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Patient	with ICM	- VT:	PPI	460ms,	CL	450ms	
Stevenson	et	al.,	JACC	1997

Prerequisite:
VT	monomorphic +	inducible +	(hemodynamically tolerated)



Different	VT	Ablation	Approaches

• Targeting “EP	substrate“:	Late potentials,

„LAVA“	(local abnormal	ventricular activities)	1

• Targeting the whole substrate:	„substrate homgenization“	2	

• Targeting only „functional relevant“	substrate

– „DEEP“	(decrement evoked potentials)	ablation 3

• Targeting substrate suggested by imaging modalities:	MDCT	->	

„wall	thinning“,	identifying channels 4

• Targeting a	combination of 3D	EAM- and MRI- defined substrate 5

LAVAs were observed epicardially in 4 of the 7 patients with
no endocardial LAVAs, whereas the remaining 3 patients had
no identified LAVA.

Characteristics of the LAVA signals are summarized in
Table 2. The LAVA amplitude was significantly higher when
recorded from the epicardium (median, 0.37 mV; IQR,

0.20–0.60 mV) compared with the endocardium (median,
0.11 mV; IQR, 0.08–0.22 mV; P!0.002). At sites where
LAVAs were recorded, the median amplitude and duration of
the far-field endocardial ventricular electrogram were 0.20
mV (IQR, 0.10–0.50 mV) and 60 milliseconds (IQR, 50–83
milliseconds), respectively. Normal amplitude ("1.5 mV)

Figure 6 (Continued).
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of bipoles). The sensitivity and specificity of the LP and DEEP 
maps were calculated individually for each VT and expressed as 
the mean±SD. Where multiple VTs occurred in the same patient, 

these values were averaged to account for intrasubject correlation. 
Comparison was made using a Wilcoxon signed-rank test. A P value 
of <0.05 was considered statistically significant.

Figure 2. A, An example of decremental conduction, unidirectional block, and induction of ventricular tachycardia (VT). Bipoles A to K are 
located sequentially within the diastolic pathway of the VT circuit. During right ventricular pacing (S1), local abnormal potentials can be 
seen on bipoles F, I, and J, and these would be annotated when creating a late potential (LP) map. With the introduction of a premature 
stimulus (S2), there is marked delay of the local electrograms across all bipoles from A to J. With S3, there is block (*) of the local poten-
tial on bipole I, and subsequently with S4, there is block (*) at the VT exit site (bipole J). Block at the VT exit site and conduction delay 
through the entrance to the diastolic isthmus sets up the environment for the reentrant circuit to begin. Bipoles A to J then span the entire 
diastolic limb of the VT circuit. This VT initiation demonstrates the concept of decrement evoked potential mapping; that conduction delay 
precedes unidirectional block and the initiation of tachycardia at critical points in the VT circuit. Measurements on S1 and S2 from bipoles 
A to F show the degree of delay of the local potential from QRS onset in milliseconds. Substantial delay occurs at bipoles A and B with 
the extrastimulus, and minimal additional decrement occurs further down the isthmus from bipoles C to F. B, An enlarged image of bipole 
H from A. The split potential following S1 is enlarged to clearly show the polarity of the local component (†). With S4, block to bipole H 
occurs through the exit site of the VT isthmus, and this bipole is subsequently activated via the VT entrance site from the opposite direc-
tion. This change in direction of activation leads to an exact polarity change in the local electrogram (‡). C, A corresponding scar map of 
the LV with the voltage scale on the right. Apical electrodes are at the center, basal electrodes at the periphery, and spline 0 is oriented 
to the anterior interventricular groove. Heterogeneous scar is found at the apex and extends to the inferobasal region. The diastolic path-
way of the VT shown in Figure 2A is drawn (red arrow), and the corresponding electrodes are labeled.
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The goal of this ablation strategy was covering the entire
scar with ablation lesions targeting abnormal electrograms.
In the first 10 patients, pacing was performed at high output
(up to 20 mA with a pulse duration of 10 ms) from within
the ablated area, but capture was not seen and not tested in
later patients. Ablation at the border zone or within the
dense scar had the same procedural endpoint (i.e., abolition
of all abnormal potentials) (Figs. 2 and 3). At the end of the
ablation, programmed stimulation with and without isopro-
terenol was performed in all cases to test the inducibility of
any VAs following extensive substrate ablation.
Procedural endpoint. Although with a different ablation
technique, in both groups after ablation the acute procedural
endpoint was the noninducibility of any monomorphic VTs
before and after the administration of isoproterenol (up to
5 !g/min). Induction of nonclinical very fast VT (cycle
length !200 ms), or VF, ventricular flutter, or fast poly-
morphic VT were not considered as a procedural endpoint
and were not taken into account.
Follow-up. In all patients, screening for pericardial effu-
sion was routinely done at the end of the procedure by
intracardiac echocardiography and fluoroscopy. In case of
patients’ symptoms or low blood pressure after the proce-

dures, transthoracic echocardiography was performed before
discharge.

All patients were followed up with remote monitoring as
well as implantable device interrogations and office visits
every 3 months thereafter to assess recurrences.

Arrhythmia recurrence was defined as arrhythmias receiv-
ing device-based treatments (anti-tachycardia pacing [ATP]
or shock). After ablation, the previously ineffective AADs
were given and discontinued 3 months later. After the
procedures, all ICDs were programmed to detect VTs
slower than the clinical VTs. No differences in the program-
ming modality in between groups were present.
Statistical analysis. Continuous data are described as
mean " SD and as numbers and percentages if categorical.
Student t test, chi-square test, and Fisher exact test were
used to compare differences across groups. Multivariable
Cox regression analysis was used for identifying significant
predictors of VA recurrence while controlling for clinically
relevant covariates. All potential confounders were entered
into the model based on significant univariable association
or prior knowledge or expected clinical relevance, regardless
of their statistical significance. The proportional hazard

Figure 2 Bipolar Voltage Map of the LV Endocardium in a Patient From Group 2

Regions in red represent scar (bipolar voltage !0.5 mV), and purple regions represent normal myocardium (bipolar voltage #1.5 mV). Other colored regions represent
abnormal myocardial regions (bipolar voltage between 0.5 and 1.5 mV). The scar is located in the inferior left ventricle (LV). This patient had ventricular tachycardia
storm despite amiodarone 400 twice per day $ mexiletine 150 three times per day. The entire scar has been targeted with extensive ablation (red dots). Electrograms
(EGMs) of representative endocardial mapping sites are shown with white arrows. In each EGM recording, electrocardiogram leads I, V1 through V4, and EGMs on proxi-
mal (MAP 3-MAP 4) and distal (MAP 1-MAP 2) ablation catheter are shown. Note: the number of ablation dots might overestimate the actual number of ablation applica-
tions, because some dots were acquired during the same radiofrequency application.

136 Di Biase et al. JACC Vol. 60, No. 2, 2012
Endo-Epicardial Homogenization of the Scar July 10, 2012:132–41



LGE	- MRI	to identify VT	substrate

4Pashakanloo et	al.,	J	Cardiovasc Magn Reson 2017

Dense scar,	border/grey zone and normal	myocardial tissue – in	MRI	and in
histologic section of a	porcine chronic infarct model.

reported a greater degree of mismatch.14 Although a bipolar voltage
threshold of 1.5 mV is universally implemented to define ventricular
scar, this was defined using single-point ablation catheters and vali-
dated in ICM.28 Scar areas mapped using multi-electrode mapping
catheters (PentaRay) were 22% smaller using a 1.5 mV bipolar voltage
threshold compared to standard 3.5 mm catheters29 suggesting that
different catheters with various electrode sizes and inter-electrode
spacing may need catheter-specific thresholds for improved scar
characterization. The resolution of different mapping catheters could
partially explain areas of mis-match between EAM-defined scar and
MR-derived scar. Using ex vivo MRI as a gold standard, as bipolar spac-
ing increased, the optimal voltage threshold to detect MRI-defined
scar also increased, whilst statistically-derived 95% thresholds were
not fully sensitive for the detection of non-transmural scar.30 These
studies suggest that individualized patient-specific approaches may be
necessary for scar detection as strict voltage cut-offs may not neces-
sarily be reflective of scar biology in regions of tissue heterogeneity.29

Developments in magnetic resonance
techniques to improve substrate
assessment
Acquisition of high-resolution imaging is required to detect smaller
regions of scar and improve assessment of scar geometry in patients
undergoing VT ablation.31 3D LGE imaging can allow acquisitions
with a higher spatial resolution compared with 2D LGE but requires
prolonged scan durations. Longer scans can lead to changes in con-
trast agent concentration over time or reduced respirator navigator
efficiency due to irregular breathing patterns.31 The use of image
acceleration techniques such as compressed sensing has enabled
faster acquisition of 3D imaging of higher spatial resolution (1.2 mm3)
with acceptable scan duration, image quality, and comparable scar

characteristics to conventional 3D LGE.31 Parallel imaging with a
stack-of-spirals acquisition technique has also been used to enable
rapid 3D LGE acquisitions in a 12 heart beat-long breath-hold.32 3D
free-breathing self-navigating MR sequences have recently been
described to overcome the errors associated with respiratory naviga-
tor placement and irregular breathing patterns enabling high-
resolution visualization of scar distribution and superior delineation
of scar borders.33 A new technique to reconstruct a high resolution
image from multiple low resolution views of the same volume
(super-resolution reconstruction) has also shown a good agreement
with the bipolar voltage range of scar BZ.34 Further developments in
these techniques may allow faster imaging with higher spatial resolu-
tion and advance the ability of clinical MRI protocols to identify areas
of scar critical for re-entrant VT circuits.

The development of dark-blood LGE sequences as a technical sol-
ution to sub-optimal contrast between scar and blood pool offers
promise for improved substrate assessment. Dark-blood LGE
sequences have been described that simultaneously reduce normal
myocardium and blood pool SI whilst enhancing scar-blood contrast
and preserving scar-myocardium contrast.35,36 Given that a large pro-
portion of VTs appear to originate in the sub-endocardial region37

improved contrast between scar and blood pool may improve the
detection of substrate in these areas.

Limitations of magnetic resonance
imaging for substrate assessment in
patients with implantable cardioverter-
defibrillators
A major limitation to more widespread use of MRI in patients under-
going VT ablation is the presence of ICDs. Although potential safety

Figure 1 Ex vivo MRI and histology in a porcine chronic infarct heart using Masson’s trichrome staining. Top left panel—slice of ex vivo LGE image
demonstrating area of hyper-enhanced infarct with thin rim of normal myocardium at the endocardial border. Top right panel—Masson’s trichrome
stain of histological section demonstrating the area highlighted in the previous panel. Bottom right three panels—Three sections selected in the
infarct area and control area. Blue represents collagenous scar whilst pink represents normal myocardial tissue in non-infarcted regions. Adapted
with permission from Pashakhanloo et al.26 LGE, late gadolinium enhancement; MRI, magnetic resonance imaging.

MRI guidance for the optimization of VT ablation 1723

Ability of DE-MRI	to identify VT	substrate in	ICM	validated in	histologic studies



MRI:	Imaging	Resolution	„ex	vivo“

5Pashakanloo et	al.,	J	Cardiovasc Magn Reson 2017

cMRI - submillimeter resolution,	delineation of fiber orientation and
scar microstructure is feasible „ex	vivo“		

wall thickness (r = 0.59, Fig. 6D, E) than scar
transmurality.
When the inclination angle of all voxels, fibrotic (n ~

6.5 × 105), non-fibrotic inside the infarcted segments (n ~
1.4 × 106), and control (n ~ 8.6 × 105) were plotted to-
gether as a function of normalized wall depth, an interest-
ing trend emerged: the fibrotic voxels tended to cluster
within the endocardial half of the wall (Fig. 7A) and non-
fibrotic voxels inside the infarcted segments clustered

within the epicardial and midwall portion of the wall
(Fig. 7B). Importantly, the average transmural epi-to-
endo profile of inclination angle within the infarcted
segments (Fig. 7D) was very similar to that of the control
segments (Fig. 7C), indicating preservation of the under-
lying orientation within the infarcted segments. Further,
the profile in the infarcted segments demonstrated a
higher variance around the average at each point across
the wall, and had a slightly lower inclination angle at the

Fig. 5 Structural remodeling in a section of the left ventricle wall from Fig. 4. A Inclination angle profiles for 11 consecutive segments corresponding
to the region delineated by the white arc in Fig. 4B. The horizontal axis of each plot represents wall depth as measured from the endocardium.
B Structural metrics for the segments in panel A plotted as a function of segment location (a: outside, b: inside the infarct). Dark areas in each plot
denote infarcted segments

Fig. 4 Visualiation of primary eigenvectors in a short-axis slice of an infarcted porcine heart. A LGE image showing enhanced image intensity in
the infarcted region. B Map of left ventricle primary eigenvectors (same view as in A) color-coded by the absolute values of the inclination angle.
The white arc delineates an anterior region of LV that spans from a non-infarcted region (a) to an infarcted region (b) - see Fig. 5. C Eigenvector
visualization in three regions (red boxes in a). I: Infarcted septal wall, II: transition zone between infarcted and non-infarcted portions of the anterior
wall, and III: non-infarcted region in the lateral wall

Pashakhanloo et al. Journal of Cardiovascular Magnetic Resonance  (2017) 19:9 Page 8 of 14

N=8	porcine and n=1	human	ex	vivo	hearts /	chronic MI;	Diffusion	Tensor	Imaging	+	
LGE	sequences on	3	T	scannerà analysis of scar distribution and fiber architecture



Correlation of LV	scar in	3d-EAM	and LGE-MRI

Codreanu et	al.	JACC	2008

N=10	pts.,	9m,	71+/-10	yrs,	ischem.	VT,	LGE-MRI	+	3D	EA	map in	SR
Images	below:	inferior	wall	scar (LGE-MRI)	underestimated by endocardial 3d-EAM	

Mismatch of infarct size in	3D	map compared to MRI	in	1/3	of cases

Results

The DCE MRI identified 4 LV anterior scars and 8 LV
inferior scars in the 10 patients. Sub-endocardial to trans-
mural scars predominated (80 ! 6% of the total infarct
surface projected onto the endocardium). Usually located at
the infarct border, intramural and epicardial scars were
present in all patients (14 ! 4% and 6 ! 5% of total infarct
surface, respectively).

