast-enhanced mag-
netic resonance imaging identifies non-transmural scars and infarct grey zones not detected by EAVM according to
the currently used voltage criteria and may provide important supplementary substrate information in selected
patients.
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Introduction
Catheter ablation is an important therapeutic option for recurrent
ventricular tachycardia (VT) in patients late after myocardial infarc-
tion (MI).1 The majority of these patients are inducible for VTs not
suitable for mapping during tachycardia.2,3 Substrate-based
methods have been developed to identify ablation target sites
during sinus rhythm.2,4 These methods rely on the delineation of
myocardial scar by electroanatomical voltage mapping (EAVM).

Contrast-enhanced magnetic resonance imaging (CE-MRI) can
be used to visualize the three-dimensional (3D) geometry of myo-
cardial fibrosis and is the gold standard for the detection of non-
transmural scar.5,6 Scar heterogeneity on CE-MRI based on signal
intensity (SI) has been associated with spontaneous and inducible
VT.7,8 Furthermore, animal studies showed that CE-MRI-defined
scar geometry can predict the location of VT reentry circuits.9

Thus, the integration of CE-MRI-derived scar information with
EAVM may provide important additional information to facilitate
VT ablation procedures. Recently, post-MI scar areas delineated
by CE-MRI have been shown to correspond with scar areas
defined by EAVM. In two studies, different voltage cut-off values
were reported to discriminate between the presence and the
absence of scar based on a post-procedural image comparison.10,11

However, a single-voltage cut-off value for the presence of scar
may not reflect the complex scar architecture and its use may
not result in accurate delineation of non-transmural scar and
infarct grey zones.

The purpose of the present study was (i) to show the feasibility
and accuracy of real-time integration of CE-MRI-derived scar maps
and EAVM in post-MI patients. Mapping was performed with
emphasis on scar border zone, non-transmural infarcts, and grey
zones as assessed by CE-MRI. (ii) Then using a post-procedural
process, bipolar and unipolar voltages of each mapping point
were compared with scar transmurality and SI of the correspond-
ing CE-MRI segment. (iii) Finally, the correlation between VT
reentry circuit isthmus sites and CE-MRI scar locations was
determined.

Methods
Fifteen consecutive patients referred for catheter ablation of sustained
monomorphic VT late after MI without contraindication for MRI were
studied. In three patients, the indication for ablation was VT that could
not be controlled by antiarrhythmic drugs. In 12 patients with a
reasonably preserved ejection fraction, radiofrequency (RF) ablation
procedure was offered as an alternative for amiodarone therapy or
implantable cardioverter defibrillator (ICD) implantation. Informed
consent was obtained from all patients. No Ethics Committee approval
was obtained as all performed procedures were part of the routine
clinical protocol applied at the Leiden University Medical Center.

Magnetic resonance imaging acquisition
and processing
Magnetic resonance imaging was performed on a 1.5 T Gyroscan
ACS-NT/Intera MR system (Philips Medical Systems, Best, The Nether-
lands) with patients positioned in the supine position. A standardized
clinical cardiac MRI protocol was followed, including cine MRI in long-
axis (two- and four-chamber views) and short-axis orientation

covering the complete left ventricle (LV). In addition, the proximal
aorta including the ostium of the left main coronary artery (LM) and
the right coronary artery was imaged in a stack of cross-sectional
slices using a black-blood turbo spin-echo sequence. Contrast-
enhanced images were acquired 15 min after bolus injection of gadoli-
nium using an imaging protocol as described previously.8 The heart
was imaged in one breath-hold with 20–24 imaging levels (dependent
on heart size) in short- and long-axis views. Images were acquired
600–700 ms after the R-wave on surface electrocardiogram.

