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Bipolar vs unipolar

• Bipolar easier to time than unipolar for 
LAT
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Single catheter mapping of AT

• Unipole marks p wave onset

DELACRETAZ, ET AL.

444 April 2001, Part I PACE, Vol. 24

Figure 1. Tracings obtained during activation mapping of idiopathic left ventricular tachycardia
(panels A and B) and atrial tachycardia (panels C and D) are shown. (Panels A and B) From the
top are: surface electrocardiogram leads I, II, III, V1, V6, and intracardiac recordings from the
mapping catheter: bipolar recordings from the distal electrode pair (Bi 1,2), minimally filtered
and high pass filtered (HP) unipolar electrogram from the distal electrode 1 and the next proximal
electrode 2 (Uni 1, Uni 2, Uni 1HP, and Uni 2HP, respectively). (Panel A) The site is remote from
the origin of the ventricular tachycardia. The interval between the onset of the minimally filtered
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Single catheter mapping of AT

• Potential errors

Delacretaz et al PACE 2001
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24 of 36 patients (Selection of the site by pace
mapping or mechanical suppression of the ar-
rhythmia by catheter pressure prevented acquisi-
tion of a tachycardia electrogram at the successful
site in the remainder). RF applied at 53 sites ter-
minated tachycardia at 24 sites (RF1) and had no
effect at 29 sites (RF2).

Uni On - Bi p was shorter at RF1 sites (3.8 6
3.5 ms, range 0–14 ms; 95% confidence interval
[CI] 2.3–5.2 ms) versus at RF- sites (9.2 6 5.2 ms,
range 0–21 ms; 95% CI 7.2–11.1 ms, P , 0.001).
Similarly, Uni On - Uni s was shorter at RF1 sites
(1.0 6 2.4 ms, range 0–9 ms; 95% CI 0.05–2.03 ms)
versus at RF- sites (4.4 6 5.4 ms, range 0–16 ms;
95% CI 2.3–6.4 ms, P , 0.001). The QRS/P-EGM
was 222.1 6 12.4 ms at RF1 sites (range 244–0
ms; 95% CI 227.4 to 216.9ms) versus 27.5 6
12.4ms at RF- sites (range 226–126ms; 95% CI
212.3 to 22.7ms, P , 0.001).

Identification of Exceptions
Analysis of scatterplots identified two situa-

tions in which the single catheter measurement
was misleading (Fig. 4A,B):

1. Patients with unsuccessful ablation of out-
flow tract VT. Four patients had unsuccessful ab-
lation despite RF application at the earliest sites of
endocardial activation in the RVOT and left ven-
tricular outflow tract. The earliest QRS to Eg tim-
ing was only 27 6 8 ms but the Uni On - Bi p in-
terval was short (mean of the shortest interval
found: 3 6 3 ms). In these patients, earliest endo-
cardial activation and a short Uni On - Bi p interval
are at the same endocardial site of early break-
through, but this site is remote from the arrhyth-
mia focus that appeared to be deep to the endo-
cardium.

2. At a few sites Bi p actually precedes Uni On

(Fig. 5). Inspection of simultaneously recorded
unipolar electrograms from the second electrode of
the bipole (electrode 2) revealed that the electro-
gram on the more proximal electrode (Uni2) was
earlier than the electrogram recorded at the distal
electrode (Uni1). Accordingly, electrode 2 is closer
to the tachycardia focus than electrode 1. The tim-
ing difference is best seen when comparing the
high pass filtered unipolar electrograms (HP1, HP2)
(Fig. 5). This represents a “false-positive” early site
of local activation during tachycardia, which can
be recognized by simultaneously recording an
unipolar electrogram from electrode 2.

Discussion
Although timing of local endocardial activa-

tion with the surface ECG is commonly used dur-
ing catheter mapping of focal arrhythmias, deter-
mination of P wave and QRS complex onsets is
often difficult due to superimposed T waves, or
the low amplitude of P waves, or slurring of the
upstroke of the QRS complex. In the present
study, the correlation coefficient between two in-
dependent observers for measurement of 205 elec-
trograms to P/QRS intervals was 0.70 (Table I).
Much of the variability can be attributed to slight
differences in assigning the P wave or QRS onset.
This study shows that simultaneous unipolar and
bipolar electrogram recordings from a single elec-
trode catheter can be used to assess the prematu-
rity of local activation during focal ventricular or
atrial tachycardia without reliance on the surface
ECG. This technique has great potential value
when the QRS or P wave onset is difficult to de-
fine.

Use of Simultaneous Minimally Filtered
Unipolar Electrogram and Filtered Bipolar

Electrogram
At sites remote from an arrhythmia focus, the

minimally filtered unipolar electrogram registers
an initial far-field signal, manifest as a slurred

UNIPOLAR AND BIPOLAR ELECTROGRAMS IN FOCAL TACHYCARDIA

PACE, Vol. 24 April 2001, Part I 447

Figure 5. A false-positive early site of local activation
during ventricular tachycardia due to early activation at
the proximal electrode of the bipolar pair is shown. The
QRS to bipolar electrogram timing (QRS - EGM) is 2 36
ms. The first peak of the bipolar electrogram precedes
the onset of the unipolar minimally filtered electrogram.
However, this is because electrode 2 is closer to the
tachycardia focus than electrode 1. The electrogram
recorded on the more proximal electrode (Uni 2 or Uni
2HP indicated by the dashed line) is earlier than the
electrogramrecordedat the distal electrode (Uni 1 or Uni
1HP). The timing difference is best seen when comparing
the high pass filtered electrograms Uni 1HP and Uni
2HP.



Bipolar voltage mapping

• Voltage dependent on catheter 
orientation and electrode spacing 



Bipolar voltage mapping

Brunkhorst et al JICE 2005

140 Brunckhorst et al.

Fig. 2. Electroanatomic bipolar voltage maps of the left ventricle in atrial pacing and right ventricular pacing are shown in a
posterior projection. Electrogram amplitude (mV) is color coded from red (0 mV) to yellow, green, and blue to purple (≥1.5 mV). A
large posterior low voltage region is present and similar during both pacing modes.

Fig. 3. Shown is a plot of the electrogram amplitude during
right ventricular pacing (RVP-V) (x-axis) versus atrial pacing
(AP-V) (y-axis). (r = 0 .77 ; y = 0 .47 + 0 .70 ∗x).

of bipolar recordings. A wavefront that propa-
gates perpendicular to the axis of the recording
dipole will have lower amplitude than a wavfront,
which propagates longitudinally to the recording
dipole [13]. We studied the impact of a change
in wavefront direction by comparing electrograms
during atrial pacing with those obtained from
the identical site during right ventricular pacing.
Variation of electrogram amplitude >50% did oc-
cur at 28% of all sites, but the absolute amplitude
in low voltage regions did not change markedly,
and there was little effect on the size of the low
voltage region (Fig. 2) when a cutoff of 1.5 mV was

used. Thus, our findings suggest that voltage maps
using this cutoff should be relatively robust, and
little influenced by direction of wavefront propaga-
tion produced by a different rhythm or pacing site,
although it is still possible that changes in activa-
tion could induce small changes in shape or size
of areas designated as scar. This relative indepen-
dence of amplitude on activation sequence in the
abnormal regions may be due to the nature of prop-
agation through low voltage areas. Conduction
may take an irregular continuously changing path
[14], so that any bipolar recording will sometimes
be parallel and, at other times perpendicular re-
gardless of the orientation of the recording bipole.
In normal myocardium the direction of wavefront
propagation might have greater effect because of
the more homogeneously activated myocardium.