Endocardial scar depth was 34 ! 7% of the wall thick-
ness, with 80 ! 8% of scars involving "3/4 of wall
thickness.

Of the 1,045 CARTO map points (85 to 190 per
patient), 561 were ascribed in a MRI area with endocardial
scar, 27 in a zone with intramural or epicardial scar, and 457
points in noninfarcted myocardium.

All morphologically abnormal EGM parameters were
significantly (p " 0.0001) more prevalent in scars compared
with healthy areas: spiky EGM (78.6% vs. 18.6%), fraction-
ated EGM (43.2% vs. 6.8%), and double-potentials EGM
(11.2% vs. 3.5%). Significantly (p " 0.001) lower bipolar
(0.97 ! 1.09 mV vs. 3.20 ! 2.61 mV) and unipolar (4.80 !
2.38 mV vs. 10.29 ! 5.09 mV) EGM voltages, as well as
longer EGM durations (81.57 ! 37.94 ms vs. 42.60 !
21.75 ms), were also found in scars versus healthy areas.
Using receiver-operator curve (ROC) area measurements,
threshold values best predicting the presence of scar were as
follows: 6.52 mV for unipolar EGM voltage (ROC area:
0.87), 1.54 mV for bipolar EGM voltage (ROC area: 0.85),

and 56 ms for bipolar EGM duration (ROC area: 0.83).
Multivariate stepwise logistic regression found 4 parameters
independently correlated with the presence of scar: a spiky
EGM morphology, a reduced unipolar or bipolar EGM
voltage, and a longer bipolar EGM duration. The statistical
model including all 4 parameters resulted in a 0.9 ROC
area. No correlation was found between any EGM param-
eter and transmural scar extent.

Bipolar EGM amplitude was the only parameter show-
ing a significant (p " 0.007) difference between endo-
cardial and intramural/epicardial scars (0.94 ! 1.07 mV
vs. 1.52 ! 1.41 mV).

The MRI-reconstructed infarct surfaces best correlated to
CARTO infarct areas defined by a "1.5 mV bipolar cutoff
value (r2 # 0.82, p " 0.0001) compared with "0.5 (r2 #
0.57, p # 0.043) and "2 mV (r2 # 0.67, p # 0.0012) limits.
When using the 1.5 mV cutoff, a mismatch $20% in infarct
surface measurement was observed in 4 of 12 scar areas
(33%), with the presence of scar zones not confirmed on
MRI views in 3 cases and underestimation of the infarct
surface in the fourth. Among the different EGM parame-
ters, a "6.5 mV unipolar voltage best correlated (r2 # 0.86,
p " 0.0001) with the presence of scar on MRI.

Because precise scar border delineation may be clini-
cally relevant for VT ablation purposes, scar morphology
on the color-coded MRI map was compared with the
corresponding infarct area on the CARTO 1.5 mV
bipolar voltage map. Controlled identical anatomical

Figure 2 Mismatch in Scar Delineation Between CARTO Bipolar Maps and MRI Shells

(Left) CARTO bipolar maps; (middle) MRI shells; (right) native MRI images. The top row shows underestimated inferior wall scar on the CARTO map. The bottom row
shows LV septal scar on the CARTO map not confirmed by MRI. On each panel, the arrows show the mismatch zone. The dotted lines represent the mitral annulus
plane. 3D # 3-dimensional; other abbreviations as in Figure 1.

841JACC Vol. 52, No. 10, 2008 Codreanu et al.
September 2, 2008:839–42 Myocardial Scar: Endocardial Mapping and MRI



HDM(Pentaray):	Importance of bipolar	voltage thresholds

Acosta	et	al.,	Europace 2018

Scar overestimated by MEM	when using „standard“	voltage thresholds.

resolution within the scar region with both mapping approaches. A
trend towards shorter mapping times was observed using MEM al-
though no statistically significant differences were observed (24 ± 8
vs. 30 ± 13 minutes; P = 0.209).

Both epicardial (66.2± 21.6 vs. 39.6± 24.4 cm2; P = 0.05) and
endocardial (51.3± 26 vs. 41.2 cm2; P = 0.017) low-voltage areas
were significantly larger using MEM than PPM (Figure 2). However,
the overall number of EGM-DCs identified with both mapping
approaches was similar (76 ± 52 EGM-DCs per patient using PPM vs.
73 ± 50 using MEM), given the similar mapping density obtained with
both catheters.

No difference was observed in the total number of CCs identified
per patient by PPM and MEM (Table 2). A total of 29 CCs were iden-
tified using MEM, and 27 using PPM. Good agreement was observed
between both mapping approaches in the identification of CCs, as 25
of the 27 (92.5%) CCs identified by PPM were also observed using
the PentaRay catheter. On the other hand, 25 of the 29 (86.2%) CCs
identified by MEM were also observed using the Navistar catheter.
Despite the concordance between MEM and PPM in the identifica-
tion of CCs, the proportion identified by voltage scanning was higher
when using MEM (71.7% vs. 56.3%, respectively; P = 0.024) (see
Supplementary material online).

With respect to the analysis of EGM-DC, a total of 1104 pairs of
EGM-DC were identified with a distance <_3 mm between both
points in endocardial and epicardial substrate maps. The amplitude of

Figure 2 Correlation between EAM and ce-CMR. Posterior views of endocardial and epicardial maps from a patient with a transmural inferior
infarction. Left column: color-coded ce-CMR derived pixel intensity maps of the endocardial and epicardial layers (red: core, purple: healthy; yellow-
green: BZ). Central and right column: bipolar endocardial and epicardial EAMs obtained with Navistar and PentaRay, respectively. Note that the
low-voltage areas are much more extensive in the PentaRay map.

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

Table 1 Baseline clinical characteristics

Group A:

PPM-guided
ablation

Group B:

MEM-guided
ablation

P value

Age, years 69 ± 11.4 65.6 ± 9.4 0.478

LVEF (%) 34 ± 9 36 ± 8 0.563

Hypertension, n (%) 5 (50) 8 (80) 0.382

Diabetes, n (%) 2 (20) 3 (30) 0.618

NYHA class, n (%) 0.198

I–II 7 (70) 10 (100)

III 3 (30) 0

Infarct location, n (%) 0.709

Anteriora 2 (20) 2 (20)

Inferiorb 8 (80) 8 (80)

Approach, n (%) 0.456

Endocardial 5 (50) 6 (60)

Endoepicardial 5 (50) 4 (40)

LVEF, left ventricular ejection fraction; NYHA, New York Heart Association.
aAnterior location includes anterior, anteroseptal, anterolateral and apical loca-
tions of myocardial infarction.
bInferior location includes inferior, inferoseptal and inferolateral locations of myo-
cardial infarction.

Multielectrode vs standard mapping for VT ablation 515
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N=20	pts.	(95%	m;	67,3	± 10,3	yrs),	n=10	pts.	point-by-point	map (Navistar),	
followed by multi-electrode map /	n=10	vice	versa,	n=11	pts.	pre-procedural DE-MRI

Transmural inferior	MI:
Low-voltage areas much more
extensive	in	MEM	(Pentaray)



MRI	goldstandard to adjust voltage thresholds?

Using 95% thresholds, the endocardial low-voltage areas
detected with 2-mm spacing (5.3 ± 3.5 cm2), 5-mm spacing
(4.7 ± 3.5 cm2), and 8-mm spacing (4.9 ± 3.8 cm2) were all
smaller than MRI-defined endocardial scar area (8.6 ±
4.0 cm2, P ¼ .008 for all). Similarly, the low-voltage
area detected with 2-mm spacing (9.4 ± 6.0 cm2, P ¼ .31)
and 5-mm spacing (9.0 ± 5.9 cm2, P ¼ .25) had a trend
toward being smaller than MRI-defined epicardial scar
area (12.3 ± 8.3 cm2), with 8-mm spacing statistically
significant (7.8 ± 5.3 cm2, P ¼ .04). All bipole spacing
configurations were not fully sensitive for the detection
MRI-defined scar.

Using 95% thresholds, unipolar mapping showed a mean
endocardial low-voltage area of 9.4 ± 6.3 cm2 and epicardial

low-voltage area of 12.3 ± 7.1 cm2. When comparing scar area
defined by endocardial unipolar mapping with epicardial bipolar
low-voltage regions, unipolar scar area exceeded bipolar scar on
the opposite surface in 5 of 8 maps (63%) and did not detect
substantial scar present in 2 of 8 maps (25%) (Figure 5).

Phase II: Best fit to MRI
The optimal thresholds to match the MRI-derived scar were
higher than the 95% normal threshold across all bipole
spacing and unipolar (see Online Supplemental Table 1). For
2-mm bipole spacing, the best-fit threshold was 1.87 mV for
endocardial scar and 2.63 mV for composite scar. For a given
bipole spacing, a higher voltage threshold was consistently a

Figure 3 A:Threshold adjustment to fit magnetic resonance imaging (MRI) with the various surfaces depicted for pig 2 and composite scar.B:Best fit toMRI composite
scar, which is outlined on the electroanatomic map for pig 1. EPI = epicardial; ENDO = -endocardial; LV = left ventricle; MID = midmyocardial; RV = right ventricle.

1997Tung et al MRI-Matched Voltage Thresholds in Porcine Model

Tung et	al,	HR	2016

Individual	voltage thresholds to identify MRI	defined myocardial scar
à identify „best fit“	thresholds (mapping-catheter specific!)	

Comparison of MRI	with 3DEAM	using a	duodecapolar catheter (bipolar,	1mm	electrode,	different	
interelectrode spacings and voltage thresholds)	in	„ex	vivo“	porcine hearts

better match for surface scar with a further requisite increase
in the voltage threshold to detect composite scar. With
manual threshold fitting, mismatched low-voltage area out-
side of scar (false scar) exceeded the area within registered
MRI scar outline in 5 of 8 unipolar maps (63%). Figure 6
shows false scar outside the scar region with up-titration of
voltage threshold for pig 7 in an attempt to detect a corner of
epicardial scar from normal endocardium.

Sensitivities and specificities to detect MRI-defined scar
at 95%-derived thresholds, standard clinical thresholds
(o1.5 mV bipolar, o8.3 mV unipolar), and optimal thresh-
olds based on ROC curve analysis are shown in Table 1. The
ROC curves are shown in Online Supplemental Figure 2.
The 95% threshold o1.36 mV had sensitivity of 54% to

detect MRI-defined endocardial scar and 62% to detect
transmural scar. A threshold o1.5 mV had sensitivity of
57% and 66% for MRI-defined endocardial scar and trans-
mural scar, with specificity of 79% and 88%, respectively.
A cutoffo2.02 mV had 69% sensitivity and 69% specificity
to detect MRI-defined endocardial scar, and a cutoff
o1.84 mV had 71% sensitivity and 71% specificity to detect
MRI-defined transmural scar.

With unipolar endocardial mapping, a cutoff o8.3 mV
had sensitivity of 81% with specificity of 58% for MRI-
defined composite scar. The 95%-derived threshold o6.31
mV and optimal ROC cutoff threshold o6.7 mV had lower
sensitivity (69% and 72%, respectively), with improved
specificity (76% and 73%, respectively) for composite scar.

Figure 4 Linear relationship between bipolar voltage thresholds (means between subjects) and interelectrode spacing using 95% cutpoint and best fit for
magnetic resonance imaging (MRI) scar. Schematic of bipole spacing created from duodecapolar catheter (1-mm electrode, 2-mm interelectrode spacing). ENDO
= endocardial; EPI = epicardial.

Figure 5 Low-voltage areas by endocardial unipolar settings (95% threshold) with overestimation of bipolar epicardial scar in 5 subjects and underestimation
in 3 subjects. BI = Bipolar; ENDO = endocardial; EPI = epicardial; UNI = unipolar.
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LGE-MRI:	Guiding to Critical	Isthmus	Sites?