Image analysis was performed using in-house-developed software
(Mass research software, V2008-EXP). In the aorta image series, con-
tours were traced describing the lumen of the aorta and the centreline
of the LM and the proximal right coronary artery. In the CE short-axis
image series, LV endocardial, LV epicardial, and right ventricular (RV)
endocardial contours were manually traced (Figure 1A). Myocardial
tissue with an SI value of ≥35% of the maximum SI within the
infarct region was considered scar. The infarct core was defined as a
myocardium with an SI of ≥50 and infarct grey zone as a myocardium
with SI ≥35% but SI ,50% of the maximum SI (Figure 1B).8 Transmur-
ality of scar was computed for every location for different layers within
the LV myocardium. Subsequently, the LV anatomy as described by the
endocardial and epicardial contours was converted into 3D mesh files
that could be imported into the CARTO system (Biosense Webster,
Cordis-Webster, Johnson & Johnson, Diamond Bar, CA, USA). Three-
dimensional meshes were constructed by converting the traced myo-
cardial and aorta contours into 3D co-ordinates, based on the 3D
spatial location and pixel size of the MR images. Assuming minimal
patient motion between the various MR sequences, the generated
meshes are spatially aligned in the same co-ordinate system of the
MR scanner. A triangularization approach was followed to obtain a
surface description of the myocardial walls and the luminal surfaces
of the aorta and coronary arteries suitable for importing and visualiza-
tion with the mapping system.

The vertices of the endocardial and epicardial surface mesh were
colour coded with the degree of transmurality for the inner and
outer half of the LV wall, respectively. Meshes without colour coding
were generated of the anatomy of the RV endocardial surface, the
proximal aorta, and the proximal segments of the left main and right
coronary artery (Figure 1).

Prior to the ablation procedure, all meshes were imported into the
CARTO system using pre-commercial CARTO-Merge (IPE) software,
enabling the registration and fusion of multiple, separate data sets.

Electrophysiological evaluation
All patients underwent electrical programmed stimulation and EAVM
in the post-absorptive, non-sedated state. Antiarrhythmic drugs were
discontinued for five half-lives. The protocol consisted of three drive-
cycle lengths and up to three extrastimuli from two RV sites and burst
pacing. The positive endpoint of stimulation was induction of a sus-
tained monomorphic VT lasting for .30 s or requiring termination
because of haemodynamic compromise.

Three-dimensional electroanatomical
voltage mapping and image integration
Electroanatomical voltage mapping (CARTO XP) was performed
during sinus or paced rhythm. Using a 3.5 mm tip, irrigated mapping
catheter (NaviStar ThermoCooled, Biosense Webster Inc.) and a ret-
rograde approach, a voltage map of the aortic root was created. Elec-
trograms were filtered at 30–400 Hz (bipolar) and 1–240 Hz
(unipolar). The catheter was positioned in the left coronary cusp
and carefully advanced towards the LM. The position at the ostium
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was confirmed by undiluted contrast injection through the mapping
catheter. The mapping catheter was flushed with saline directly after
contrast injection. Secondly, a voltage map was created of the LV.
Bipolar voltages ,1.5 mV were considered abnormal and bipolar vol-
tages ,0.5mV dense scar.4,12 The pre-acquired MRI-derived meshes
were integrated with the EAVM. A landmark was set at the ostium

of the LM on EAVM and MRI mesh. The maps were visually aligned
using the location of the LM to overcome rotation errors. Sub-
sequently, the surface of the aortic and LV maps were automatically
aligned with the meshes using CartoMERGE software (Figure 2). Dis-
tances between EAVM and MRI-derived maps including the LM
ostium were calculated to evaluate the registration accuracy. After

Figure 1 Pre-procedural processing consisted of drawing endo- and epicardial ventricular contours using the short-axis contrast-enhanced
magnetic resonance imaging slices (A), defining intensity and transmurality of scar (yellow, grey zone; red, core infarction, B) and creating colour-
coded endocardial (C and E) and epicardial (D and F) surface meshes. (C) and (D) show coding for percentage of transmurality and (E) and (F)
show the same meshes coded for signal intensity according to the colour bar.
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registration, additional mapping points were acquired in areas with a
mismatch between EAVM and MRI-derived mesh at the EA scar
border zone and at areas with non-transmural scar and grey zones
as assessed by CE-MRI. The location and extent of scar surface on
EAVM using a cut-off value of 1.5 mV was measured using the software
provided with the system and compared with the scar distribution on
MRI-derived maps.