After identification of the infarct region, dis-
tinguishing portions of the infarct that contain
surviving myocyte bundles from regions of dense,
fibrous, inexcitable tissue that cause conduction
block is desirable. A previous study proposed a
pacing threshold of >10 mA at a pulsewidth of
2 ms for this purpose and designated such sites
as electrically unexcitable scar [5]. That previous
study assessed electrogram amplitude during one
activation sequence only and the findings are in
agreement with our present study, where we found
that although unexcitable scar was in low ampli-
tude regions, it could not be identified based on
electrogram amplitude alone with either activa-
tion sequence. In our present study we found that

• Wavefront changed by V or A pacing during 
SR
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of bipolar recordings. A wavefront that propa-
gates perpendicular to the axis of the recording
dipole will have lower amplitude than a wavfront,
which propagates longitudinally to the recording
dipole [13]. We studied the impact of a change
in wavefront direction by comparing electrograms
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the identical site during right ventricular pacing.
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may take an irregular continuously changing path
[14], so that any bipolar recording will sometimes
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gardless of the orientation of the recording bipole.
In normal myocardium the direction of wavefront
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the more homogeneously activated myocardium.

After identification of the infarct region, dis-
tinguishing portions of the infarct that contain
surviving myocyte bundles from regions of dense,
fibrous, inexcitable tissue that cause conduction
block is desirable. A previous study proposed a
pacing threshold of >10 mA at a pulsewidth of
2 ms for this purpose and designated such sites
as electrically unexcitable scar [5]. That previous
study assessed electrogram amplitude during one
activation sequence only and the findings are in
agreement with our present study, where we found
that although unexcitable scar was in low ampli-
tude regions, it could not be identified based on
electrogram amplitude alone with either activa-
tion sequence. In our present study we found that

• ∆ wavefront ⇒ ∆ voltage but primarily in normal 
voltage areas



Identification of epicardial 
ventricular scar

• Useful if: 
– failed endocardial ablation/

substrate map 
–potential epicardial source e.g. 

non-ischaemic cardiomyopathy



Identification of non-endocardial 
scar

• Pt undergoing transplant for ARVC

computerized imaging software (Methamorph 6.2 UIC,
Molecular Devices, Downingtown, PA, USA).

Histology documented myocardial atrophy and revealed
extensive sarcoplasmic vacuolization, degenerative chan-
ges, and focal calcium deposits within the residual cardio-
myocytes. Myocardial replacement with fibroadipose tissue
in the RV and mostly fibrous replacement in the left ven-
tricle were seen. No inflammatory infiltrates were noted.

A clear anatomic correlation between RV low-voltage
areas and gross pathologic findings was demonstrated wher-

ever the residual myocardium was !40% of RV wall thick-
ness: in the outflow tract, inferior segment, and anterolateral
segment. In contrast, voltage mapping of RV endocardium
failed to detect pathologic segments where a greater amount
of residual myocardium was documented: in the anterolat-
eral portion of the apex and in the septum (Figures 2 and 3).

Discussion
Several studies have reported three-dimensional substrate
mapping with the CARTO system, previously validated as a

Figure 2 Comparison between electroanatomic and gross pathologic findings (I). A clear anatomic correlation is documented between low-voltage areas
(!1.5 mV) observed in right ventricular (RV) inferior and lateral segments (B: white arrows) and the corresponding areas of transmural fibroadipose
replacement observed in the same segments during morphologic analysis (A, C: black arrows). Two biopsy specimens were obtained from the border zone
of low-voltage areas documented in the RV inferior segment.

Figure 3 Comparison between electroanatomic and gross pathologic findings (II). Electroanatomic analysis (A, C) shows extensive low-voltage areas
(!1.5 mV) in right ventricular (RV) infundibulum, anterolateral segment, and inferior segment. A limited pathologic area is documented in the inferior
portion of the apex. A biopsy sample was obtained from the border zone of this area. Morphologic analysis (B) documents overt fibroadipose myocardial
replacement in the RV free wall (FW) and limited subendocardial infiltration of the septal wall (S). A clear anatomic correlation between RV low-voltage
areas and gross pathologic findings is documented when severe fibrofatty infiltration, with residual myocardium !40% of wall thickness, is demonstrated:
basal portion of RV free wall and inferior portion of apex (white arrows). In contrast, voltage mapping of RV endocardium apparently failed to detect
pathologic segments when limited infiltration, with residual myocardium "40%–50% of the wall thickness, is documented: distal portion of RV free wall
and subendocardium of septal wall (red arrows).

830 Heart Rhythm, Vol 7, No 6, June 2010

• Scar missed if >40% of myocardial wall 
preserved

Avella et al HRhythm 2010



Arrhythmogenic cardiomyopathy

• Endocardial and epicardial bipolar 
maps  cf unipolar endocardial

theless, because local low-amplitude events are not typi-
cally obscured by distant electrical activity, bipolar voltage
mapping has become an indispensable tool in the charac-
terization of VT substrate. The tradeoff for fidelity, how-
ever, is a myopic field of view. That is, although the voltage
properties of the endocardium are reflected in the bipolar
signal, the degree to which intramural or epicardial tissue is
represented is unclear.

Numerous animal studies have compared unipolar volt-
age mapping to bipolar voltage mapping in their ability to
distinguish infarcted from viable myocardium, and suben-
docardial from transmural scar, with conflicting results.16–19

Recent studies in postinfarction patients comparing unipolar
and bipolar voltage mapping to delayed enhanced magnetic
resonance imaging (DE-MRI) in the assessment of myocar-
dial infarct scar have also produced differing conclu-

sions.20,21 Codreanu et al20 compared 10 patients who un-
derwent DE-MRI and electroanatomic mapping and noted
that, although abnormal unipolar voltage best correlated
with the presence of scar on MRI, bipolar voltage mapping
more accurately predicted locations containing intramural
or epicardial scar. The latter statement, however, should be
tempered by the fact that only 27 electroanatomic mapping
points were correlated with MRI-defined intramural or epi-
cardial scar. Desjardins et al21 performed a similar analysis
on 14 postinfarction patients and determined that unipolar
voltage significantly correlated with scar depth (R ! "0.61,
P #.0001), whereas bipolar voltage showed a weaker cor-
relation. Furthermore, subendocardial infarcts did not have
a statistically different bipolar voltage compared to trans-
mural infarcts, whereas unipolar voltage mapping could
distinguish between these two phenomena.21

ARVC/D substrate
Postmyocardial infarction substrate has fundamentally dif-
ferent characteristics than ARVC/D substrate, which make
the aforementioned studies less germane to our discussion.
That is because when a major epicardial coronary artery is
occluded, infarction generally proceeds in an endocardial-
to-epicardial direction. As such, intramural or epicardial
substrate abnormalities are almost always associated with
endocardial scar as well. The histologic pattern of ARVC/D,
although sometimes transmural, can also consist of replace-
ment of midmural or external layers of myocardium with
fatty tissue and fibrosis, sparing the endocardium.3,5 There-
fore, one might predict that bipolar voltage mapping from
the endocardial surface underestimates the degree of abnor-
mal myocardium.