Piers	et	al,	JACC:	Imaging	2014

Critical	isthmus sites are in	close proximity to transition of scar to
border zone and to >	75%	scar transmurality

2. Concealed entrainment with post-pacing interval
equal to tachycardia cycle length; and/or

3. VT slowing and termination during ablation.

Critical isthmus sites for the same VT could be
identified by >1 criterion. Because of differences in
accuracy between pacemapping, entrainment, and
termination, we have stratified the analysis for these
different criteria. Critical isthmus sites were further
subdivided into central isthmus sites (S-QRS or
E-QRS 31% to 70% of VT cycle length) and exit sites
(S-QRS or E-QRS 0% to 30% of VT cycle length).

The LV endocardial low bipolar (#1.50 mV) and
unipolar (#8.27 mV [11]) voltage areas were measured
in all patients, and the epicardial low bipolar (#1.81
mV [4]) and unipolar (#7.95 mV [4]) voltage areas
were measured in patients with NICM who
underwent epicardial mapping. The location of LV
endocardial critical isthmus sites with respect to the
endocardial low voltage areas was assessed in all

patients. The location of LV epicardial critical
isthmus sites with respect to epicardial areas with
low voltage and abnormal electrograms (4) was
assessed in patients with NICM.

CONTRAST-ENHANCED CMR-DERIVED 3D SCAR

RECONSTRUCTIONS. CMR-derived 3D scar recon-
structions and all CMR-based scar parameters were
computed using MATLAB software. Examples of
scars are displayed in Figures 1 and 2. After the pro-
cedure, all mapping points at critical isthmus sites
were projected onto the CMR-derived 3D scar re-
constructions using MATLAB software (example in
Fig. 2). Scar transmurality was calculated by dividing
scar thickness by wall thickness. The local scar
transmurality and SI at a mapping point were
calculated as the mean value within a 5-mm–radius
transmural cylinder around the mapping point. The
local scar transmurality and SI at critical isthmus
sites were compared with the average scar

FIGURE 2 Examples of Critical Isthmus Sites Projected on CMR-Derived 3D Scar Reconstructions

RAO ¼ right anterior oblique; other abbreviations as in Figure 1.

J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 7 , N O . 8 , 2 0 1 4 Piers et al.
A U G U S T 2 0 1 4 : 7 7 4 – 8 4 CMR-Identified VT Isthmus Sites

777

N=44	pts.,	23	ischemic/21	non-ischemic,	110	VTs	inducible,	correlation of concealed
entrainment and termination sites with LGE-MRI	characteristics



Epi-,	Endo-,	Midmyocardial or transmural Scar?

Andreu et	al,	Eur Heart	J	2014

Especially in	NICM,	LGE-MRI	can localize substrate and plan	access
needed for ablation (endo- vs- epicardial;	LV	vs.	RV	in	septal substrate)

N=80	pts.,	ischemic +	non-ischemic,	successful VT	ablation in	77	pts.,	Hyperenhancement
subendocardial:	25%,	transmural:	47%,	midmyocardial:	10%,	epicardial:	14%;	epi access ICM:	6%	
NICM:	12%	of pts.

Wehypothesized that the distribution patternof the scarred tissue
across the ventricle wall thickness can be useful in differentiating
between endocardial and epicardial VA. The main objective of the
study was to evaluate the usefulness of the ce-CMR alone or in com-
bination with the ECG-suggested ventricular segment of origin
(SOO) as a predictor of endocardial vs. epicardial origin.

Methods
Patient sample
Patients with a documented VA in a 12-lead surface ECG submitted for
ablation and who underwent ce-CMR before the index procedure
were included in the study. Patients without 12-lead ECG of the clinical
VA [arrhythmia recorded by the implantable cardioverter defibrillator
(ICD) or observed in a 24-h Holter] and an induced VA in the index pro-
cedure matching the cycle length of the clinical VA were also included.
Patients were considered for VA ablation if they met one of the following
criteria: (i) an incessant VT, (ii) repetitive episodes of sustained mono-
morphic VT, or (iii) symptomatic frequent premature ventricular

contractions (PVCs) despite the use of antiarrhythmic drugs, associated
with structural heart disease (SHD). Patients with claustrophobia or clas-
sical contraindication for a ce-CMR acquisition were excluded. Patients
with idiopathic VA not associated with SHD or with the diagnosis of
arrhythmogenic right ventricular dysplasia (ARVD) were also excluded.
All participants signed their informed consent, and the study protocol
was approved by the local Ethics Committee.

Contrast-enhanced cardiac magnetic
resonance analysis
Patient-identifying data were removed from ce-CMR images for the
analysis, performed by two-independent cardiologists also blinded to
any clinical and electrophysiological data. In a case of discordance, a
third observer was required. The ce-CMR images were analysed to
depict the presence of scarred tissue for each left ventricle (LV)
segment according to the 17-segment model.13 The right ventricle
(RV) septum was divided into three segments: right ventricular outflow
tract (RVOT), right ventricular inflow tract (RVIT), and right ventricular
apex. Equivalence to the 17-segments model of the RV septum was
as follows: RVOT—Segment 2; RV apex—Segments 8, 9, and 14;

Figure 1 Pattern distribution of hyper-enhancement in cardiac magnetic resonance images. (A) Endocardial hyper-enhancement. In this case, Seg-
ments 13, 14, and 16 (red arrow) presented endocardial hyper-enhancement. (B) Transmural hyper-enhancement. The contrast-enhanced cardiac
magnetic resonanceof this patient showeda transmural hyper-enhancement in Segment4 (redarrow)and Segment5. Segment3wasalso affectedby
endocardial hyper-enhancement. (C) Mid-myocardial hyper-enhancement. In this case, mid-myocardial hyper-enhancement affects Segments 2 (red
arrow) and 3. Segment 4 is partially affected. (D) Epicardial hyper-enhancement. Redarrows showepicardial hyper-enhancement in Segments 10 and
11. In these images, it is also possible to observe mid-myocardial hyper-enhancement in Segments 7 and 8.

Usefulness of ce-CMR in identifying the ventricular arrhythmia substrate 1317
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Signal	Intensity Map
Lateral	and inferior	MI

patients. In 3 patients, no relationship was established
between any VT and a CC. In 1 patient, no CC or SI
channels were identified (Patient #6, Table 3).
RF ablation results. A mean of 20 ! 5 RF lesions were
applied per patient. Radiofrequency pulses were delivered
over electrograms located in all SMVT-related CC in 15
patients. In 10 channels (10 patients), the ablation was
performed during tachycardia, which terminated in all cases.
In the remaining 5 patients in whom VT-related channels
were identified, lesions were delivered during sinus rhythm

because of noninducibility of documented VT. Additional
RF pulses were delivered over all electrograms with isolated
delayed components.

In the remaining 3 patients in whom no relation between
CC and VT could be established, ablation was anatomically
guided toward VT-related electrograms with isolated de-
layed components (12).

After ablation, previously inducible VT became nonin-
ducible in all but 2 patients, ventricular fibrillation was
induced in 2 patients, and a fast nonclinical VT was induced

Figure 6 Maps From an Inferior and Lateral Infarction and Relation of Voltage and SI Mapping

(Top panels) Endocardial voltage (A) and subendocardial SI (B) maps from an inferior and lateral infarction. (A) The voltage map shows the extension of the scar
when the voltage scar definition was set "1.5 mV. (B) The SI map shows a channel that runs parallel to the mitral annulus from segments 6 and 10 (black
arrows) and a second channel perpendicular to the mitral annulus between segments 6 to 8 and 5 to 7 (white arrows). (Bottom panels) Relation of voltage and
signal-intensity mapping. The processed SI map was imported and recreated with CARTO Merge for comparison with a voltage map. The channels observed in the
voltage map (C) in which the scar voltage definition was set at 0.4 mV are also identified in the SI maps (D). Abbreviations as in Figure 2.
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Corresponding 3D	EAM
SI	(MRI)	+		3D	EA	Map

- 15	Conducting Channels	(MRI)	à related to 15	critical VT	isthmuses
- 88%	heterogenous tissue channels in	VT	group /	33%	HTC	in	control

MRI:	Identification of CCs

N=18	ICM	VT	Pts.	à DE-MRI	before VT	ablation matched with 18	pts.	(no VTs,	control);
Identification of conducting channels by signal intensity maps



Limitations of MRI:	ICD	Artefacts

§ Large	part of LV	- antero-
septal +	lateral	– not	visible
due	to ICD	artefact

c/o	Halbfass/Deneke/Foldyna/Lehmkuhl



Improving Image	Quality	in	CIED	Patients

N=114	MRI	studies,	111	pts.,	12	pacemakers,	73	ICDs,	29	CRT-D	(wideband pulse	sequences - LGE)

97	studies (87%)	à no artefact limiting interpretation of the study

No relevant	advers events apart	from descrete lead impedance drop after	MRI	
Do	et	al.,	Heart	Rhythm 2018

„Wideband“	MRI		-

Figure 2. Late gadolinium enhancement sequences utilizing a wideband protocol
Panel A) Image obtained without wideband protocol showing significant hyperintensitivity 
artifact obscuring the myocardium, B) the same study as in panel A now using a wideband 
protocol revealing late gadolinium enhancement of the septal endocardial myocardium, C) 
susceptibility artifact remains despite utilizing wideband protocol due to proximity of 
implantable cardioverter defibrillator generator to the heart, obscuring the anterior wall and 
parts of the anteroseptal and anterolateral walls, D) utilizing a wideband protocol, 
susceptibility artifact from the cardiac resynchronization therapy defibrillator device 
generator is sufficiently decreased to allow full view of the myocardium revealing diffuse 
areas of late gadolinium enhancement. This is representative of the late gadolinium 
enhancement images obtained in 87% of our study population.

Do et al. Page 11

Heart Rhythm. Author manuscript; available in PMC 2019 February 01.
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LGE-MRI	before VT-Ablation

c/o	Halbfass/Deneke/Foldyna/Lehmkuhl

Male	pt.,	65	yrs,	anterior MI,	3	inducible VTs,	EF	
45%,	no ICD	before VT	ablation procedure



DE-MRI	from endo to epi layers – CC

15c/o	Halbfass/Deneke/Foldyna/Lehmkuhl



Imaging-guided ablation:	preliminary results

16

CT:
§ channel detection based

on	wall	thickness

MRI:
§ identify mural distribution

of channels

ICM-VT	pts.	(n=19	CT- /MRI-based dechanneling)
Age 65	± 6	yrs.
EF 35	± 7%
MI Anterior 6	(32%)

Inferior/post.	13	(78%)
No.	of induced VTs 3	± 1
No.	of identified channels 2.1	± 1.2
Not	inducible after	
dechanneling (acute
success)

18/19	(95%)

Additional	substrate
ablation

17/19	(89%)

in	cooperation with the MUSIC-VT	group:	P.	Jais,	H.	Cochet,	Bordeaux,	LYRIC



cMRI – aided scar dechanneling

N=159	pts.,	66±11	y.,	95%m,	76%	ICM,	non-randomized prospecitve,	34%	CMR
poor image quality/wrong sequences (29/83	pts.,	35%);				cMRI without/before ICD	implant

CE-MRI	aided VT	ablation results in	lower ablation times and higher long-term	
success rates - ablation based on	EP	signals in	all	pts.

Andreu et	al.,	Heart	Rhythm 2017

Recurrence 18.5%	vs.	43.8%,	p=0.002



VT	Ablation	using Real-Time	MRI	Imaging?
N=6		pigs (in	vivo),	active catheter tracking,	epicardial mapping +	

Irrigated ablation (40-60	W),	correlation MRI	and autopsy post-ablation

Mukherjee	et	al.,	Europace 2018ablation using active catheter tracking in a porcine model.
Estimated lesion dimensions by real-time MR-dosimetry during
epicardial RF ablation corresponded to gross macroscopy. Native
T1 time decreased in the lesion core and was elevated in the sur-
rounding areas of ablated tissue within minutes of delivering epi-
cardial RF ablation.

Demonstration of intracardiac EGM
fidelity
The accurate detection of cardiac electrical activity is difficult in the
MR environment in part due to the presence of time variable gradient
fields and magnetohydrodynamic (MHD) effects. Intracardiac

electrograms may be high-pass and low-pass filtered, often requiring
a further notch filter to reduce gradient signal-induced noise of
intracardiac electrograms. Elbes et al.18 found that the ‘noise’ ampli-
tude inside the MR environment varied according to the type of se-
quence, slice orientation, gradient amplitude, and switching times
with a peak-to-peak noise amplitude ranging from 0.025 to 0.700 mV.
Nazarian et al.12 reported a filtered ventricular electrogram SNR of
71.6 compared with an unfiltered SNR of 3.7 in the endocardial RV
apex using active catheter tracking in mongrel dogs.