Ventricular tachycardia mapping
and ablation
A VT reentry circuit isthmus site was defined by activation and
entrainment mapping for tolerated VT or by pace mapping (≥11/12
lead match between VT-QRS and paced-QRS morphology and
stimulus-to-QRS interval .40 ms) for poorly tolerated VTs.1 All
isthmus sites were tagged on the EAVM and evaluated with respect
to scar distribution as assessed by CE-MRI. All inducible monomorphic
VTs were targeted and RF energy was applied if a potential isthmus site
could be identified.

Comparison of electroanatomical voltage
maps and contrast-enhanced magnetic
resonance imaging
Post-procedural processing was performed in all cases. The regis-
tration matrix, mapping point co-ordinates, and bipolar and unipolar
voltages were exported from the CARTO system. Using the reverse
registration matrix and point co-ordinates, voltage data were superim-
posed on the corresponding CE-MRI slice (Mass research software,
V2008-EXP) (Figure 2C).

To enable the assessment of voltages corresponding to different
types of CE areas, each short-axis MRI slice was divided into 20 seg-
ments. Segments were subdivided into four layers (0–25, 25–50,
50–75, and 75–100% transmurality). Each layer was automatically
coded as core infarct, infarct grey zone, or normal myocardium
based on the mean SI. On the basis of the characteristics of the four
layers, each segment was assigned to 1 of 13 subcategories discriminat-
ing between location (subendocardial, subepicardial, or mid-wall),
transmurality (0, 25, 50, 75, or 100%), and SI (normal, grey-zone or
core infarct) of CE scar (Figure 3). The bipolar and unipolar voltages
of each mapping point were combined with the scar code of the
CE-MRI segment at the corresponding location for analysis.

Statistical analysis
Continuous variables are expressed as mean+ SD or median (inter-
quartile range) when appropriate, and categorical variables as fre-
quency (%). Statistical analysis was performed using SPSS, version
16.0 (SPSS, Inc., Chicago, IL, USA). The Mann–Whitney U-test was
used to compare voltages between different CE-MRI segment cat-
egories. All tests were two-tailed and a P-value of ≤0.05 was con-
sidered significant.

Results

Patient population
Fifteen patients (14 males, 64+ 9 years) were studied. Patient
characteristics are summarized in Table 1.

Delayed enhancement magnetic
resonance imaging
Magnetic resonance imaging findings are listed in Table 2. The mean
LV ejection fraction was 44+ 10%. All patients had evidence of
scar tissue on CE-MRI. The infarct was located at the anterior
wall in three (20%), the inferior wall in nine (60%), and the
lateral wall in three (20%) patients. The endocardial surface of seg-
ments with transmural infarction (core infarct and infarct grey
zones) was 12+ 13 cm2 (7.7+ 7.3% of the total surface) and of
subendocardial and transmural infarctions 33+ 20 cm2 (23+
11% of the total surface). Segments with intramural or subepicar-
dial scar accounted for 1.0+ 0.91 cm2 (0.74+ 0.63%) of the total
surface.

Three-dimensional electroanatomical
voltage mapping and image integration
Determination of the location of the LM ostium was uncompli-
cated in all patients. After contrast injection, no dysfunction or
obstruction of the mapping catheter was observed. Endocardial
voltage maps of the aortic cusps and LV were obtained in all
patients. The mean number of LV points was 255+ 43. The
imported MRI meshes were successfully merged with the
aortic and LV maps with a mean surface registration error of

Figure 2 During the procedure, three-dimensional contrast-enhanced magnetic resonance imaging-derived meshes (purple represents scar
and green represents normal myocardium) were integrated with the electroanatomical voltage maps (A and B) (colour coding as in the colour
bar). After the procedure, colour-coded mapping points were superimposed on the contrast-enhanced magnetic resonance imaging slice at the
corresponding location (C) (colour coding as in the colour bar).
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3.83+0.57 mm. After registration, the position error between the
LM on EAVM and MRI-derived mesh was 4.64+ 3.58 mm. Electro-
anatomical voltage mapping findings and registration data are sum-
marized in Table 3.