Several studies have addressed the ability of unipolar and
bipolar electroanatomic mapping to identify dysplastic areas
identified by echocardiography in an ARVC/D popula-

Figure 4 Endocardial and epicardial voltage maps from control patient with normal right ventricle and left ventricle. Left: Standard endocardial bipolar
voltage map in the anterior posterior view demonstrates the absence of low voltage on the right ventricular free wall. Center: Endocardial unipolar map also
shows no voltage abnormalities (signals $5.5 mV). Right: Epicardial bipolar voltage mapping confirms the absence of epicardial bipolar voltage abnormality
consistent with scar. Uncommon low-voltage epicardial bipolar electrograms were not wide, split, or late and most likely represent epicardial fat.

Table 2 Group 2 patient characteristics

Patient
no.

Age
(years) Gender

Left
ventricular
ejection
fraction (%)

Age at
symptom
onset
(years)

No. prior
ablations ICD

1 39 M 65 37 3 No
2 31 M 48 20 1 No
3 47 M 43 39 2 No
4 51 F 25 50 2 Yes
5 46 M 35 44 1 Yes
6 65 M 55 61 1 Yes
7 63 M 40 50 0 Yes
8 24 M 60 17 1 Yes
9 44 M 63 43 3 Yes

10 66 M 70 46 2 No
11 46 M 50 43 0 No
12 66 F 65 65 1 No
13 59 M 65 59 0 No

F ! female; ICD ! implantable cardioverter-defibrillator; M ! male.

81Polin et al Unipolar Mapping to Identify Epicardial Substrate

95% Uni 
>5.5mV in 
normal hearts

Polin et al HRhythm 2011



Arrhythmogenic cardiomyopathy

• Endocardial and epicardial bipolar 
maps  cf unipolar endocardial

Polin et al HRhythm 2011

The area of low-voltage bipolar electrogram abnormality
was always greater on the epicardial voltage map (82 ! 22
cm2, range 43 –127 cm2) than on the endocardial bipolar
voltage map (22 ! 17 cm2, range 0–52 cm2, P ".0001).
Similarly, the percentage of abnormal RV free-wall surface
area defined by the bipolar voltage map was uniformly
greater on the epicardial surface (67 ! 14%, range 39%–
95%) than on the endocardial bipolar voltage map (21% !
16%, range 0%–45%, P ".0001). Furthermore, the area of
electrogram abnormalities on endocardial bipolar voltage
maps did not correlate significantly with the epicardial bi-
polar voltage maps (r # 0.49, P # .15).

In contrast, endocardial unipolar voltage mapping more
closely approximated the degree of total epicardial bipolar
electrogram abnormality (62 ! 21 cm2, range 36–112 cm2).
More importantly, the percentage of electrogram abnormal-
ities on the RV free-wall surface area was not significantly
different between endocardial unipolar voltage mapping
(61% ! 19%, range 33%–96%) and epicardial bipolar volt-
age mapping (P # .23). There was also a significant corre-
lation between the percent abnormal voltage areas (r #
0.63, P ".05) for endocardial unipolar and epicardial bipo-
lar maps in terms of both overall size and matching ana-
tomic location (Figures 1 through 3).

In comparison to the ARVC/D patients, the three additional
reference patients with normal LV function and idiopathic LV
VT (ages 19, 33, and 47 years) showed no evidence of endo-
cardial unipolar voltage abnormalities and in turn no epicardial
bipolar voltage abnormalities (Figure 4).

Group 2: Prospective evaluation
To further validate the observations from the retrospective
analysis, an online assessment was performed for 13 con-
secutive patients who presented with suspected RV epicar-
dial VT who underwent detailed endocardial and epicardial

mapping. The clinical characteristics of the 13 patients are
listed in Table 2. Of note, 8 of the 13 patients fulfilled task
force criteria consistent with the diagnosis of ARVC/D, and
one patient had a biventricular nonischemic cardiomyopa-
thy. The other four patients (no. 10–13) all had idiopathic
RV VT and structurally normal hearts. There were two
women in group 2. Mean age of group 2 patients was 50 !
14 years, and baseline LV ejection fraction was 51% ! 14%.

An average of 313 ! 148 points (range 87–547 per
patient) were mapped on the endocardial RV surface and
615 ! 210 points from the epicardium (range 347–957).
The voltage map characteristics from the 10 patients in
Group 2 are listed in Table 3. Mean endocardial RV free-
wall surface area was 87 ! 18 cm2. Mean epicardial RV
free-wall surface area was 114 ! 22 cm2. The area of
endocardial and epicardial bipolar low voltage generally
involved the perivalvular region of the tricuspid valve and
extended for a variable distance across the RV free wall
when present. The epicardial abnormality typically was
greater than the endocardial abnormality.

Four patients showed no or rare noncontiguous endocar-
dial unipolar electrogram abnormalities (!10% total RV
free-wall surface area) and, as predicted, had no epicardial
bipolar electrogram abnormalities (Table 3, patients 10–
13). Nine patients showed more extensive areas of endocar-
dial unipolar electrogram abnormalities (mean 53 ! 21 cm2,
58% ! 23% total area) that were significantly greater than
the area of abnormal endocardial bipolar electrograms
(mean 16 ! 9 cm2, 17% ! 10% total area, P # .01).
Notably, the endocardial unipolar low-voltage area corre-
lated closely with the epicardial bipolar area with respect to
both size (68 ! 41 cm2, 56% ! 28% total area, r # 0.81,
P # .008) and location (Figure 5). In contrast, no significant
correlation was seen between endocardial bipolar and

Figure 1 Unipolar endocardial electrograms defining the location and greater extent of epicardial bipolar electrogram abnormalities in a patient with
arrhythmogenic right ventricular cardiomyopathy/dysplasia. Left: Endocardial bipolar voltage map demonstrates a paucity of low-voltage regions. Center:
Endocardial unipolar voltage mapping reveals a much greater burden of abnormal myocardium ("5.5 mV) extending from the lateral tricuspid valve up to
the pulmonic valve region and inferiorly across the right ventricular free wall. Right: Epicardial bipolar voltage map confirms the extensive area of abnormal
epicardium. Black dots represent wide, split, and/or late epicardial electrograms and help to identify low-voltage areas consistent with scar versus fat.
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Both bipolar and unipolar may 
overestimate scar

• Bipolar - epicardial fat 
• Unipolar - contact etc

tion,22 but no studies have attempted to use recording tech-
niques to identify more extensive epicardial abnormalities.
Our group recently sought to characterize the electroana-
tomic substrate and outcomes in patients with ARVC/D and
recurrent VT who underwent combined endocardial and
epicardial mapping/ablation.10 We found that in a series of
13 consecutive ARVC/D patients who had failed endocar-
dial ablation in the past, all had a dramatically larger ab-
normal epicardial surface area compared to endocardial
surface area as assessed by bipolar voltage mapping. This
result is consistent with both our current understanding of

ARVC/D pathology and the principles behind bipolar elec-
trogram genesis as described earlier and emphasizes the
importance of being able to confirm this anticipated more
extensive epicardial substrate in advance of direct mapping.
The current study supports the use of endocardial unipolar
voltage mapping to fill this important role.