To the best of our knowledge, there are no studies investigating
intracardiac EGM fidelity during epicardial mapping under real-
time MRI guidance solely with active catheter tracking. Epicardial
substrate mapping is arguably more challenging than endocardial

Figure 1 Intracardiac EGM signal quality, epicardial activation, and voltage maps. (A) Representative intracardiac EGM from the epicardium show-
ing a peak amplitude of 14.56 mV (0.97 mV noise level)—sweep speed 100 mm/s. (B) For a low voltage 1.5 mV signal, a noise level of 0.136 mV is pre-
sent giving a >10:1 signal-to-noise ratio. (C) Epicardial activation map in swine in sinus rhythm generated using active catheter tracking only in the MR
environment. (D) Epicardial voltage map with threshold set between 0.5 mV and 1.5 mV. (E) Epicardial voltage map with a threshold set between
4.0 mV and 8.0 mV. 3D shells shown were created following segmentation of the whole heart sequence from MRI and imported into the iCMR appli-
cation. Activation and voltage map data were superimposed onto the anatomical shells.
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a faster rate of tracking and choice of guidance using acquired road
maps or real-time imaging.19 Grothoff et al.14 reported the use of ac-
tive catheter tracking to guide intubation of the coronary sinus, trans-
septal puncture, activation mapping of the left atrium, and ablation of
the AV node in pigs. Catheter position was confirmed by passive
real-time imaging. We have previously demonstrated the feasibility of
real-time MRI-guided catheter ablation in patients with typical atrial
flutter using active catheter tracking.19 Using a combination of active
tracking and catheter visualization with real-time MR imaging, Hilbert
et al.11 also performed cavotricuspid isthmus ablation in six patients
with a mean procedural time of 109± 58 min. Complete isthmus
block was achieved in three of six patients without additional fluoros-
copy. There are little data, however, demonstrating the accuracy of
epicardial RF ablation in a real-time MR environment, even in pre-
clinical models.

In this study, following demonstration of the feasibility of epicardial
mapping and ablation using active catheter tracking, progress has
been made on a complete MR-based solution for VT substrate
modification.

Real-time lesion visualization
There has been significant interest in the development of MR tools to
assess ablation lesions in real time. Direct monitoring of tissue tem-
perature using MR-thermometry and dosimetry offers an exciting
means of exploiting acute physiological changes and could potentially
be used to improve the safety and efficacy of catheter ablation.
Kolandaivelu et al.20 first described the use of MR-thermometry using
the proton resonance frequency (PRF) shift technique to quantify tis-
sue temperature changes that lead to ablation lesion formation. In
mongrel dogs, the maximum ablation lesion extent during endocar-
dial RF ablation on MR-thermometry corresponded well to the lesion
location, depth on LGE-MRI, and pathological examination.20 Lesion
transmurality with MR-thermography was within 20% of that meas-
ured by pathology and LGE-MRI. Recently, in an ovine model, Toupin
et al.13 demonstrated that endocardial ablation lesion dimensions on
TD images correlated well with 3D T1-weighted images acquired im-
mediately after ablation and during gross pathological examination.
The precision of lesion extent in the myocardium was in the region
of 1 mm—potentially offering a useful MR tool in real time to guide
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Figure 3 Native T1 maps at six slices (apical to basal) 3–5 min following delivery of an ablation lesion (A) decreased T1 times were seen in the le-
sion core whilst elevated T1 times were seen in the surrounding tissue relative to non-ablated myocardium (ablation lesion core in white arrows).
Mean native T1 time in the lesion core was 882 ms (±107 ms), in surrounding tissue was 1316 ms (±85 ms), and 1028 ms (±64 ms) in remote, non-
ablated tissue (B); n = 10 lesions; *P < 0.05.
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mapping due to the presence of epicardial fat and low-voltage
areas along the course of large coronary arteries and the atrio-
ventricular (AV) groove, affecting the reliability of electrograms
recorded.9 Our study demonstrates that it is feasible to detect a
good signal quality during epicardial mapping in the MR environ-
ment with an acceptable noise level and a >10:1 signal-to-noise
ratio for low-voltage signals.

Demonstration of MR-EP tracking and
therapy accuracy

The use of active catheter tracking with a dedicated tracking se-
quence, detected by microcoils in a MR-compatible catheter has
been employed previously.19 The microcoil method is advantageous
due to its ability to track multiple coils along the body of the catheter,

Figure 2 In vivo Dtemperature maps (A) shown at different time points relative to the start of the RF heating. Localized temperature elevation can
be clearly visualized on the epicardial side of the left ventricle. Temporal profiles (B) obtained using CMR-thermometry during epicardial ablation in
swine. A maximum temperature elevation of 35 !C was observed in a pixel within 2 mm of the catheter tip—Point 1 (relative to a more remote pixel
in myocardium >8 mm away from the catheter tip—Point 3). No significant temperature elevation was observed in a pixel located in a remote area.
2D lesion dimensions measured using MR-dosimetry (C) correlate well with measurements on gross macroscopy with mild overestimation of lesion
width.

Epicardial mapping and ablation under MRI guidance f259

a faster rate of tracking and choice of guidance using acquired road
maps or real-time imaging.19 Grothoff et al.14 reported the use of ac-
tive catheter tracking to guide intubation of the coronary sinus, trans-
septal puncture, activation mapping of the left atrium, and ablation of
the AV node in pigs. Catheter position was confirmed by passive
real-time imaging. We have previously demonstrated the feasibility of
real-time MRI-guided catheter ablation in patients with typical atrial
flutter using active catheter tracking.19 Using a combination of active
tracking and catheter visualization with real-time MR imaging, Hilbert
et al.11 also performed cavotricuspid isthmus ablation in six patients
with a mean procedural time of 109± 58 min. Complete isthmus
block was achieved in three of six patients without additional fluoros-
copy. There are little data, however, demonstrating the accuracy of
epicardial RF ablation in a real-time MR environment, even in pre-
clinical models.

In this study, following demonstration of the feasibility of epicardial
mapping and ablation using active catheter tracking, progress has
been made on a complete MR-based solution for VT substrate
modification.

Real-time lesion visualization
There has been significant interest in the development of MR tools to
assess ablation lesions in real time. Direct monitoring of tissue tem-
perature using MR-thermometry and dosimetry offers an exciting
means of exploiting acute physiological changes and could potentially
be used to improve the safety and efficacy of catheter ablation.
Kolandaivelu et al.20 first described the use of MR-thermometry using
the proton resonance frequency (PRF) shift technique to quantify tis-
sue temperature changes that lead to ablation lesion formation. In
mongrel dogs, the maximum ablation lesion extent during endocar-
dial RF ablation on MR-thermometry corresponded well to the lesion
location, depth on LGE-MRI, and pathological examination.20 Lesion
transmurality with MR-thermography was within 20% of that meas-
ured by pathology and LGE-MRI. Recently, in an ovine model, Toupin
et al.13 demonstrated that endocardial ablation lesion dimensions on
TD images correlated well with 3D T1-weighted images acquired im-
mediately after ablation and during gross pathological examination.
The precision of lesion extent in the myocardium was in the region
of 1 mm—potentially offering a useful MR tool in real time to guide
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epicardial voltage map
Using MR	catheter

guiding

Acute lesion
Assessment	(T1-mapping)

Real-time	MR-thermometry
à proton resonance

frequency shift technique

Real-time	MRI:	catheter navigation,	epicardial voltage and activation mapping;
MR	thermometry;	signal to noise 10:1.	à good lesion correlation T1-mapping	/	autopsy



cMRI ->	prerequisite for ´Virtual	heart
arrhythmia ablation´ strategies

19

Prakosa et	al.,	Natur	Biomed Engin	2018

ARTICLES NATURE BIOMEDICAL ENGINEERING

Described in the paper are the animal (n =  5) and human  
(n =  21) retrospective studies, and the proof-of-concept prospec-
tive patient study (n =  5), that illustrate the utility of VAAT to non-
invasively determine the optimal ablation targets.

Overview of VAAT
The arrowed steps in Fig. 1a summarize the VAAT method, as we 
envision it for guidance of the clinical procedure of infarct-related 
VT ablation. First, an individualized geometric model of the post-
infarction ventricles is reconstructed from late-gadolinium-enhanced 
(LGE)-MRI, as previously described11,12, with representations of both 
scar and infarct border zone (termed the grey zone). Determining the 
personalized fibre orientations using a validated approach13 completes 
geometric reconstruction. Region-specific cell and tissue electrical 
properties are then assigned to the geometric model. To determine all 
VT reentrant pathways that the infarct-remodelled ventricular sub-
strate can sustain, we conduct a virtual multi-site delivery of electri-
cal stimuli (pacing) from a number of bi-ventricular locations, each 
attempting to elicit VT from a site positioned differently with respect 
to the infarct. The methodology for evaluating the VTs in post-infarc-
tion heart models has been previously presented and validated in an 
arrhythmia risk prediction clinical study involving 41 patients11.

The next step in the VAAT method determines the minimum-
size (optimal) ablation lesions in each personalized virtual heart 
that render it no longer inducible for VT from any pacing location. 
These optimal targets are determined using an automatic algorithm 
we developed recently14. The algorithm represents reentrant wave 
propagation associated with each of the inducible VTs in the given 
heart model as a flow network, and identifies the smallest amount of 
tissue that, when eliminated from the network, disrupts and termi-
nates the flow. The algorithm was validated in a retrospective study 
in patients with atypical atrial flutter14, and this is its first application 
to ventricular arrhythmias.

Once the VAAT ablation lesions are calculated, they are incor-
porated back in the corresponding virtual-heart model and the VT 
inducibility protocol is repeated to assess whether VT is inducible 
from any of the pacing sites. Should a new VT arise in the modified-
by-ablation ventricular substrate, the VAAT protocol is repeated 
until complete VT non-inducibility is achieved. The resulting 
set of ablation lesions represents the targets that will be directly 
approached during the clinical procedure, without any electrical 
mapping. The set of VAAT ablation lesions is expected to result in 
the complete elimination of the ability of the infarct-remodelled 
ventricular substrate to sustain VT.
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arrhythmia
Predict optimal

ablation site
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Prospective ablation
in the clinic
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experimental ablation
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Fig. 1 | The VAAT protocol and results from the animal study. a, A flowchart summarizing the protocol (arrowed steps) and the retrospective and 
prospective studies. b, In silico models and predictions for one case of successful mapping-guided ablation in swine 1 (top), and one case of failed 
mapping-guided ablation in swine 3 (bottom). Columns, left to right: reconstructed ventricular model with different remodelled regions (with the top panel 
showing the LGE-MRI stack for swine 1); endocardial electrical activation maps of the infarct-related VTs, with white arrowheads showing the direction 
of propagation of the excitation wave, and the inset in the top panel showing the zoomed-in propagation waves through channels in the scar in swine 1; 
purple circles correspond to in silico predicted ablation targets on the ventricular endocardial surface; CARTO XP ventricular geometry from post-ablation 
CT scans co-registered with the MRI-based model for comparison of the predicted ablation targets with experimental mapping-based endocardial ablation 
locations, where red dots correspond to location of the tip of the catheter during ablation. The panel frame colours correspond to the protocol steps 
outlined in a. Non-injured, scar and grey zone tissues and VAAT ablation targets are shown in red, yellow, grey and purple respectively. The colour scale 
indicates activation times for column 2; black indicates tissue regions that did not activate.
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N., 	m. , 	 ICM, 	 ICD, 	MRI 	/ 	 ICD	artefacts

In	cooperation with Trayanova et	al.



Conclusion

- LGE-MRI	reliably identifying ischemic scar and	borderzone in	VT	

patients (validated in	histopathol. 	studies, 	not	comparable to EAM!)

- Scar size in	LGE-MRI	and EAM	correlates when individualized voltage

thresholds are used („best-fit“	thresholds)

- Targeting	of MRI	defined CC/HTC:	feasible +	effective

- Limitations: 	cardiac implantable devices –>	CI 	(abandoned leads), 	

artefacts l imiting imaging quality; 	 	 long acquisit ion times

à prospective randomized studies needed….

- In	the future:	Real-time	MRI-guided?	MRI-based virtual heart

models?
20



Improving Image	Quality	in	CIED	Patients
37	yrs,	m.,	ICM,	MRI	to exclude constrictive pericarditis,	S-ICD	in	place (MRI	conditional);	1.5	T,

Precaution:	specific absorption rate	(SAR)	<	2	W/kg

Wideband MRI	substantially improving image quality in	case of CIED	artefacts.
Rhasepar et	al.,	Clin Imaging	2018

Conventional MRI	
sequences:

wideband LGE MRI to suppress image artifacts in a patient with an MR-
conditional S-ICD is unknown. This case report seeks to bridge the
aforementioned gap in knowledge.

2. Case report

A 36-year-old man with ischemic cardiomyopathy was referred for a
cardiac MRI ten months after S-ICD implantation, in order to rule out
constrictive pericarditis. The patient had a past medical history of al-
cohol abuse, marijuana use, hypertension, dyslipidemia, smoking, left
ventricle (LV) thrombus, myocardial infarction, and LV ejection

fraction of 25%. As shown in Fig. 1A, an MR-conditional S-ICD (Boston
Scientific S-ICD, model A209 Emblem) was implanted on the patient's
left side near the apex of LV, and a Q-TRAK subcutaneous electrode lead
(model Cameron Health 3400) was implanted subcutaneously from the
device pocket along the rib margin to the sternum.