Electrical infarct localization (bipolar electrograms ,1.5 mV)
corresponded to infarct localization on CE-MRI (≥25% transmur-
ality) in all patients. The mean endocardial surface area of scar was
30+21 cm2 as determined by EAVM (,1.5 mV) and 33+20 cm2

as determined by CE-MRI (correlation R ¼ 0.91).
However, despite this correlation, visual analysis showed a clear

mismatch between EAVM scar areas and MRI maps in particular in
five (33%) patients with inferior MI. In these patients, scar areas on
MRI were larger than scar areas delineated by EAVM. Of impor-
tance, all scar areas not detected by EAVM were non-transmural
on CE-MRI (transmurality ,75%). Examples are provided in
Figure 4.

Mapping and ablation of ventricular
tachycardias
A total of 26 sustained monomorphic VTs with a cycle length of
305+85ms were induced in 13 patients (1.9+1.0 VTs/patient).
In two patients, no sustained VT was inducible. A VT isthmus
site could be identified and successfully targeted within an endo-
cardial low-voltage area corresponding with scar on MRI for 16
VTs in nine patients. In the remaining four patients, no endocardial
ablation target site could be identified. In three, the earliest acti-
vation during VT or best matching pace map was at a normal
voltage site (.1.5 mV). However, at these sites, CE-MRI identified
subendocardial septal scar in one and intramural inferoseptal scar
in two patients. On the basis of the mapping and CE-MRI findings,

Figure 3 Schematic of the categorization of short-axis contrast-enhanced magnetic resonance imaging segments. (A) Potential contrast
enhancement patterns with regard to transmurality and signal intensity (SI) in different segments. (B) The corresponding coding according
to transmurality and SI (yellow, grey zone; red, core infarction).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Patient characteristics at the time of referral
for radiofrequency catheter ablation

Age 64+9

Male gender (%) 14 (93)

Time after myocardial infarction (years) 14+12

VT cycle length (ms) 341+76

Drugs

Amiodarone (%) 0

Sotalol (%) 1 (7)

b-Blocker (%) 14 (93)

Class I antiarrhythmic drugs (%) 1 (7)

ACE-I/AT-2 antagonist (%) 13 (87)

VT, ventricular tachycardia; ACE-I, angiotensin-converting enzyme inhibitor; AT-2,
angiotensin 2. Data are expressed as mean+ SD or frequency (%).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Results of magnetic resonance imaging
studies

LV ejection fraction (%) 44+10

LV end-diastolic volume (mL) 232+71

LV end-systolic volume (mL) 133+59

LV mass (g) 140+43

Contrast-enhanced mass (g) 26+20

Endocardial surface (cm2) 134+29

Transmural scar (% of surface) 7.7+7.3

Subendocardial and transmural scar (% of surface) 23.0+11.0

Subepicardial and mid-wall scar (% of surface) 0.7+0.6

Localization contrast enhancement

Anterior wall 3 (20)

Inferior wall 9 (60)

Lateral wall 3 (20)

LV, left ventricle. Data are expressed as mean+ SD.
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epicardial mapping was performed in the latter with successful
identification of an epicardial ablation target site. In one patient
with a poorly tolerated VT, no endocardial pace match could be
obtained, a mid-septal area of CE could be identified in this
patient as well. Radiofrequency catheter ablation (RFCA) abolished
all inducible VTs in nine, the clinical documented VT in one, and
none of the clinical VTs in three patients. In two patients, ablation
failed likely to the fact that there was an intramural septal reentrant
circuit which was consistent with the finding of contrast enhance-
ment at this location. In one epicardially mapped patient, no abla-
tion was performed since the ablation target site was mapped to
the close vicinity of the epicardial right coronary artery.

Ten patients received an internal cardiac defibrillator including
those in whom ablation failed to abolish all VTs. The median
follow-up after ablation was 19 (3–27) months during which five
patients experienced recurrent VT.