Study limitations
The areas of electrogram abnormalities from both the en-
docardium and epicardium were not corroborated by his-
topathologic analysis in our study population for obvious
reasons. Furthermore, because the majority of patients in
our cohort had an implantable cardioverter-defibrillator, no
attempt was made to correlate unipolar and bipolar voltage
map findings with cardiac DE-MRI findings. Despite the
known difficulties in identifying RV fibrofatty infiltration
by MRI,23 it would be a reasonable endeavor to attempt a
correlation between MRI and endocardial/epicardial voltage
abnormalities in an ARVC/D population in the future. In
addition, this study did not analyze areas of the RV near the
septum to avoid an LV-related contamination of the unipo-
lar RV signal amplitude. Consequently, the significance of
unipolar electrogram attenuation in these regions remains
uncertain. Also, given that unipolar signal amplitude is
generated by a tissue–volume surrounding the tip electrode
(and not just by tissue in the epicardial direction), it is
possible that unipolar voltage may be reduced due to adja-
cent pathology (e.g., midmural dysplasia) rather than epi-
cardial fibrosis specifically. However, our data strongly sug-
gest at least a major contribution of the latter.

In this study, the patient population was limited to
ARVC/D patients with only modest endocardial bipolar
voltage abnormalities. This was done because no reports in
the literature have described ARVC/D pathologic speci-
mens in which fibrofatty replacement is limited to the en-
docardial layer with sparing of the midmural and/or epicar-
dial layers. We believed that if a significant burden of

Figure 5 Abnormal right ventricular (RV) free wall as a percentage of
the total RV free wall surface area in the 13 prospectively evaluated
patients (group 2). In patients 1 through 9 (the eight patients with arrhyth-
mogenic right ventricular cardiomyopathy/dysplasia and the single patient
with biventricular cardiomyopathy), the area of abnormal endocardial
unipolar (Endo Unipolar) electrograms and not the area of endocardial
bipolar (Endo Bipolar) electrogram tracked with the size of the epicardial
bipolar (Epi Bipolar) voltage abnormality. Patients 10 through 13 had no
structural abnormalities and did not demonstrate any endocardial bipolar or
unipolar abnormalities and, as predicted, did not demonstrate epicardial
bipolar voltage abnormalities consistent with scar.

Table 3 Mapping data for group 2

Patient
no.

Total RVFW SA (cm2) Abnormal RVFW EN-BI Abnormal RVFW EN-UNI Abnormal RVFW EPI-BI

Endocardial Epicardial SA (cm2) % Total RVFW SA (cm2) Total RVFW SA (cm2) Total RVFW

1 105 141.9 37.4 35.6% 50.7 48.3% 107.6 75.8%
2 71.6 124.5 4.8 6.7% 16.8 23.5% 29.4 23.6%
3 110 131.2 16.3 14.8% 90.3 82.1% 95.3 72.6%
4 72.8 87 22.5 30.9% 55.5 76.2% 47.1 63.8%
5 110.7 126.7 16.6 15% 43 38.8% 25.2 19.9%
6 91.7 104.6 7.5 8.2% 34.5 37.6% 28.8 27.5%
7 118.7 135.8 28.4 23.9% 56.9 47.9% 105.6 77.8%
8 88 148.5 4.1 4.7% 79.9 90.8% 130.5 87.9%
9 90 103.5 20.8 23.1% 53 58.9% 53 51.2%

Mean 94.4 ! 14.9 120.7 ! 18.9 16.2 ! 8.9 17.1% ! 9.2% 53.3 ! 21.1 58.7% ! 22.8% 68.1 ! 41.3 56.1% ! 28.3%
10 70.3 105.8 0.7 1% 0 0% 0 0%
11 75.6 123.2 8.7 11.5% 4.1 5.4% 0 0%
12 58.9 68 0 0% 5.9 10% 0 0%
13 69.9 100.7 0.9 1.2% 2.6 3.7% 4 4%
Mean 68.7 ! 7 99.4 ! 23.1 2.6 ! 4.1 3.4% ! 5.4% 3.2 ! 2.5 4.8% ! 4.1% 1 ! 2 1% ! 2%

BI " bipolar; EN " endocardial; EPI " epicardial; RVFW " right ventricular free wall; SA " surface area; UNI " unipolar.
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23%). Twenty-two (32%) patients had a history of cardiac 
arrest or syncope. Ventricular tachycardias were documented 
in 53 (76%) patients and included sustained VT (n=9, 13%) or 
nonsustained VT (n=44, 63%). There were 15 morphologies 
of sustained VT, all with a left bundle branch pattern, with a 
superior axis in 8, inferior axis in 4, and undetermined axis in 
3. Right ventricular dilatation/dysfunction were observed at 
echocardiography/angiography in all patients. Multiregional 
wall motion abnormalities (akinesia, diskinesia or bulging 
involving ≥2 RV regions) were found in 25 (36%) patients. 
Thirty-four (49%) patients were inducible at programmed 
ventricular stimulation to either sustained monomorphic VT 
(n=23) or VF (n=11). Among 8 noninducible patients, 2 expe-
rienced exercise induced arrhythmic events during follow-up.

At enrolment, 57 (82%) patients with VT or frequent pre-
mature ventricular beats were empirically treated with anti-
arrhythmic drug therapy, which consisted of sotalol (n=22), 
amiodarone either alone (n=9) or in combination with beta 
blockers (n=14), beta blockers (n=7), and flecainide (n=5).

Electroanatomic Voltage Mapping
Endocardial voltage mapping was successfully acquired dur-
ing sinus rhythm in all patients, with a mean number of sites 
sampled of 195±22.

Bipolar EVM
An abnormal bipolar RV EVM was recorded in 53 (77%) 
patients. Patients with and without evidence of abnormal bipo-
lar EVM had similar baseline clinical characteristics, except 
for multiregional RV wall motion abnormalities, which was 
significantly more prevalent in the abnormal bipolar EVM 
group. In patients with an abnormal bipolar EVM the median 
RV low-voltage area was 39.1 cm2 (13.2–67.8) with a median 
percent RV area of 24.8% (7.2–31.5; Figure 1). The involved 
RV regions were infero-basal in 49 (71%) patients, antero-lat-
eral in 28 (40%), RV outflow tract in 25 (36%), and apex in 15 
(22%) (Figure I in the online-only Data Supplement).

Mean bipolar amplitude of local electrograms recorded 
from within RV electroanatomic scar areas was significantly 
lower than that sampled from unaffected RV areas (0.38±0.11 
vs 5.2±0.6mV; P<0.001). Similarly, bipolar electrograms 
from low-voltage areas had a longer mean duration (78.9±18 
vs 33.5±7.8ms; P<0.001) and more often extended beyond 
the offset of the surface QRS (64% vs 7%; P<0.001), 
compared with electrograms sampled from regions with 
preserved electrogram voltage (Figure 2). Fragmented bipolar 
electrograms (ie, signals with > 3 deflections, amplitude ≤1.5 
mV, and duration >70 ms) were recorded in 47 of 53 (88%) 
patients with an abnormal bipolar EVM.

In 16 patients (23%), EVM was normal, with preserved 
bipolar endocardial electrogram amplitude (4.8±1.3 mV) and 
duration (35.3±0.8 ms; Figure 2).

Unipolar EVM
In the 53 patients (77%) with abnormal bipolar EVM, uni-
polar EVM recorded significantly more extensive RV elec-
troanatomic scar involvement with a median RV low-voltage 
area of 68.5 cm2 (22.9–98.7) and median percent RV area of 
64.8% (39.8–95.3) compared with low voltages obtained by 
bipolar EVM (P<0.009; Figure 1).