The patient was scanned on a whole-body 1.5 T MRI scanner
(Magnetom Avanto, Siemens Healthcare, Erlangen, Germany) using a
recommended guideline [10], which included interrogation and pro-
gramming before and after MRI by an electrophysiology staff, mon-
itoring the patient throughout the MRI by a nurse staff, and specific
absorption rate (SAR) < 2.0W/kg. As per institutional clinical

Fig. 1. (A) Chest X-ray of a 37-year old man with an MR-conditional S-ICD implanted on the left side. (B) Scout image in a short axis view the patient showing
significant signal voids induced by the S-ICD. (C and D) Standard LGE images in short-axis and 2-chamber planes. (E and F) The corresponding wideband LGE images
in short-axis and 2-chamber planes. Arrows point to image artifact induced by the S-ICD. MRI images were obtained with standard imaging parameters, including
spatial resolution, inversion time, and gradient echo readout.

A.A. Rahsepar et al.

„Wideband“	MRI	
sequences:



Correlation DE-MRI	- HD-map (Orion/Rhythmia)

Thajudeen et	al.,	PACE	2015

§ bipolar	voltage ≤	2mV	correlated with scar on	DE-MRI
§ bipolar	voltage ≤	1mV	correlated with transmural scar
§ unipolar	voltage ≤	15mV	≈	transmural scar

HIGH-RESOLUTION MAPPING OF CANINE INFARCT SCAR
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Figure 4. Comparison of the endocardial bipolar voltage map to the late gadolinium enhancement cardiac MRI
(LGE MRI) in dog# 5. (A) Left ventricular endocardial bipolar voltage map showing an anterolateral scar (8,930
electrograms, map resolution 2.7 mm). Red represents bipolar voltages !1 mV and purple represents voltages "2 mV.
(B) 3D reconstructed image (signal intensity map) from the LGE MRI at 1 mm from the blood pool surface (endocardial
LGE) showing the large anterolateral scar (red area). Color corresponds to signal intensity, with low intensity in purple
and high intensity in red (scar). Note the close correlation between the endocardial low-voltage area (!1 mV or red
area) in panel (A) and the scar (red area) on the LGE MRI signal intensity map at 1-mm depth in panel (B). (C) 2D
slices from the LGE MRI corresponding to the locations of the yellow and blue lines in panel (B). The upper (yellow)
slice shows endocardial scar (white arrow) extending from the anterior wall to the lateral wall at the margin of the
papillary muscle (PM), but sparing the PM. The lower (blue) slice shows a nearly transmural scar extending further
posteriorly and involving the PM, also seen on the 3D reconstructed image in panel (B). Ant = anterior; Lat = lateral;
PM groove = indented endocardial surface over the papillary muscle; Post = posterior.
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Figure 5. Comparison of bipolar voltage map to late gadolinium enhancement cardiac MRI (LGE
MRI) in dog# 2 with a mottled apical and lateral scar. (A) 2D LGE MRI from the apical region.
Note the mottled appearance of the scar (white arrow). Location of the 2D slice is illustrated by
the translucent plane in panel (B). (B) 3D reconstructed DE-MRI signal intensity map at 1-mm
depth (endocardial LGE) showing the patchy gadolinium enhancement in the apex, anterior, and
lateral walls. Color scale represents LGE MRI signal intensity with red areas (high signal intensity)
corresponding to scar and purple areas (low signal intensity) corresponding to little or no signal
enhancement. (C) Endocardial bipolar voltage map showing patchy areas of low voltage (red
areas, !1 mV) corresponding to scar in panels (A) and (B). This map contains 9,420 electrograms
(map resolution 2.1 mm).

PACE, Vol. 38 June 2015 669

N=5	dogs:	chronic anterior infarct
à LGE	MRI	(1	and 5	mm	from endocardium)	and 3d	EA	map



Virtually	Induced	VTs

Pacing	site
VT	Exit	1

VT	Exit	2
VT	Exit	3

VT	Exit	4

VT	Exit	5

• 5	VT	exits	observed
• 3	VT	exits	are	part	of	3	

sustaining	VT	circuits	
(VT	exit	1,	2,	3)

• 2	VT	exits	are	part	of	
non-sustained	VTs	(VT	
exit	4,	5)
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MRI:	Characterizing Arrhythmogenic Substrate

25Andoulakis et	al	EHJ	abstract 2017

50-75%	scar transmurality and total	scar (not	border zone)	SI	inhomogeneity are
associated with risk of adequate ICD	therapies during FU

N=174	pts.,	64+/10	y.,	85%m.,	EF	31%,	LGE-MRI	before ICD	implantation,	FU:	VTs
At the interface of imaging and surgery: recent insights into valvular regurgitation / YIA Session Clinical Science 413

study were: prolapse volume, tenting height, antero-lateral chord length and
postero- medial chord length.

2000 | BEDSIDE
Determinants of progression from none and mild to moderate and
severe native tricuspid regurgitation: results from a large-scale
echocardiographic study

E.A. Prihadi1, P. Van Der Bijl1, E. Gursoy1, R. Abou1, E.M. Vollema1, R.T. Hahn2,
G.W. Stone2, M.B. Leon2, N. Ajmone Marsan1, V. Delgado1, J.J. Bax1. 1Leiden
University Medical Center, Department of Cardiology, Leiden, Netherlands;
2Columbia University Medical Center, New York, United States of America

Background: Limited data exists on the natural history of progression from
none/mild to moderate/severe tricuspid regurgitation (TR). This study aims to
evaluate factors that influence rapid TR progression (TRP).
Methods: In 1,000 pts with moderate/severe native TR and serial echocardio-
grams (mean age 68.5y, 50.8% men), clinical, biochemical & echocardiographic
data were collected at the first time-point at which TR was none (n=363) or
mild (n=637). Pts were divided according to the median progression time (fast
TRP,<4.7y,n=506 vs slow TRP, ≥4.7y,n=494). Independent associates of fast
TRP were analyzed in a logistic regression model.
Results: Fast TRP pts were older (66.1±13.1 vs 59.8±13.3y; p<0.001), had
worse renal function (eGFR 64±27 vs 71±21 ml/min/1.73m2; p<0.001), and more
frequently had a history of lung disease (12.0% vs 6.5%; p=0.017) & coronary
artery disease (46.3% vs 38.2%; p=0.011) compared to slow TRP pts. Fast
TRP pts had larger septo-lateral tricuspid annulus diameter (TAD) (38.9±8.2
vs 36.8±6.8 mm; p<0.001), lower tricuspid annulus plane systolic excursion
(TAPSE) (18.4±5.8 vs 21.2±5.5 mm; p<0.001) & higher RV systolic pressures
(32.7±13.7 vs 26.6±11.9 mmHg; p<0.001). Age, sex, TAPSE, TAD & intervening
cardiac surgery were independent associates of fast TRP (Table).
Conclusions: In this large-scale clinical series, fast TRP was associated with
older age, female sex, lower TAPSE, higher TAD & intervening cardiac surgery.

YOUNG INVESTIGATOR AWARDS SESSION CLINICAL
SCIENCE

2017 | BEDSIDE
Scar transmurality and composition derived from LGE MRI predicts VT
in post-infarct patients

A.F.A. Androulakis, K. Zeppenfeld, E.H.M. Paiman, J. Venlet, C.A. Glashan,
M.J. Schalij, R.J. Van Der Geest, Q. Tao. Leiden University Medical Center,
Cardiology, Leiden, Netherlands

Background: Patients after myocardial infarction (MI) are at risk for reentrant
VTs facilitated by inhomogeneous scar tissue, which may not be restricted to the
infarct borderzone.
Objective: We hypothesize that a higher degree of inhomogeneity of the total
scar is associated with VT. We propose a new LGE MRI derived method to eval-
uate scar composition.
Methods: Consecutive pts with LGE MRI prior to ICD implantation were enrolled.
From MRIs, total scar, scar borderzone, transmurality, and composition were de-
rived. Scar composition is characterized by the ”entropy” (measure for inhomo-
geneity) of probability distribution of signal intensity within tissue. Pts were fol-
lowed for ICD therapy and mortality.
Results: A total of 174 pts (64±10 yrs, 85% male, EF 31±9%) were enrolled.
Appropriate ICD therapy occurred in 54 pts (31%); during a median follow up
of 53 (IQR40–72) months 44 pts died. Multivariate Cox hazard analysis showed
that 50–75% scar transmurality (HR2.3; CI 1.3–4.0; P=0.003), and higher entropy
of scar (HR 2.2; CI 1.2–4.1; p=0.008) but not scar borderzone were associated
with VT, independent of total scar and EF. Pts who died had a lower EF, broader
QRS, more often prior CABG, renal failure and diabetes. In multivariate analysis
renal failure (HR 2.7; CI 1.4–5.0; p=0.003) and, of interest, the entropy of the LV
remote from scar (HR 1.8; CI 1.1–2.9; p=0.03) were associated with mortality,
independent from borderzone and LVEF.
Conclusions: Post MI scars with 50% -75% transmurality and high tissue inho-
mogeneity assed by SI entropy are associated with VT, independent of EF. High
entropy of remote myocardium is associated with mortality.

Abstract 2000 – Table 1. Logistic regression of TR progression

Variable Univariable analysis Multivariable analysis
Odds Ratio 95% CI P-value Odds Ratio 95% CI P-value

Age (years) 1.038 1.027–1.049 <0.001 1.029 1.014–1.044 <0.001
Gender, male 0.637 0.496–0.818 <0.001 0.593 0.413–0.852 0.005
History of coronary artery disease 1.415 1.099–1.822 0.007 1.364 0.944–1.970 0.098
History of atrial fibrillation 0.922 0.711–1.197 0.543 – – –
Chronic lung disease 1.998 1.327–3.010 0.001 1.611 0.925–2.808 0.092
estimated GFR (ml/min/1.73m2) 0.988 0.982–0.994 <0.001 0.996 0.989–1.004 0.311
Tricuspid annulus plane systolic excursion (mm) 0.960 0.924–0.968 <0.001 0.918 0.890–0.947 <0.001
Tricuspid annulus diameter (mm) 1.019 1.002–1.036 0.027 1.039 1.015–1.065 0.002
Left ventricular ejection fraction (%) 1.002 0.994–1.010 0.637 – – –
Right ventricular systolic pressure (mmHg) 1.026 1.014–1.038 <0.001 1.004 0.991–1.017 0.575
Intervening CABG and/or left-sided valvular surgery* 1.656 1.243–2.207 0.001 2.135 1.423–3.204 <0.001
*Pts with prior or intervening tricuspid valve surgery were excluded for this analysis.

Abstract 2017– Figure 1

2018 | BEDSIDE
Optical coherence tomographic analysis of in-scaffold atherosclerosis
after bioresorbable vascular scaffold implantation at five year follow
up

N. Moriyama, K. Shishido, T. Takuma, K. Tobita, S. Tsukuda, F. Yamanaka,
S. Mizuno, Y. Tanaka, M. Murakami, J. Matsumi, S. Takahashi, S. Saito. Shonan
Kamakura General Hospital, Cardiology and Catheterization Laboratory, Ka-
makura, Japan

Background/Introduction: Limited data are available regarding atherosclerosis
after Bioresorbable vascular scaffold (BVS) implantation at five years.
Purpose: We report findings from optical coherence tomography (OCT) of
atherosclerosis as a cause of BVS implantation at 5 year invasive follow up.
Methods: Patients included in the ABSORB EXTEND trial underwent coronary
catheterization at five years.
Results: Twenty patients with 22 lesions were enrolled. In 59%, there were type
B2/C lesions. All patients were followed up clinically, and mean follow up duration
was 1900 days. All of 17 patients (85%) underwent catheterization and scaffold
assessment with OCT. A trend towards a decrease in minimum lumen diameter
was observed between one and five years by quantitative coronary angiography
(2.16±0.32 mm vs 1.93±0.30 mm; p=0.12). At 5 years, 4 lesions (24%) had at
least 1 OCT-defined in-scaffolds thin-cap fibroatheroma. In 1 and 5 years follow

OCT findings at 1 and 5 year follow up

1 year follow up 5 year follow up p value
No. of scaffold 17 17

In-scaffold In-scaffold
Lipid neointima, n (%) 3 (17%) 10 (58%) 0.019
Calcium, n (%) 6 (35%) 15 (88%) 0.003
Incidence of thrombi, n (%) 2 (12%) 0 (0%) 0.62
Incidence of intimal rupture, n (%) 3 (17%) 5 (29%) 0.41
Neorevascularization, n (%) 1 (6%) 12 (71%) <0.001
Incidence of TCFA, n (%) 0 (0%) 4 (24%) 0.02
Incidence of Macrophage, n (%) 1 (6%) 5 (29%) 0.11
Incidence of late discontinuity, n (%) 6 (35%) – –
malapposition, n (%) 8 (47%) – –
uncovered scaffold, n (%) 11 (65%) – –
Scaffold remunant, n (%) 16 (100%) 3 (18%) –
TCFA, Thin-cap fibroatheroma.
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MRI:	Identification of CCs

26Andreu et	al	Europace 2015

3D	scar reconstruction using images from GRE	sequence improves
delineation of CC	prior to VT	ablation.