Comparison of electroanatomical voltage
maps and contrast-enhanced magnetic
resonance imaging using reverse
registration
Voltages of each mapping point were compared with the CE
characteristics of the corresponding segment. One thousand five
hundred and thirty-three (51%) of mapping points were allocated
at a segment without CE, 1343 (44%) mapping points at a segment
with subendocardial [684 (23%)] or transmural [657 (22%)] CE,
and 112 (4%) of mapping points at a segment with mid-wall or sub-
epicardial CE. The median bipolar voltage at segments with normal
myocardium was 3.2 mV (1.8–5.1 mV). Endocardial bipolar elec-
trogram amplitudes for the core infarct and infarct grey zone
decreased significantly with increasing scar transmurality. The
median bipolar voltages for segments with a subendocardial to
transmural core infarct were 2.2 (1.1–2.5), 1.5 (0.9–2.2), 1.1

(0.6–1.7), and 0.8 (0.4–1.3) mV for 25, 50, 75, and 100% scar
transmurality, respectively. For infarct grey zones, median bipolar
voltages were 2.2 (1.3–3.3), 1.7 (0.8–2.4), 1.5 (0.7–2.5), and 1.0
(0.6–2.1) mV for 25, 50, 75, and 100% scar transmurality, respect-
ively (Figure 5). The mean unipolar voltage was 11.5 (8.0–15.1) mV
at normal segments and decreased significantly with increasing scar
transmurality for core infarct and infarct grey zone. Segments with
subepicardial and mid-wall scars between 25 and 75% transmural-
ity showed reduced bipolar and unipolar electrogram voltages
(Figures 5 and 6).

Although bipolar and unipolar electrogram amplitudes were an
effective parameter to differentiate between segments of different
scar transmurality, there was an important overlap between
groups. A median bipolar voltage ,1.5 mV was only found in seg-
ments with ≥75% core infarct transmurality and transmural grey
zone infarction.

Discussion
The current study is the first to evaluate the relation between the
3D geometry of scar and local electrogram voltages using real-time
integration and reversed registration of EAVM and CE-MRI in
humans. The main findings of this study are: (i) real-time regis-
tration of CE-MRI-derived scar information including scar trans-
murality and heterogeneity and EAVM data during catheter
ablation of post-MI VTs is feasible and accurate; (ii) endocardial
bipolar and unipolar electrogram amplitudes decrease with
increasing scar transmurality and are also influenced by scar
heterogeneity as quantified by SI; (iii) the currently used bipolar
electrogram cut-off value of 1.5 mV can not fully delineate non-
transmural scar, small subepicardial scar, and infarct gray-zones
as identified by CE-MRI.

Imaging-derived scar information and
electroanatomical voltage mapping
Surviving myocyte bundles embedded in fibrous tissue are the sub-
strate for reentrant VT in patients after MI. Identification of scar is
of importance in substrate-based ablation approaches for unstable
VT.2,4 CE-MRI allows detection of small scars and characterization
of infarcts by differentiating the core infarct and infarct grey-zones.
The extent of the infarct grey-zone has been associated with
inducible and spontaneous VT.6 –8

Scar geometry is also an important determinant for conduction
properties. The infarct border zone thickness and the local thick-
ness gradient could predict the location of VT reentry circuit isth-
muses in a canine model.9 Thus, scar information derived from
CE-MRI has the potential to improve substrate-based ablation.

The currently used gold standard in electrophysiology to define
scar relies on EAVM. Two prior studies have compared CE-MRI
data with EAVM in post-MI patients. In a post hoc analysis, a good
correlation between scar areas on CE-MRI and EAVM was
reported using cut-off values of 1.3 and 1.54 mV for bipolar and
5.5 and 6.52 mV for unipolar voltages, respectively.10,11 Mis-
matches between the presence of scar defined by EAVM and
CE-MRI found in both studies were thought to be due to the
lack of high-density mapping at the scar border zone and poor
catheter contact.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Table 3 Three-dimensional electroanatomical
mapping and image integration

Mean points: aorta map 25+11

Mean points: LV map 255+43

Total points: LV maps 3023

Points with bipolar voltage ,1.5 mV 1180 (39)

Localization low-voltage area

Anterior 3 (20)

Inferior 9 (60)

Lateral 3 (20)

Distance: EAVM points to MRI mesh surface

Mean (mm) 3.83+0.57

Standard deviation (mm) 2.61+0.49

Minimum (mm) 0.04+0.04

Maximum (mm) 14.2+3.36

Distance: LM EAVM to MRI mesh (mm) 4.64+3.58

LV, left ventricle; EAVM, electroanatomical mapping; MRI, magnetic resonance
imaging; LM, left main coronary artery. Data are expressed as mean+ SD or
frequency (%).
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Real-time integration
Real-time integration of CE-MRI-derived scar information achieved
in the current study facilitated high-density mapping at the EA scar
border zone and at areas with a mismatch between scar areas on
EAVM and CE-MRI. The good registration accuracy prevented

delineation of false-positive low-voltage areas due to poor catheter
contact.