In all 16 patients (23%) with normal bipolar EVM, the use 
of unipolar EVM technique unmasked ≥1 regions of low-
voltage unipolar electrogram abnormality 37.3 cm2 (12.1–
48.9); 26.2% (11.6–38.2; Figure 1).

Follow-Up
During a median follow-up of 41 (28–56) months, 19 patients 
(27.5%) reached the composite arrhythmic end point, with a 
6.7% annual rate of major arrhythmic events. Eleven patients 
(16%) had an episode of sustained VT, 7 (10%) experienced 
≥1 appropriate ICD interventions, either against VF (n=4) or 
VT (n=3), and 1 (1.4%) died suddenly. Among the 4 patients 
who experienced VF, 1 underwent orthotopic heart transplan-
tation because of intractable recurrent VF storms (Figure 3).

Figure 1. Representative bipolar and 
unipolar right ventricular (RV) endocardial 
voltage mapping (EVM) from 2 arrhythmo-
genic right ventricular cardiomyopathy/
dysplasia patients. Patient #16: Right 
anterior oblique view of RV bipolar EVM 
showing preserved bipolar voltages 
values (A); right anterior oblique view of 
RV unipolar EVM from the same patient 
unmasking the presence of a significant 
electroanatomic scar (B). Patient #47: 
Compared with right anterior oblique 
view of bipolar RV EVM (C), unipolar RV 
EVM (D) reveals a greater burden of low-
voltage electrogram area involving the 
RV outflow tract, infero-basal, and apex 
regions.
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with the increased extent of RV low-voltage areas; (2) abnor-
mal bipolar EVM appeared to be superior in predicting major 
arrhythmic events over a long-term follow-up to classic clini-
cal risk factors such as clinical history, arrhythmic background 
and ventricular dilatation/dysfunction; and (3) a normal bipo-
lar RV EVM characterized a low-risk subgroup of ARVC/D 
patients.

These study results suggest that EVM should supplement 
the traditional intracardiac electrophysiological studies for 
prognostic evaluation of ARVC/D patients.

Diagnostic Utility of EVM
Endocardial voltage mapping has the ability to identify 
areas of scar tissue by recording and spatially associating 
low amplitude electrograms to generate a 3-dimensional 

electroanatomic ventricular map.17–21,27 The technique has 
been clinically validated in electrophysiological labs where it 
is increasingly used for substrate-based mapping and catheter 
ablation of scar-related VT, in either ischemic or nonisch-
emic cardiomyopathies.19,22,23 In ARVC/D patients, RV bipo-
lar low-voltage area was demonstrated to correlate with the 
histopathologic finding of fibrofatty myocardial replacement 
at endomyocardial biopsy.20,21,27 Previous studies showed that 
EVM provides additional value for ARVC/D diagnosis.17,20,21 
EVM has been recently reported to be significantly more sen-
sitive than contrast-enhancement-cardiac magnetic resonance 
to identify RV scar lesion.27,29,30

In the present study, an abnormal bipolar EVM was demon-
strated in the majority of ARVC/D patients, confirming data 
from previous studies.20–24 Regional distribution of bipolar 

Figure 4. Kaplan–Meier analysis of freedom from adverse events stratified by the presence of abnormal bipolar endocardial voltage map-
ping (EVM; A) and programmed ventricular stimulation (PVS) findings (B).

Table 2. Characteristics of Patients With and Without Arrhythmic Events During Follow-Up

Events n=19 (28%) No Events n=50 (72%)

 Age, y 34 (23–42) 37 (28–47)

 Sex (male) 14 (74) 36 (72)

 Family history of sudden death (<35 y) 6 (32) 10 (20%)

 History of cardiac arrest or syncope 14 (73) 8 (16)

 Nonsustained VT 10 (53) 34 (68)

 Sustained VT 6 (32) 6 (12)

 RVEVD, ml/m2 80 (55–103) 80 (64–96)

 RVFAC, % 39 (40–41) 39 (38–40)

 LVEVD, ml/m2 59 (54–71) 65 (55–80)

 LVEF, % 50 (45–58) 50 (45–60)

 Fragmented bipolar electrograms 15 (79) 32 (64)

 Inducibility at PVS 11 (58) 23 (46)

  VT 9 (47) 19 (38)

  VF 2 (11) 4 (8)

 Antiarrhythmic drug therapy 15 (79) 42 (84)

 Abnormal bipolar EVM 19 (100) 34 (68)

 Abnormal unipolar EVM 19 (100) 50 (100)

Categorical variables are presented as number of patients (%). Continuous values are expressed as median with 25 
and 75 percentiles. Abbreviations as in Table 1.

Abnormal map HR CI P HR CI P

Bipole 1.7 1.5-2.0 <0.001 1.6 1.2-1.9 <0.001

Unipole 1.3 0.6-2.3 0.3

Migliore Circ EP 2013
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Unipolar mapping to identify 
irreversible myocardial damage

• Normal/Ectopy induced/Idiopathic cardiomyopathy 
• Scar excluded (MRI, bipolar endo/epi defined) 
• Unipolar voltages mapped

Smirnov test. Discrimination power of unipolar electrogram
amplitude and percent AUA was evaluated with ROC
analysis. Multiple linear regression was used to examine the
relation between percent AUA and irreversibility, adjusting
for age, sex, presence of antiarrhythmic drugs at the time of
procedure, and LV size. The intraclass correlation coeffi-
cient was used to measure the degree of agreement between
2 independent observers, assuming a 2-way random model
with absolute agreement. For comparison of noncontinuous
variables, the chi-square test was used. A p value !0.05 was
considered statistically significant.

Results

Patient characteristics. Baseline characteristics of the 55
patients in the study are listed in Table 1. Patients in the
I-LVCM group were older (61 ! 13 years) than those in
the R-LVCM (42 ! 21 years) and SNH groups (41 ! 11
years) (p " 0.01). Female prevalence was also lower in the
I-LVCM group (4%) than in the R-LVCM (36%) and
SNH (23%) groups (p # 0.04). Presence of antiarrhythmic
drugs at the time of procedure was significantly higher in the
I-LVCM group (p " 0.01). Mean New York Heart Associ-
ation functional class was similar in the groups of patients with
LV systolic dysfunction: 1.6 ! 0.8 in the R-LVCM group and
2.1 ! 0.9 in the I-LVCM group (p # 0.12).

Echocardiographic findings. Main echocardiographic
findings are listed in Table 1. Groups with irreversible and
reversible LVCM exhibited no difference in the degree of
LV systolic dysfunction (LVEF: 28 ! 9 vs. 31 ! 10%; p #
0.33) at the time of the procedure. LV size was larger in the
I-LVCM group, reflected by greater LV end-diastolic
diameter (66 ! 8 mm vs. 54 ! 7 mm; p "0.01) and LV
end-systolic diameter (56 ! 10 mm vs. 44 ! 7 mm; p "
0.01), than in the R-LVCM group. There were no signif-
icant differences in LV wall thickness between the groups
(mean interventricular septal and posterior wall size: 10.6 !
1.9 mm and 9.8 ! 1.7 mm in the I-LVCM group; 9.9 !
1.8 mm and 9.4 ! 1.7 mm in the R-LVCM group; and
9.8 ! 1.5 and 9.7 ! 1.7 mm in the SNH group; p # 0.49 and
0.79, respectively). Eight patients (33%) in the I-LVCM group
and 2 (14%) in the R-LVCM group exhibited some degree of
LV hypertrophy (all mild except 1 moderate in the I-LVCM
group). All patients in the SNH group exhibited normal LV
size and function and normal wall thickness.