N=23	pts.	ICM	/	7	NICM;	24	pts.	with VTs/6pts.	with scar-related PVCs,	prior to ablation LGE-MRI	–
SSFP	(single shot inversion recovery steady state free precession)	or GRE	(	inversion recovery
gradient echo)

2D-SSFP provided the lowest sensitivity in identifying CC. The per-
centage of false positives (!20%) was very similar in the three
sequences.

The results from this study support that the higher sensitivity in CC
detection is obtained at the cost of longer acquisition and processing
times, especially with the 3D-GRE sequence. The 2D-GRE sequence
could provide an alternative because of its capability to identify up to
60% of CC with lower acquisition and processing times. In those
cases in which the acquisition time of 3D-GRE and even 2D-GRE
could be problematic (e.g. claustrophobia, breathing-related difficul-
ties), the 2D-SSFP sequence could be a useful alternative, although
the sensitivity of this sequence is modest.

In some cases, the length/width of the CC identified was close to
the spatial resolution of the sequence because the 3D LV reconstruc-
tions were used for observation of CC, rather than the raw CMR
images. The trilinear interpolation applied to the LV surface nodes
made this possible, smoothing the transition between the different
SI of the voxels over the LV reconstruction and sometimes
showing CC with a length close to the spatial resolution of the
CMR sequence (see Figure 4). In addition, a previous study described
the capability of a 2D sequence similar to that used in this study and
with the same spatial resolution to identify CC related to VT isth-
muses.22 In that study, 100% of the CCs identified in the EAM were
observed in the LGE-CMR images. The reason for the mismatch
between that study and our results was mainly due to differences in
methodology. All CCs identified in the EAM by Pérez-David et al.
were voltage CCs, whereas in our study both voltage and LP CCs
were considered for the comparative analysis.

Although most of the CCs observed in the EAM can be identified
using the 3D-GRE sequence, nearly 20% of CCs still not visible in the
3D LV reconstructions. Higher LGE-CMR spatial resolution could
improve the identification capacity.

3 T scans provide a higher signal level, reducing time scans and/or im-
proving the quality of the images obtained by means of reducing the
voxel size. This theoretically results in an increased number of CCs
identified in the CMR images. However, as these CMR studies were
not also done in a 1.5 T scan, we do not have data to support this state-
ment. Nevertheless, the sequences described can be performed in a
1.5 T scan, although the results of CC depiction might be different.

Point density in the EAM is critical to obtain detailed information of
the tissue. Sometimes certain areas of the LV are poorly mapped and
this may result in losing important information about the presence/
absence of CC. In fact, this may be critical for the ablation success.
In this context, the CMR could not only correlate with the EAM,
but also to show additional tissue details to the EAM. This is why a
perfect match should probably not be pursued as the endpoint, but
an acceptable similarity.

Limitations
Our study has several limitations. In 3.2% of the cases, the 3D-GRE
could not be completed due to respiratory motion or excessively
long acquisition time. Factors related to patient cooperation and ar-
rhythmia may increase substantially the acquisition time, which ends
up limiting image quality and the clinical applicability of the technique.
In addition, wedid not testother validated methods for classifying BZ,
such as the standard deviation approach. In a recent study, the BZ
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Figure 4 Identification of CCs in the original LGE-CMR images.
Three consecutive slices are shown in this image. The 3D LV re-
construction shown corresponds to the 90% layer of case A,
Figure 2. The area marked by a white dotted circle in the
LGE-CMR image corresponds to the white dotted circle region
in the 3D LV reconstruction, related to CC number 5 identified
in the electroanatomic map (Figure 2). The area marked by a
cyan dotted circle in the LGE-CMR image corresponds to the
cyan dotted circle region in the 3D LV reconstruction, related to
a CC identified only in the 3D LV reconstructions. Ao, aorta;
RV, right ventricle.
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Although most of the CCs observed in the EAM can be identified
using the 3D-GRE sequence, nearly 20% of CCs still not visible in the
3D LV reconstructions. Higher LGE-CMR spatial resolution could
improve the identification capacity.

3 T scans provide a higher signal level, reducing time scans and/or im-
proving the quality of the images obtained by means of reducing the
voxel size. This theoretically results in an increased number of CCs
identified in the CMR images. However, as these CMR studies were
not also done in a 1.5 T scan, we do not have data to support this state-
ment. Nevertheless, the sequences described can be performed in a
1.5 T scan, although the results of CC depiction might be different.

Point density in the EAM is critical to obtain detailed information of
the tissue. Sometimes certain areas of the LV are poorly mapped and
this may result in losing important information about the presence/
absence of CC. In fact, this may be critical for the ablation success.
In this context, the CMR could not only correlate with the EAM,
but also to show additional tissue details to the EAM. This is why a
perfect match should probably not be pursued as the endpoint, but
an acceptable similarity.

Limitations
Our study has several limitations. In 3.2% of the cases, the 3D-GRE
could not be completed due to respiratory motion or excessively
long acquisition time. Factors related to patient cooperation and ar-
rhythmia may increase substantially the acquisition time, which ends
up limiting image quality and the clinical applicability of the technique.
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Virtual	Heart	Approach:	Bad	Neustadt	Case

N., 	m., 	 ICM,	ICD,	MRI	with ICD	artefacts
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Limitations of MRI:	ICD	Artefacts

Wideband + Wideband -



Strategies to Improve MR	Image	Quality

• Self-navigated free-breathing isotropic 3D	whole
heart inversion revovery MR	for scar delineation
Rutz	et	al.,	J	Card	Magn Reson 2015	(Poster)

Figure 1 Examples for detection of myocardial scar in the septal (figure 1A) and inferior wall (figure 1B) by 2D (left) and 3D (right) late
gadolinium enhancement in 2 patients.

Figure 2 Correlation of volume of scar determined by 2D and 3D late gadolinium enhancement

Rutz et al. Journal of Cardiovascular Magnetic
Resonance 2015, 17(Suppl 1):Q121
http://www.jcmr-online.com/content/17/S1/Q121
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Figure 3. 
Reformatted 3D LGE of a 67 year-old man with hypertrophic cardiomyopathy. Focal 
hypertrophy of the mid inferior left ventricular septum. High resolution 3D high-resolution 
LGE images acquired with LOST rate 3 demonstrate a more detailed depiction of scar 
compared with 3D PSIR LGE.
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• 3D-LGE	+	Low-dimensional	Self-learning and
Thresholding (LOST)	- >	improving scar resolution
Basha et	al.,	J	Magn Reson Imaging	2017

scout sequence fixes Dt2/Dt3 at 35/150 ms and samples
Dt1 between 15 and 115 ms with 5-ms increments, yield-
ing 21 images with different tissue contrast. To select the
correct timing, the technologist visually identifies the
image with suppressed blood pool and normal myocardi-
um, and calculates the associated timing parameter (ie,
Dt1) value (Fig. 5). We note that because the T1/T2 values
of vials in phantom were static, the phantom experiment
did not replicate physiological gadolinium washout and
required slightly different sequence parameters than the
in vivo studies because of differences in T1 and T2.

In Vivo Imaging

The operator identified the suitable timing on the
contrast-scout scan in all cases. In the swine models, the
myocardium is nulled by both sequences (Fig. 6). A high
dose of contrast agent (0.2 mmol/kg of Gd-BOPTA)
resulted in high blood signal and reduced contrast
between the blood pool and the scar in the swine stud-
ies. Although the blood pool is not completely nulled in
the DB-LGE images, the scar is brighter than the blood
pool, which more readily allows for robust scar–blood
delineation. In patients who received 0.1 mmol/kg of
Gd-BOPTA, areas of hyperenhancement reflect the poor
scar–blood contrast often seen in LGE/PSIR images. In
comparison, the blood pool and normal myocardium are
completely nulled to improve scar–blood contrast in DB-
LGE images (Figs. 7a–7d, Supporting Videos S1 and S2).

Representative line intensity profiles (Fig. 8) demon-
strate the abrupt change in signal intensity at the border
between scar and blood in DB-LGE images as compared
with LGE. In the qualitative assessment (Table 1), reader
1 identified all scans to be diagnostic, whereas reader 2
identified 5 of 42 of LGE and 2 of 42 DB-LGE to be non-
diagnostic. Those with nondiagnostic images had motion
artifacts or incomplete nulling of myocardium. Hyperen-
hancement was present in all animals and 22 of patients
on the consensus reading. Of the patients with LV scar,
18 of 22 were imaged with LGE/PSIR before DB-LGE,
and 14 of 17 were imaged with LGE before DB-LGE.

Discrepancies in identification of presence/absence of
scar arose because isolated papillary muscle hyperen-
hancement was missed in two patients on the indepen-
dent read. Agreement on the presence/absence of scar
was reached on the consensus reading, and scoring was
performed accordingly. Despite the expected loss of SNR
as a result of T2 Prep use in the DB-LGE sequence, the
overall image quality scores were similar between the
two sequences. The qualitative scar–blood contrast
scores (Table 1) from both readers were significantly
greater in DB-LGE (P < 0.05). In the quantitative analysis
of the patients with LV scar and LGE scans available for
comparison (n ¼ 17), the scar–blood ratio was signifi-
cantly higher in DB-LGE for both infarcted swine and

FIG. 5. Example of the contrast-scout sequence in the LV short-axis plane, and resulting DB-LGE image in a patient (61-year-old male)
with a large primarily LV scar (arrow) secondary to infarction of the mid–left anterior descending coronary artery. A total of 21 low-
resolution, single-slice images are acquired to finely sample a range of Dt1 values after setting Dt2 and Dt3 constant. The image that
best nulls both the blood and normal myocardium is visually identified, and the Dt1 value used to create that image is applied to create
the DB-LGE image (right). With one quick scouting sequence, the optimal sequence timing is identified.

FIG. 6. Comparison of DB-LGE (bottom row) and LGE (top row)
images from two swine with LV infarcts, demonstrating improve-
ments in blood–myocardium contrast. Note that the DB-LGE
sequence more readily allows for identification of the scar–blood
border (arrows).
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Preprocedural cMRI – Outcome	VT	Ablation

Siontis et	al,	HR	2017

MRI (including 1 study of nondiagnostic quality because of
arrhythmia); 1 patient did not undergoMRI because of severe
claustrophobia. Among 45 patients who underwent ablation
in or after April 2012, 40 patients had an MRI, but 6 of
them had a nondiagnostic test because of severe CIED arti-
fact. Five patients did not have an MRI because of advanced
renal disease precluding gadolinium use, body habitus
incompatible with the MRI scanner, or presence of a left ven-
tricular assist device. Overall, 48 patients underwent preabla-
tion MRI and 48 did not. In the as-treated analysis, 41
patients were included in the imaging group, and 55 were
included in the no imaging group (including the 7 nondiag-
nostic MRIs). In ITT analysis, 48 patients were in the imag-
ing group and 48 were in the no imaging group.

The imaging group had a lower prevalence of ICDs, as
MRI was not performed in patients with CIEDs before April
2012, but there were no other differences in baseline charac-
teristics between the 2 groups (Table 1).

Distribution of myocardial LGE
All 41 patients with diagnostic MRI studies had !1 myocar-
dial segment involved with LGE and 23 patients had LGE in
!3 segments. The basal anteroseptum was the most
commonly involved segment, followed by the basal infero-
septum (involved in 20 and 15 patients, respectively). Details
are given in the Supplementary Table 1.

LGE was predominantly intramural in 29 patients (71%),
endocardial in 1, epicardial in 5, transmural in 5, and both
intramural and endocardial involvement in 1. Septal LGE
had an intramural distribution in all patients.

Procedural characteristics
The imaging group had a higher number of documented clin-
ical VTs (P5 .005), but there was no difference in the num-
ber of induced VTs between the 2 groups (median 6 vs 6.5 in
the imaging and no imaging groups, respectively)
(Supplementary Table 2). None of the induced VTs had a
clearly triggered or automatic mechanism; rather, all were
most likely due to reentry. Epicardial ablation using a percu-
taneous subxiphoid approach was performed equally often in
both groups (P5 .56). There were no significant differences
in minutes of radiofrequency energy delivered, procedure
duration, or fluoroscopy time between the 2 groups.

Acute ablation outcome
Thirty-nine procedures (41%) were acutely completely suc-
cessful, 44 (46%) partially successful, and 7 (7%) failed. In
6 patients (6%), programmed ventricular stimulation was
not performed at the end of the procedure because of hemo-
dynamic instability.

The acute complete success rate was significantly higher
in the imaging group (n 5 26 [63%]) compared to the no
imaging group (n5 13 [24%]) (P,.001) (Figure 1). Patients
with acute complete success had a higher LVEF, less recent
history of VT storm or incessant VT, less frequently had a
prior ablation, and had a smaller number of induced VTs.
Also, acutely successful procedures were of shorter duration
and utilized less fluoroscopy compared to the other proced-
ures (see Supplementary Table 3). In the as-treated multivar-
iate logistic regression analysis, use of preablation LGE-MRI
was independently associated with acute complete proce-
dural success (OR 7.86, 95% CI 2.50–24.74, P ,.001)

Figure 1 Distribution of procedural success status according to the use of preablation magnetic resonance imaging.
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(Table 2). The association remained significant in logistic
regression that was additionally adjusted for the year of abla-
tion (OR 7.40, 95% CI 1.95–28.12, P 5 .003). Results were
similar when patients with nondiagnostic MRI scans were
included in the imaging group in the ITT analysis (OR
4.87, 95% CI 1.60–14.83, P 5 .005) and when the analyses
were limited only to patients with a CIED (OR 7.65, 95% CI
2.27–25.76 in the as-treated analysis; OR 4.98, 95% CI 1.51–
16.39 in the ITT analysis). Among patients with a preablation
MRI, there was no association of septal vs free wall or intra-
mural vs epicardial/endocardial scar location with acute
outcome (univariate logistic regression P 5 .31 and .29,
respectively).