Integration of CE-MRI-derived data with EAVM was automati-
cally performed with a mean position error of ,4 mm. This
accuracy is in line with studies using computed tomography

Figure 4 Representative examples of a patient in whom contrast-enhanced magnetic resonance imaging-derived mesh matched the electro-
anatomical voltage mapping (A and B) and of a patient with additional scar areas identified by contrast-enhanced magnetic resonance imaging
not detected by electroanatomical voltage mapping (C and D). (A and C) The bipolar voltage maps (colour coding as in the colour bar) and
corresponding endo- and epicardial magnetic resonance imaging-derived surface meshes coded for transmurality (purple represents scar and
green represents normal myocardium). (B and D) A representative long-axis contrast-enhanced magnetic resonance imaging slice with super-
imposed mapping point locations (mapping point bipolar amplitudes are colour coded as in voltage maps).
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Figure 5 (A) Median bipolar voltage of points located at short-axis contrast-enhanced magnetic resonance imaging segments coded for trans-
murality and signal intensity of scar. The number of mapping points allocated at each of the nine-segment categories is provided under the
X-axis. The P-value of differences (Mann–Whitney U-test) between bipolar voltages of each category is displayed. (B) The distribution of
points for each segment category according to the currently used cut-off values in bipolar voltage mapping (≤0.5, .0.5 to ≤1.5, and
.1.5 mV). (C) The mean bipolar voltage and distribution of points at segments with epicardial and mid-wall scar.
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imaging.13,14 In contrast to prior studies in which the position of LV
apex, mitral annulus, and aorta was used for registration, we tagged
the position of the LM ostium. The advantage of using the LM and
endocardial surface registration is that it precludes rotation
errors.15

After image integration and delineation of the EA border zone,
we found a good correlation between the surface of scar measured
by EAVM using a cut-off value of 1.5 mV and scar surface area
derived from CE-MRI. However, visual analysis showed a clear mis-
match between scar areas defined by EAVM and the area of scar
coded on the CE-MRI meshes. CE-MRI scar areas were larger in
33% of the patients. Insufficient mapping density was excluded as
a cause of the mismatch by acquiring additional mapping points
in these areas after image integration.

The surface of low-voltage areas was measured using the
CARTO software. This software sums the surface of all individual
triangles between mapping points. Therefore, the total surface
increases with the number of mapping points that are not
located in the same plane. Comparing the absolute endocardial
scar surface calculated by using the CARTO system with the
scar surface measured by the endocardial contours on CE-MRI
might therefore be inaccurate.

Reversed registration
The newly proposed technique of reversed registration allowed a
head-to-head comparison of voltage data and CE-MRI character-
istics, independent of surface measurements.

Bipolar and unipolar electrogram amplitudes significantly
decreased with increasing scar transmurality for core infarct and

infarct grey zones. A similar correlation between decreasing
bipolar voltages and increasing scar transmurality assessed by his-
tology was demonstrated in a dog model of MI.16 For segments
with ≥75% scar transmurality, bipolar electrograms were also sig-
nificantly influenced by scar density defined by SI. Interestingly, the
only segments with a median bipolar voltage of ,1.5 mV were seg-
ments coded as ≥75% transmural core and completely transmural
grey zone infarction (Figure 5).

This finding is in line with prior animal studies as transmural
scars are the prevailing type of scar found in pigs after MI in
which the cut-off value of 1.5 mV was validated.12 In the current
study performed in patients with a relatively preserved LV function,
however, transmural scars accounted for only 7.7% of the total
endocardial surface. Forty-four per cent of all mapping points
located at a scar area were allocated to a segment with ,75%
transmural core or infarct grey zone. The variation in number,
size, and geometry of surviving myocyte bundles in non-transmural
and inhomogeneous scar are likely to influence local electrogram
amplitudes.