A moderate negative correlation between LV chamber size
and LV function was found among patients with LV systolic
dysfunction, I-LVCM and R-LVCM groups (r # $0.58, p "
0.001). A moderate significant correlation between LV cham-
ber size and irreversibility of LV function was also found
among patients in these groups (r # 0.59, p " 0.001).

Figure 3 Delineation of Area of Interest After Exclusion of Perivalvular Region and Area of Probable Macroscopic Scar

Right anterior (A) and left posterior oblique (B) of a LV ENDO bipolar map are shown. To maximize specificity of unipolar recordings, points within 1 cm around the area
of basal lateral macroscopic scar (blue dots) and within 1 cm around the mitral annulus (white dots) were excluded (inside squat arrows). The area of interest (purple
outside squat arrows) comprises the remaining LV surface used for the unipolar signal amplitude analysis. Abbreviations as in Figure 1.

2198 Campos et al. JACC Vol. 60, No. 21, 2012
New Criteria to Identify Irreversible Cardiomyopathy November 20/27, 2012:2194–204

Campos et al 
JACC 2012



Unipolar voltages of “normal” 
myocardium

Low unipolar amplitude, !8.27 mV, was identified in
2,437 (58.8%) signals in the I-LVCM group, 132 (9.8%) in
the R-LVCM group, and 24 (1.2%) in the SNH group. The
ROC analysis for unipolar electrogram amplitude in patients
with LV systolic dysfunction (R-LVCM and I-LVCM
groups) showed an area under the curve of 86.1% and dem-
onstrated that the 8.27-mV amplitude cutoff had a 58.9%
sensitivity and 90.2% specificity for detecting an AUA related
to irreversibility of LV dysfunction (p ! 0.001).
Quantitative assessment of AUA. AUA "5 cm2 in size
were present in 24 of 24 patients (100%) in the I-LVCM
group, 7 of 14 (50%) in the R-LVCM group, and 1 of 17 (6%)
in the SNH group (Table 2). Median unipolar signal ampli-
tude within AUA (!8.27 mV) was smaller in the I-LVCM
group (5.84 # 1.61 mV) than in the R-LVCM (7.17 # 1.00
mV) and SNH (7.47 # 1.07 mV) groups (p ! 0.001).

The percent AUA represented a larger proportion of the
total LV ENDO surface area in the I-LVCM group (median:
64.7% [IQR: 47.5% to 75.9%]) than in the R-LVCM (me-
dian: 5.2% [IQR: 0.0% to 19.1%]) and SNH (median: 0.1%
[IQR: 0.0% to 0.9%]) groups (p ! 0.001). There was no
significant difference in percent AUA between the R-LVCM
and SNH groups (p $ 0.26) (Figs. 5 and 6). The ROC
analysis for the percent AUA among patients with LV systolic
dysfunction (I-LVCM and R-LVCM groups) showed an area
under the curve of 99.7% and indicated that a 32% cutoff
value for the percent AUA is 96% sensitive and 100%
specific for identifying irreversibility of LV dysfunction (p !
0.001) (Fig. 7). The intraclass correlation coefficient for
AUA measurement was 1.00 (range 0.99 to 1.00), suggest-
ing low interobserver variability.

Because of the demonstrated differences in the groups
with respect to age, sex, presence of antiarrhythmic drugs,
and LV size (LV end-diastolic diameter), a further analysis
with multiple linear regression was performed to evaluate
their effect on the unipolar voltage findings in patients with
low LVEF (R-LVCM and I-LVCM groups). This analysis
found that only irreversibility of LVCM was an independent
predictor of a higher percent AUA (p ! 0.001). Sex, presence
of antiarrhythmic drugs, and LV size were not independent
predictors on multivariate analysis (p $ 0.89, 0.38, and 0.95,
respectively). Interestingly, this analysis found a trend of older
age predicting larger percent AUA (p $ 0.09).

An additional subgroup analysis based on age was per-
formed to further evaluate its effect on percent AUA among
patients with low LVEF (R-LVCM and I-LVCM groups).
In patients below 65 years of age, the median percent AUA
was 51.0% (IQR: 41.1% to 74.3%) in the I-LVCM group
and 2.7% (IQR: 0.0% to %8.9%) in the R-LVCM group. In
patients above 65 years of age, the median percent AUA was
69.6% (IQR: 55.7% to 76.8%) in the I-LVCM group and
19.5% (IQR: 19.2% to 24.6%) in the R-LVCM group.
According to these findings, the analysis based on age
adjusting the previous 32% cutoff of percent AUA to 22%
for younger patients (!65 years) and to 35% for older patients
("65 years) demonstrated a 100% sensitivity and 100% spec-

Figure 4 Distribution of the Unipolar EGM Amplitudes

(A) Irreversible nonischemic left ventricular–dilated cardiomyopathy (I-LVCM)
group. (B) Reversible ventricular premature depolarization&mediated nonisch-
emic left ventricular–dilated cardiomyopathy (R-LVCM) group. (C) Structurally
normal heart (SNH) group. Using the 8.27-mV reference value for identifying
normal unipolar signal amplitude, 58.8% of unipolar electrograms (EGM) were
identified as abnormal in the I-LVCM group, 9.8% in the R-LVCM group, and
1.2% in the SNH group. Amplitude is expressed as median (interquartile range)
millivolts.
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Low unipolar amplitude, !8.27 mV, was identified in
2,437 (58.8%) signals in the I-LVCM group, 132 (9.8%) in
the R-LVCM group, and 24 (1.2%) in the SNH group. The
ROC analysis for unipolar electrogram amplitude in patients
with LV systolic dysfunction (R-LVCM and I-LVCM
groups) showed an area under the curve of 86.1% and dem-
onstrated that the 8.27-mV amplitude cutoff had a 58.9%
sensitivity and 90.2% specificity for detecting an AUA related
to irreversibility of LV dysfunction (p ! 0.001).
Quantitative assessment of AUA. AUA "5 cm2 in size
were present in 24 of 24 patients (100%) in the I-LVCM
group, 7 of 14 (50%) in the R-LVCM group, and 1 of 17 (6%)
in the SNH group (Table 2). Median unipolar signal ampli-
tude within AUA (!8.27 mV) was smaller in the I-LVCM
group (5.84 # 1.61 mV) than in the R-LVCM (7.17 # 1.00
mV) and SNH (7.47 # 1.07 mV) groups (p ! 0.001).

The percent AUA represented a larger proportion of the
total LV ENDO surface area in the I-LVCM group (median:
64.7% [IQR: 47.5% to 75.9%]) than in the R-LVCM (me-
dian: 5.2% [IQR: 0.0% to 19.1%]) and SNH (median: 0.1%
[IQR: 0.0% to 0.9%]) groups (p ! 0.001). There was no
significant difference in percent AUA between the R-LVCM
and SNH groups (p $ 0.26) (Figs. 5 and 6). The ROC
analysis for the percent AUA among patients with LV systolic
dysfunction (I-LVCM and R-LVCM groups) showed an area
under the curve of 99.7% and indicated that a 32% cutoff
value for the percent AUA is 96% sensitive and 100%
specific for identifying irreversibility of LV dysfunction (p !
0.001) (Fig. 7). The intraclass correlation coefficient for
AUA measurement was 1.00 (range 0.99 to 1.00), suggest-
ing low interobserver variability.