AADs were discontinued in 21 patients with acutely suc-
cessful procedures, whereas in 75 patients AADs were
continued after ablation (28 [68%] in the imaging group
and 47 [85%] in the no imaging group, P5 .015). Amiodar-
one was used in 56 patients postablation.

Long-term outcomes
A total of 38 (40%), 10 (10%), and 15 (16%) patients expe-
rienced VT recurrence, HTx, or death from any cause in the
entire patient cohort, respectively. The composite endpoint of
VT recurrence, HTx, or death occurred in 44 (46%) patients
after a median follow-up period of 7.6 (IQR 0.4–26.1)
months after the ablation procedure (11/41 patients in the
imaging group and 33/55 patients in the no imaging group).
Survival free of the composite outcome was significantly bet-
ter in the imaging group (log-rank P 5 .02) (Figure 2).

By univariate Cox regression analysis, preablation imag-
ing was associated with a lower risk of occurrence of the
composite outcome (hazard ratio [HR] 0.45, 95% CI 0.22–
0.90, P 5 .024). However, this effect was attenuated in a
multivariate Cox regression model adjusted for age, gender,
LVEF, New York Heart Association functional class, VT
storm/incessant VT, diabetes, atrial fibrillation, and renal
insufficiency (HR 0.57, 95% CI 0.26–1.26, P 5 .16). The
estimated effect was similar in ITT analyses in which patients
with nondiagnostic MRI scans were included in the imaging

group (HR 0.72, 95% CI 0.34–1.52, P 5 .39) and in the an-
alyses limited to the subgroup of patients with CIED (HR
0.66, 95% CI 0.29–1.51, P 5 .32 in the as-treated analysis;
HR 0.76, 95% CI 0.35–1.66, P 5 .49 in the ITT analysis).

Discussion
Main findings
This study demonstrated for the first time that use of prepro-
cedural imaging with cardiac LGE-MRI is associated with
improved outcomes in patients with idiopathic DCM under-
going VT ablation procedures. The most likely explanation is
that knowledge of the precise location of the arrhythmogenic
substrate in these patients who have a high prevalence of in-
tramural scarring results in a more effective ablation strategy.

Arrhythmogenic substrate
The location of scar tissue in the imaging studies indicated
that the majority of scars were intramurally located. This
has been reported in previous studies,3 and the intramural
location continues to be a major challenge when dealing
with patients having DCM. Unipolar voltage and electrogram
characteristics can be suggestive of intramural scar,9,10 but
determination of intramural scar location solely by the use
of electroanatomic mapping is presumptive and inexact and
often requires both endocardial and epicardial mapping.
Precise knowledge of the intramural scar location before
ablation is important in planning the procedure and can
limit the need for epicardial mapping and ablation,
especially if the scar is located in the interventricular
septum. In cases in which the scar is intramural, mapping
and ablation can be focused on the endocardial right
ventricular and left ventricular septal areas, and longer
applications of radiofrequency energy, which likely result
in deeper lesions, are often necessary to reach the
arrhythmogenic substrate.11,12 This may be the reason why
the acute outcomes were better in patients who had
preablation MRIs than in patients in whom the precise
location of the scar was unknown. The majority of VTs in

Table 2 Association of patient and procedural variables with
complete procedural success in multivariate logistic regression
analysis

Variable OR (95% CI) P value

Age 1.01 (0.96–1.06) .70
Male gender 0.25 (0.05–1.20) .08
Prior VT ablation* 0.64 (0.34–1.22) .18
Preablation LGE-MRI 7.86 (2.50–24.74) ,.001
LVEF 1.04 (0.98–1.10) .22
VT storm/incessant VT 1.01 (0.31–3.31) .98
No. induced VTs 0.81 (0.70–0.94) .005

Odds ratio (OR) .1 indicates that the variable is positively associated
with complete procedural success.

CI 5 confidence interval; LGE-MRI 5 late gadolinium enhancement
magnetic resonance imaging; LVEF 5 left ventricular ejection fraction;
VT 5 ventricular tachycardia.
*At another institution.

Figure 2 Kaplan–Meier curve of unadjusted survival free of ventricular
tachycardia (VT) recurrence, heart transplantation (HTx), or death in the
group with and the group without preablation magnetic resonance imaging.

Siontis et al Outcomes with Preablation MRI in DCM VT 1491

N=96	pts.,	retrospective,	n=41	pts.	with /	n=55	pts.	without LGE-MRI;
Rate	of epicardial access comparable in	both groups

cMRI guided VT	ablationà significantly lower rate	of VT	recurrence/HTx/death
No impact on	long-term	outcome;	retrospective study!
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Image	integration strongest predictor of long-term	VT	ablation success !

N=142	procedures in	125	pts.,

64+/-11	yrs.,	7	f.;

„real-time	image integration“	in	38%:

MRI	in	39%	/	MDCT	in	93%

Predictors of freedom from VT	recurrence:

• LAVA	elimination RR	0.52

• Multipolar	catheter use RR	0.75

• Real-time	image integration RR	0.49
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efficacy of post-MI VT ablation. Using constant procedural 
end points in a cohort of post-MI VT patients, we demon-
strate that complete LAVA elimination, scar integration 
from imaging, and high-density mapping with multipolar 
catheters are independent predictors of postablation, VT-
free survival.

Impact of LAVA Elimination
Complete LAVA elimination was associated with a 2-fold 
reduction in risk of VT recurrence in our cohort. VT nonin-
ducibility on the contrary did not influence outcome. These 
findings provide further evidence that LAVA elimination of 
VT substrate is an efficient procedural end point.7,18 The low 
predictive value of VT noninducibility is also consistent with 
many previous studies.19,20

Impact of Real-Time Image Integration
Real-time image integration was shown to be feasible with 
processing times compatible with routine clinical practice. 
Previous studies have reported good accuracy in identify-
ing VT substrate, using MDCT, MRI,9 or positron emission 
tomography.21 Voltage mapping may fail to accurately delin-
eate the extent of diseased myocardium because of limitations 
such as catheter contact issues, reduced sensitivity to far-field 
signal in nontransmural or midwall scar,22 and epicardial fat 
interposition.23 Additionally, the density and comprehensive-
ness of voltage mapping is highly dependent on operator deci-
sions and time constraints, whereas imaging methods provide 
whole-heart assessment of the structural substrate with sub-
millimetric spatial resolution in a few heartbeats. Therefore, 
integrating the structural substrate as defined from prepro-
cedural imaging might improve the accuracy of mapping in 
identifying ablation targets.

In this study, the integration of anatomy and scar from 
imaging was associated with a 2-fold reduction in VT recur-
rence. The superior outcome in patients with image inte-
gration might be explained by the ability of imaging to 
comprehensively describe the structural substrate of VT, 
thereby enabling a more focused mapping on critical areas, 
at the same time ensuring that no abnormal myocardium is 
left unexplored. Interestingly, we identified a higher number 
of LAVA sites in patients with real-time image integration 
despite a similar number of mapping points. This obser-
vation confirms that mapping is more efficiently focused 
toward critical areas when guided by imaging data. Of note, 
however, the identification of more LAVA did not translate 
into higher rates of complete LAVA elimination. Therefore, 
the impact of image integration on outcome seems to be 
mediated by a more comprehensive treatment of VT sub-
strate; however, the issue of unreachable targets remains 
(midwall circuits and coronary interposition).24 In this study, 
VT-free survival rates in the population without image inte-
gration were comparable to those reported in the VTACH 
study (Ventricular Tachycardia Ablation in Coronary Heart 
Disease),13 whereas the outcome in patients treated with 
image integration was more favorable. However, this lat-
ter outcome was similar to a previous study by Deneke et 
al14 that did not use image integration (77% VT-free sur-
vival rate during a median follow-up of 16 months). This 
is likely because of differences in patient characteristics 
between studies because VTs with suspected epicardial 
origin, noninducible clinical VTs, and ongoing VTs dur-
ing the procedure were excluded in the study by Deneke et 
al.14 Moreover, in this study, poorly tolerated VTs requiring 
cardioversion >2 times during the procedure were observed 
in 21% of cases, which suggests a severe condition in the 
included population.

Figure 4. Ventricular tachycardia (VT)–free survival in procedures 
with and without real-time image integration.

Figure 5. Ventricular tachycardia (VT)–free survival in procedures 
with and without multipolar catheter.
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EP	Properties	of CC	not	only defined by Substrate

39Anter et	al.,	Circulation 2016

Conduction velocity slowest at	the entranceà conduction velocity NOT	
substrate-related but	functional (slowest at	entrance)

High	Density Map of the same	CC	used by two VTs	(1	inferior	/	1	superior axis)

Figure 5. Conduction velocities in the isthmus are influenced by the vector of propagation
Example of two ventricular tachycardias (VTs) with opposite axis sharing one isthmus. VT-1 
had a right bundle branch block pattern with an inferior axis while VT-2 had a right bundle 
branch block pattern with a superior axis. The tachycardia cycle length was similar at 460 
and 463ms, respectively (left and right lower panels). The isochronal map of VT-1 shows 
maximal isochronal density, suggestive of slowest conduction velocity, at the proximal 
curvature (entrance). Once the wavefront reaches the common channel “isthmus”, 
conduction velocity is increased as marked by lower isochronal density (solid arrow). At the 
distal curvature (exit), conduction velocity is slowed again as suggested by increased 
isochronal density (dashed arrows). During VT-2, the wavefront of propagation is reversed, 
such that the entrance of VT-1 becomes the exit of VT-2 and the exit of VT-1 becomes the 
entrance of VT-2. The isochronal map of VT-2 shows maximal isochronal density at the 
proximal curvature (entrance), suggesting that conduction velocity within the circuit is not 
fixed to the underlying substrate but rather functional, consistently slower at the proximal 
curvature.

Anter et al. Page 20
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Correlation MRI	– EAM	bipolar	voltage

Wijnmalen et	al.,	Eur Heart	J	2011

DE-MRI EAM	– bipolar	
voltage

normal	
myocardium

≥	1.8mV

transmural scar 0.4	to 1.3mV
≥	25%	
transmural scar

<	1.5mV

subendocardial/
midmyocardial
scar

1.1	to 2.5mV	+	
unipolar	reduced

N	=	15	pts w/	post-infcartion VT

§ 33%	mismatch in	size

§ DE-MRI	identifies non-transmural
scars not	detected by EAVM	according
to the currently used voltage criteria
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N=125	Pat.	2009-13,	64+/-11J.,	epi:	37%,	multipol.	Mappingkath.		51%,
Imageintegration	38%,	all	ICM
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because of previous cardiac surgery; 1 case because of a risk 
of bleeding by dual-antiplatelet therapy; and 1 case because 
of pericardial bleeding). A multipolar mapping catheter was 
used in 73 cases (51%). 3D-EAM was performed in 99 cases 
(70%) and associated with real-time integration of anatomy 
and scar from imaging in 54 cases (38%). Real-time image 
integration consisted of MDCT data in 50 cases (93%), MRI 
data in 21 cases (39%), and fused MDCT and MRI data in 17 
cases (31%). A representative example of real-time integra-
tion and high-density mapping with a multipolar catheter is 
illustrated in Figure 2.

Procedural findings are summarized in Table 1. VT was 
inducible at baseline in 106 cases (75%). LAVAs were found 
on the endocardium in 125 cases (88%) and on the epicardium 
in 39 cases (75% of patients with epicardial access). A total of 
216 VTs were induced, 55(25%) of which were mapped and 
terminated by radiofrequency application, and 161(75%) of 
which were unmappable because of hemodynamic intolerance, 
conversion to another VT during mapping, or spontaneous 
termination. After a total radiofrequency time of 32 minutes 
(interquartile range, 20–50), complete LAVA elimination was 
achieved in 79 cases (60% of patients with LAVA). At the end 
of the procedure, VT inducibility was not tested in 30 out of 
142 patients (21%) because of the induction of poorly toler-
ated VTs requiring cardioversion >2 times during the proce-
dure. Of the remaining 112 cases who underwent programmed 
stimulation, the end point of VT noninducibility was achieved 
in 93 out of 112 patients (83%). Eight patients had pericar-
dial bleeding (5 related to epicardial approach). One patient 
required surgery, whereas the others resolved spontaneously. 
Permanent atrioventricular block occurred in 1 patient. There 
were no strokes, phrenic palsies, coronary injuries, or proce-
dure-related deaths.