Accordingly, non-transmural and inhomogeneous scars showed
significant higher bipolar and unipolar voltages contributing to the
mismatch between EAVM and CE-MRI-derived scar maps after
image integration and visual comparison.

The total subendocardial surface of segments with only mid-wall
or subepicardial scar was small, which might be expected in a
post-MI population.

Defining a voltage cut-off value for the presence of scar, based on
real-time image integration as suggested by others,10,11,13 is appeal-
ing. However, due to the demonstrated complex relation between

Figure 6 (A) Median unipolar voltage of points located at short-axis contrast-enhanced magnetic resonance imaging segments coded for
transmurality and signal intensity of scar. The number of mapping points allocated at each of the nine-segment categories is provided under
the X-axis. The P-value of differences (Mann–Whitney U-test) between mean unipolar voltages of each category is displayed. (B) Median uni-
polar voltage of points at segments with epicardial and mid-wall scar.
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local electrogram amplitudes and scar characteristics, a single cut-off
value cannot discriminate between the presence and the absence of
infarct scar at a particular location, because voltage is dependent on
infarct transmurality and heterogeneity.

Reentry circuit isthmus sites and scar
characteristics
It has been demonstrated that in patients with haemodynamically
tolerated VT, the majority of successful ablation sites were
located in the EA scar border zone using a cut-off value of
1.5 mV. However, some ablation sites were located within the
normal myocardium as defined by EAVM.17

More recently, Desjardins et al. reported that VT isthmus sites,
the majority identified by pace mapping, had a mean bipolar
voltage of 0.6+0.9 mV and corresponded to core infarct
regions or transmural grey zones on CE-MRI using post-procedural
image integration. Of importance, for one-third of the induced VT,
no isthmus could be identified.10

In the current study, we were unable to identify a VT reentry
isthmus site within a low-voltage area in four patients. However,
in three patients, successful identification of an ablation target
site was guided by CE-MRI-derived scar information showing non-
transmural scar leading to pace mapping in a normal voltage area in
one and an epicardial ablation attempt in two patients.

Clinical implications
Real-time integration of CE-MRI-derived scar maps and EAVM is
feasible and accurate. Of importance, all CE-MRI information
including the location of intramural and non-transmural scar and
of the core infarct and infarct grey zone not detectable by
EAVM can be visualized during the ablation procedures. This
might have important implications for substrate-based ablation
procedures in particular in patients, in whom variation in collateral
circulation and early reperfusion strategies have resulted in
inhomogeneous and non-transmural infarction. The technique of
reversed registration as described in this study may also provide
more insights into the spatial relationship between VT reentry
circuit sites and scar characteristics on CE-MRI as successful abla-
tion sites can be superimposed on the CE-MRI.

Limitations
The studied population consisted of post-MI patients without con-
traindications for MRI study. The routine use of MRI in ICD car-
riers is not considered safe and currently limits the application of
the described methods. The increasing availability of ‘MRI-safe’
implantable defibrillators in the near future may however make
the use of MRI-derived information during RFCA applicable to a
larger population.

The sample size of the patient population included in this study
was relatively small. Further studies in larger groups of patients are
warranted to further study the supplemental value of the inte-
gration of MRI-derived scar information during VT ablation.

Conclusions
Real-time integration of CE-MRI-derived scar information including
scar transmurality and heterogeneity and EAVM data during cath-
eter ablation of post-MI VTs is feasible and accurate.

Electrogram voltages decrease with increasing scar transmurality
and are also influenced by scar heterogeneity. The currently used
bipolar voltage cut-off value of 1.5 mV seems to be appropriate to
delineate transmural scar. However, local bipolar and unipolar vol-
tages alone are not sufficient to characterize the complex 3D scar
geometry. Merging CE-MRI-derived information with EAVM pro-
vides supplementary substrate information in particular for non-
transmural and heterogeneous infarction.
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