Because of the demonstrated differences in the groups
with respect to age, sex, presence of antiarrhythmic drugs,
and LV size (LV end-diastolic diameter), a further analysis
with multiple linear regression was performed to evaluate
their effect on the unipolar voltage findings in patients with
low LVEF (R-LVCM and I-LVCM groups). This analysis
found that only irreversibility of LVCM was an independent
predictor of a higher percent AUA (p ! 0.001). Sex, presence
of antiarrhythmic drugs, and LV size were not independent
predictors on multivariate analysis (p $ 0.89, 0.38, and 0.95,
respectively). Interestingly, this analysis found a trend of older
age predicting larger percent AUA (p $ 0.09).

An additional subgroup analysis based on age was per-
formed to further evaluate its effect on percent AUA among
patients with low LVEF (R-LVCM and I-LVCM groups).
In patients below 65 years of age, the median percent AUA
was 51.0% (IQR: 41.1% to 74.3%) in the I-LVCM group
and 2.7% (IQR: 0.0% to %8.9%) in the R-LVCM group. In
patients above 65 years of age, the median percent AUA was
69.6% (IQR: 55.7% to 76.8%) in the I-LVCM group and
19.5% (IQR: 19.2% to 24.6%) in the R-LVCM group.
According to these findings, the analysis based on age
adjusting the previous 32% cutoff of percent AUA to 22%
for younger patients (!65 years) and to 35% for older patients
("65 years) demonstrated a 100% sensitivity and 100% spec-

Figure 4 Distribution of the Unipolar EGM Amplitudes

(A) Irreversible nonischemic left ventricular–dilated cardiomyopathy (I-LVCM)
group. (B) Reversible ventricular premature depolarization&mediated nonisch-
emic left ventricular–dilated cardiomyopathy (R-LVCM) group. (C) Structurally
normal heart (SNH) group. Using the 8.27-mV reference value for identifying
normal unipolar signal amplitude, 58.8% of unipolar electrograms (EGM) were
identified as abnormal in the I-LVCM group, 9.8% in the R-LVCM group, and
1.2% in the SNH group. Amplitude is expressed as median (interquartile range)
millivolts.
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Low unipolar amplitude, !8.27 mV, was identified in
2,437 (58.8%) signals in the I-LVCM group, 132 (9.8%) in
the R-LVCM group, and 24 (1.2%) in the SNH group. The
ROC analysis for unipolar electrogram amplitude in patients
with LV systolic dysfunction (R-LVCM and I-LVCM
groups) showed an area under the curve of 86.1% and dem-
onstrated that the 8.27-mV amplitude cutoff had a 58.9%
sensitivity and 90.2% specificity for detecting an AUA related
to irreversibility of LV dysfunction (p ! 0.001).
Quantitative assessment of AUA. AUA "5 cm2 in size
were present in 24 of 24 patients (100%) in the I-LVCM
group, 7 of 14 (50%) in the R-LVCM group, and 1 of 17 (6%)
in the SNH group (Table 2). Median unipolar signal ampli-
tude within AUA (!8.27 mV) was smaller in the I-LVCM
group (5.84 # 1.61 mV) than in the R-LVCM (7.17 # 1.00
mV) and SNH (7.47 # 1.07 mV) groups (p ! 0.001).

The percent AUA represented a larger proportion of the
total LV ENDO surface area in the I-LVCM group (median:
64.7% [IQR: 47.5% to 75.9%]) than in the R-LVCM (me-
dian: 5.2% [IQR: 0.0% to 19.1%]) and SNH (median: 0.1%
[IQR: 0.0% to 0.9%]) groups (p ! 0.001). There was no
significant difference in percent AUA between the R-LVCM
and SNH groups (p $ 0.26) (Figs. 5 and 6). The ROC
analysis for the percent AUA among patients with LV systolic
dysfunction (I-LVCM and R-LVCM groups) showed an area
under the curve of 99.7% and indicated that a 32% cutoff
value for the percent AUA is 96% sensitive and 100%
specific for identifying irreversibility of LV dysfunction (p !
0.001) (Fig. 7). The intraclass correlation coefficient for
AUA measurement was 1.00 (range 0.99 to 1.00), suggest-
ing low interobserver variability.

Because of the demonstrated differences in the groups
with respect to age, sex, presence of antiarrhythmic drugs,
and LV size (LV end-diastolic diameter), a further analysis
with multiple linear regression was performed to evaluate
their effect on the unipolar voltage findings in patients with
low LVEF (R-LVCM and I-LVCM groups). This analysis
found that only irreversibility of LVCM was an independent
predictor of a higher percent AUA (p ! 0.001). Sex, presence
of antiarrhythmic drugs, and LV size were not independent
predictors on multivariate analysis (p $ 0.89, 0.38, and 0.95,
respectively). Interestingly, this analysis found a trend of older
age predicting larger percent AUA (p $ 0.09).

An additional subgroup analysis based on age was per-
formed to further evaluate its effect on percent AUA among
patients with low LVEF (R-LVCM and I-LVCM groups).
In patients below 65 years of age, the median percent AUA
was 51.0% (IQR: 41.1% to 74.3%) in the I-LVCM group
and 2.7% (IQR: 0.0% to %8.9%) in the R-LVCM group. In
patients above 65 years of age, the median percent AUA was
69.6% (IQR: 55.7% to 76.8%) in the I-LVCM group and
19.5% (IQR: 19.2% to 24.6%) in the R-LVCM group.
According to these findings, the analysis based on age
adjusting the previous 32% cutoff of percent AUA to 22%
for younger patients (!65 years) and to 35% for older patients
("65 years) demonstrated a 100% sensitivity and 100% spec-

Figure 4 Distribution of the Unipolar EGM Amplitudes

(A) Irreversible nonischemic left ventricular–dilated cardiomyopathy (I-LVCM)
group. (B) Reversible ventricular premature depolarization&mediated nonisch-
emic left ventricular–dilated cardiomyopathy (R-LVCM) group. (C) Structurally
normal heart (SNH) group. Using the 8.27-mV reference value for identifying
normal unipolar signal amplitude, 58.8% of unipolar electrograms (EGM) were
identified as abnormal in the I-LVCM group, 9.8% in the R-LVCM group, and
1.2% in the SNH group. Amplitude is expressed as median (interquartile range)
millivolts.
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Ischaemic vs non-ischaemic 
voltage mapping

• Unipolar endo correlated to epicardial 
scar

other 4 cases; LV in 2, RV in 2 (Figure 6B). In these 2 RV
maps, points that were excluded as possible epicardial fat
were also present in the unmatched area, suggesting a
combination of epicardial fat and scar (Figure 7).

Discussion
The present study gives detailed insight into the relation
between endo- and epicardial electrogram characteristics in
patients with ventricular tachycardia. In agreement with prior
studies, endocardial unipolar amplitude was the only endo-
cardial electrogram predictor of epicardial scar. In contrast to
prior studies, the best endocardial unipolar voltage predictors
for scar were lower: 4.4 mV in the RV and 5.1 mV in the LV.
Despite our attempt to optimize prediction, a good match with
epicardial low-voltage regions was achieved in only 67% of LV
and 75% of RV. Additional analyses suggested that epicardial
fat and the nature of the cardiomyopathy may affect these
correlations.

Unipolar and Bipolar Mapping
Since the rejection of far-field signal facilitates identification
of local potentials in bipolar recordings, these are standard in
most laboratories. On the other hand, minimally filtered
unipolar recordings can be useful for mapping focal arrhyth-
mia sources, but contain greater far-field signal generated by
depolarization of tissue remote from the recording elec-
trode.10 Previous studies found that normal myocardium
could be distinguished from regions with subendocardial or
transmural infarcts on the basis of unipolar voltage.11 The
scar areas as assessed by unipolar and bipolar voltages in the
electroanatomical map correlated well with the scar as
defined by delayed enhanced MRI (DE-MRI).12–14

Use of Unipolar Amplitude to Predict Epicardial
Scar
Previous studies used an endocardial unipolar voltage cutoff
of 5.5 mV in RV and 8.27 mV in LV to predict epicardial low
voltage.3,4 These cut points were based on the 95th percentile

Figure 4. ROC curve analysis of RV (A) and LV (B) endocardial
unipolar amplitude according to the epicardial scar. Arrow indicates
optimal cutoff point for sensitivity and specificity. AUC indicates area
under the curve; CI, confidence interval; LV, left ventricle; ROC,
receiver-operator characteristic; RV, right ventricle.

Figure 5. Correlation plot between left ventricle (LV) endocardial
unipolar and epicardial bipolar amplitude in the patients with (A) ICM
and (B) NICM.
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Identification of mid-myocardial scar

• Abnormal endo uni with normal epi bi

Limitations
This study includes a limited number of patients. We did not
include patients with incomplete LV voltage maps both to
avoid underestimation of low-voltage regions and to repre-
sent all LV segments equally. This sampling technique has
been well established clinically for bipolar voltage mapping
for more than a decade and has been correlated histopatho-
logically with VT arrhythmia substrate.14

The distinction between normal and abnormal ENDO UNI
voltages is less dramatic than seen with ENDO BIP electro-
grams; this may represent a composite 3-dimensional assess-
ment of scar burden reflected by the unipolar electrogram.
Additional investigation is warranted to correlate UNI elec-
trogram characteristics with MRI in this patient population.

As indicated, an abnormal unipolar voltage map in the
setting of normal bipolar voltage map does not guarantee the
presence of an abnormal epicardial substrate. The presence of
isolated midmyocardial scar would be anticipated to also
create lower unipolar ENDO voltage.

Conclusions
Our results suggest that UNI ENDO voltage can provide an
indication of epicardial VT substrate in patients with LVCM
with normal bipolar endocardial voltage.
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DIstinction of scar/fat/viable 
myocardium

• Epicardial bipolar/unipolar EAM on 
3D imaging

Figure 1 Processing and integration of CT and contrast-enhanced MRI. Step 1: epicardial fat meshes and 3D scar reconstructions were
created from the short-axis computed tomography and contrast-enhanced magnetic resonance imaging slices. Step 2: before the procedure,
the computed tomography was segmented and all meshes were imported into the mapping system. Step 3: during the procedure, computed
tomography- and contrast-enhanced magnetic resonance imaging-derived images were integrated with the electroanatomical map [displayed as
a mesh to better visualize the scar distribution (right)]. Step 4: after the procedure, points were projected on the corresponding short-axis
computed tomography slices and the 3D scar reconstruction to determine fat thickness and the presence of underlying scar.
Contrast-enhanced magnetic resonance imaging denotes contrast-enhanced magnetic resonance imaging; LAD, left anterior descending; LM,
left main; LV, left ventricle; RCA, right coronary artery; RV, right ventricle.
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Algorithm for identification

during epicardial EAM. In areas with ≥2.8 mm fat (as delineated by
CT, which can be acquired irrespective of prior device implant-
ation), only the first and second step should be used to maintain
specificity, whereas the third step may be used for sites with
,2.8 mm fat (on average 80% of mapping sites). When CT
scans are not available, steps 1 and 2 of the algorithm can be
used, although with lower sensitivity. When only the electrogram
morphology (any abnormal) is applied, the sensitivity is acceptable
and the specificity is unaffected by fat thickness.

Voltage mapping and scar type
In the current study, for the first time, it is demonstrated that epi-
cardial UV can be used to identify intramural scar. However, due
to the limited field of view UVs cannot be used to detect suben-
docardial scar. Previously, Hutchinson et al.7 demonstrated that
61% of endocardial low UV areas (≤8.27 mV) overlapped with
epicardial low BV areas. This may, however, also be explained by
epicardial scar extending towards the endocardium. Further
studies are needed to assess the exact ‘field of view’.

Ablation target sites
Since extensive epicardial EAM is time-consuming, it may be pref-
erable to map the area of interest only. Importantly, all target sites
were projected on areas with transmural LE on MRI, suggesting
that CE-MRI may be used to delineate the area of interest. The
combination of all EAM parameters may be used when CE-MRI
is not available.

Histology
Histology is the true gold standard to detect, quantify, and charac-
terize fibrosis, but its results, unlike CE-MRI, are not readily avail-
able during the procedure. Biopsy specimens revealed both

interstitial and compact fibrosis in the majority of cases, although
LE on MRI was only found remote from these areas. These findings
may explain why EC were frequently abnormal even in the absence
of LE on MRI. Interstitial fibrosis and small amounts of compact fi-
brosis not detected by CE-MRI may cause electrogram abnormal-
ities, as activation fronts curve around lines of block created by
such strands of fibrosis.14 This is an important finding when consid-
ering CE-MRI as a gold standard for detection of fibrosis in NICM.
Whether areas of fibrosis not detectable on CE-MRI are related to
VT needs further evaluation.

Limitations
This study only analysed mapping points that were projected on
the LV epicardium and therefore, our findings do not apply to
the RV epicardium. In addition, our findings only apply to the com-
monly used 3.5 mm tip catheters with a 2 mm ring electrode and a
1 mm interelectrode spacing. Although low voltage may have been
caused by poor contact, this was unlikely as pericardial effusions
were absent and the irrigant was removed frequently. One
patient with an electroanatomical small basolateral scar not
clearly visible on CE-MRI due to imaging artefacts was excluded il-
lustrating that CE-MRI and EAM may still be used in a complemen-
tary manner.

It should be noted that obtaining pre-procedural CT scans
requires pre-procedural planning and is associated with radiation
exposure. However, CT-derived coronary anatomy may also
reduce the number of contrast injections before epicardial ablation
and thus, reduce the radiation exposure during the procedure.

The relatively small number of mapping points, particularly in
patients with idiopathic VA, may have limited the accuracy of the
maps. The number of controls was small due to the fact that epi-
cardial ablation is not required in the majority of patients with

Figure 6 Algorithm for differentiation between scar and viable myocardium.
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Other considerations

• Voltage definitions vary 
• Contact often difficult to achieve 

epicardially 
• Contact detection may offer new 

insights



Conclusions

• Bipolar easier to achieve clean 
signals and easier to measure 

• Unipolar may offer insights into 3 
dimensionality of tissue 

• True clinical advantages yet to be 
proven