Follow-Up
Follow-up characteristics are summarized in Table 1. One hun-
dred out of 125 patients (80%) had an ICD implanted before 
VT ablation. A further 3 patients had an ICD implanted after 
VT ablation. After a median follow-up of 850 days (interquar-
tile range, 439–1707), VT recurred in 53 out of 146 patients 
(36%), in which VTs were detected by the ICD (requiring 
antitachycardia pacing or shock) in 48 patients and recorded 
by the ambulance monitor or 12-lead ECG in the remaining 5 
patients. Death from all causes occurred in 20 out of patients 
125(16%), death from cardiac causes in 14 out 125 patients 
(11%), and sudden death attributed to electrical storm in 5 out 
of 125 patients (4%), despite ICD therapy.

Factors Associated With Procedural End Points
Results from univariable analysis for the prediction of com-
plete LAVA elimination and noninducibility of VT are shown 
in Table 2. The ability to achieve complete LAVA elimination 
or VT noninducibility was not related to any baseline character-
istics. Among procedural characteristics, low-voltage zone and 
dense scar zone tended to be associated with failure to achieve 
LAVA elimination, although the association did not reach signif-
icance after Bonferroni correction to account for multiple testing 
(P=0.006 and P=0.005, respectively). Baseline inducibility was 
associated with a lower rate of noninducibility at the end of the 
procedure (P=0.002). Total radiofrequency and procedure time 
were also associated with lower rates of noninducibility at the 
end of the procedure (P=0.0003 and P=0.002, respectively).

Factors Associated With Clinical Outcome
Results from univariable and multivariable analyses for the 
prediction of VT recurrence are summarized in Table 3. On 
multivariable analysis, 3 characteristics were associated with 
the outcome: (1) the ability to achieve complete LAVA elimi-
nation (R2=0.29; P<0.0001; risk ratio 0.52 [0.38–0.70]), (2) 
the use of real-time image integration (R2=0.21; P=0.0006; 
risk ratio 0.49 [0.33–0.74]), and (3) the use of multipolar cath-
eters (R2=0.08; P=0.05; risk ratio 0.75 [0.56–1.00]). Kaplan–
Meier graphs illustrating the impact of these characteristics on 
VT-free survival are shown in Figures 3–5.

Procedural data in patients with versus without multipo-
lar catheters and image integration are compared in Table 4. 
Patients with multipolar catheters showed higher rates of 
transseptal and epicardial approaches (P=0.01 and P<0.0001, 
respectively), higher numbers of endocardial mapping points 
(P<0.0001), and higher rate of endocardial LAVA (96% ver-
sus 80%; P=0.002). Patients with real-time image integration 
showed higher numbers of endocardial LAVA sites (43 [27–
64] versus 24 [21–34]; P=0.03).

Follow-up at 1 year was available for 23 patients in whom 
both multielectrode mapping and image integration had been 
used. In this population, LAVA elimination had been achieved 
in 18 out of 23 patients (78%), and 20 out of 23 patients (87%) 
were free from recurrence at 1-year follow-up.

Discussion
This study is to our knowledge the first to analyze the incre-
mental effect of recent technological innovations on the 

Figure 3. Ventricular tachycardia (VT)–free survival in procedures 
with and without complete local abnormal ventricular activity 
(LAVA) elimination.
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efficacy of post-MI VT ablation. Using constant procedural 
end points in a cohort of post-MI VT patients, we demon-
strate that complete LAVA elimination, scar integration 
from imaging, and high-density mapping with multipolar 
catheters are independent predictors of postablation, VT-
free survival.

Impact of LAVA Elimination
Complete LAVA elimination was associated with a 2-fold 
reduction in risk of VT recurrence in our cohort. VT nonin-
ducibility on the contrary did not influence outcome. These 
findings provide further evidence that LAVA elimination of 
VT substrate is an efficient procedural end point.7,18 The low 
predictive value of VT noninducibility is also consistent with 
many previous studies.19,20

Impact of Real-Time Image Integration
Real-time image integration was shown to be feasible with 
processing times compatible with routine clinical practice. 
Previous studies have reported good accuracy in identify-
ing VT substrate, using MDCT, MRI,9 or positron emission 
tomography.21 Voltage mapping may fail to accurately delin-
eate the extent of diseased myocardium because of limitations 
such as catheter contact issues, reduced sensitivity to far-field 
signal in nontransmural or midwall scar,22 and epicardial fat 
interposition.23 Additionally, the density and comprehensive-
ness of voltage mapping is highly dependent on operator deci-
sions and time constraints, whereas imaging methods provide 
whole-heart assessment of the structural substrate with sub-
millimetric spatial resolution in a few heartbeats. Therefore, 
integrating the structural substrate as defined from prepro-
cedural imaging might improve the accuracy of mapping in 
identifying ablation targets.

In this study, the integration of anatomy and scar from 
imaging was associated with a 2-fold reduction in VT recur-
rence. The superior outcome in patients with image inte-
gration might be explained by the ability of imaging to 
comprehensively describe the structural substrate of VT, 
thereby enabling a more focused mapping on critical areas, 
at the same time ensuring that no abnormal myocardium is 
left unexplored. Interestingly, we identified a higher number 
of LAVA sites in patients with real-time image integration 
despite a similar number of mapping points. This obser-
vation confirms that mapping is more efficiently focused 
toward critical areas when guided by imaging data. Of note, 
however, the identification of more LAVA did not translate 
into higher rates of complete LAVA elimination. Therefore, 
the impact of image integration on outcome seems to be 
mediated by a more comprehensive treatment of VT sub-
strate; however, the issue of unreachable targets remains 
(midwall circuits and coronary interposition).24 In this study, 
VT-free survival rates in the population without image inte-
gration were comparable to those reported in the VTACH 
study (Ventricular Tachycardia Ablation in Coronary Heart 
Disease),13 whereas the outcome in patients treated with 
image integration was more favorable. However, this lat-
ter outcome was similar to a previous study by Deneke et 
al14 that did not use image integration (77% VT-free sur-
vival rate during a median follow-up of 16 months). This 
is likely because of differences in patient characteristics 
between studies because VTs with suspected epicardial 
origin, noninducible clinical VTs, and ongoing VTs dur-
ing the procedure were excluded in the study by Deneke et 
al.14 Moreover, in this study, poorly tolerated VTs requiring 
cardioversion >2 times during the procedure were observed 
in 21% of cases, which suggests a severe condition in the 
included population.

Figure 4. Ventricular tachycardia (VT)–free survival in procedures 
with and without real-time image integration.

Figure 5. Ventricular tachycardia (VT)–free survival in procedures 
with and without multipolar catheter.
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efficacy of post-MI VT ablation. Using constant procedural 
end points in a cohort of post-MI VT patients, we demon-
strate that complete LAVA elimination, scar integration 
from imaging, and high-density mapping with multipolar 
catheters are independent predictors of postablation, VT-
free survival.

Impact of LAVA Elimination
Complete LAVA elimination was associated with a 2-fold 
reduction in risk of VT recurrence in our cohort. VT nonin-
ducibility on the contrary did not influence outcome. These 
findings provide further evidence that LAVA elimination of 
VT substrate is an efficient procedural end point.7,18 The low 
predictive value of VT noninducibility is also consistent with 
many previous studies.19,20

Impact of Real-Time Image Integration
Real-time image integration was shown to be feasible with 
processing times compatible with routine clinical practice. 
Previous studies have reported good accuracy in identify-
ing VT substrate, using MDCT, MRI,9 or positron emission 
tomography.21 Voltage mapping may fail to accurately delin-
eate the extent of diseased myocardium because of limitations 
such as catheter contact issues, reduced sensitivity to far-field 
signal in nontransmural or midwall scar,22 and epicardial fat 
interposition.23 Additionally, the density and comprehensive-
ness of voltage mapping is highly dependent on operator deci-
sions and time constraints, whereas imaging methods provide 
whole-heart assessment of the structural substrate with sub-
millimetric spatial resolution in a few heartbeats. Therefore, 
integrating the structural substrate as defined from prepro-
cedural imaging might improve the accuracy of mapping in 
identifying ablation targets.

In this study, the integration of anatomy and scar from 
imaging was associated with a 2-fold reduction in VT recur-
rence. The superior outcome in patients with image inte-
gration might be explained by the ability of imaging to 
comprehensively describe the structural substrate of VT, 
thereby enabling a more focused mapping on critical areas, 
at the same time ensuring that no abnormal myocardium is 
left unexplored. Interestingly, we identified a higher number 
of LAVA sites in patients with real-time image integration 
despite a similar number of mapping points. This obser-
vation confirms that mapping is more efficiently focused 
toward critical areas when guided by imaging data. Of note, 
however, the identification of more LAVA did not translate 
into higher rates of complete LAVA elimination. Therefore, 
the impact of image integration on outcome seems to be 
mediated by a more comprehensive treatment of VT sub-
strate; however, the issue of unreachable targets remains 
(midwall circuits and coronary interposition).24 In this study, 
VT-free survival rates in the population without image inte-
gration were comparable to those reported in the VTACH 
study (Ventricular Tachycardia Ablation in Coronary Heart 
Disease),13 whereas the outcome in patients treated with 
image integration was more favorable. However, this lat-
ter outcome was similar to a previous study by Deneke et 
al14 that did not use image integration (77% VT-free sur-
vival rate during a median follow-up of 16 months). This 
is likely because of differences in patient characteristics 
between studies because VTs with suspected epicardial 
origin, noninducible clinical VTs, and ongoing VTs dur-
ing the procedure were excluded in the study by Deneke et 
al.14 Moreover, in this study, poorly tolerated VTs requiring 
cardioversion >2 times during the procedure were observed 
in 21% of cases, which suggests a severe condition in the 
included population.

Figure 4. Ventricular tachycardia (VT)–free survival in procedures 
with and without real-time image integration.

Figure 5. Ventricular tachycardia (VT)–free survival in procedures 
with and without multipolar catheter.
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Komplette	LAVA	Abl.,	Image	Integration
und	Multipol.	Mappingkatheterà Prädiktoren	für	Langzeiterfolg



Decrement-Evoked Potential	Mapping	(DEEP)

Porta-Sanchez	et	al.	JACC	Clin EP	2018

Prosp.	Multizentr.	Studie,	n=20	Pat.,	ICM,	LPs	identifiziert	à PES	à
decrement?			à Gezielte	DEEP	Ablation	à Re-Induktion...

DEEP	– Potentiale	mit	Extrastimulus	evoziertem	Dekrement	-
hohe	Spezifität	für	funktionell	relevante	(Spät-)	Potentiale



Decrement-Evoked Potential	Mapping	(DEEP)

Jack	et	al.,	Circ AE	2015

N=6	Patienten	ICM,	endokardiale Maps mit	„Multielektroden-
Mappingballon“,	Ablation	nach	Aktivierungsmap,	retrospective

Bewertung	der	Relevanz	von	DEEP	and LP

DEEPs	(dekrement evoked potentials)	spezifischer	für	die	
Identifizierung	des	kritischen	VT	Isthmus	als	Late Potentials.

1436  Circ Arrhythm Electrophysiol  December 2015

of bipoles). The sensitivity and specificity of the LP and DEEP 
maps were calculated individually for each VT and expressed as 
the mean±SD. Where multiple VTs occurred in the same patient, 

these values were averaged to account for intrasubject correlation. 
Comparison was made using a Wilcoxon signed-rank test. A P value 
of <0.05 was considered statistically significant.

Figure 2. A, An example of decremental conduction, unidirectional block, and induction of ventricular tachycardia (VT). Bipoles A to K are 
located sequentially within the diastolic pathway of the VT circuit. During right ventricular pacing (S1), local abnormal potentials can be 
seen on bipoles F, I, and J, and these would be annotated when creating a late potential (LP) map. With the introduction of a premature 
stimulus (S2), there is marked delay of the local electrograms across all bipoles from A to J. With S3, there is block (*) of the local poten-
tial on bipole I, and subsequently with S4, there is block (*) at the VT exit site (bipole J). Block at the VT exit site and conduction delay 
through the entrance to the diastolic isthmus sets up the environment for the reentrant circuit to begin. Bipoles A to J then span the entire 
diastolic limb of the VT circuit. This VT initiation demonstrates the concept of decrement evoked potential mapping; that conduction delay 
precedes unidirectional block and the initiation of tachycardia at critical points in the VT circuit. Measurements on S1 and S2 from bipoles 
A to F show the degree of delay of the local potential from QRS onset in milliseconds. Substantial delay occurs at bipoles A and B with 
the extrastimulus, and minimal additional decrement occurs further down the isthmus from bipoles C to F. B, An enlarged image of bipole 
H from A. The split potential following S1 is enlarged to clearly show the polarity of the local component (†). With S4, block to bipole H 
occurs through the exit site of the VT isthmus, and this bipole is subsequently activated via the VT entrance site from the opposite direc-
tion. This change in direction of activation leads to an exact polarity change in the local electrogram (‡). C, A corresponding scar map of 
the LV with the voltage scale on the right. Apical electrodes are at the center, basal electrodes at the periphery, and spline 0 is oriented 
to the anterior interventricular groove. Heterogeneous scar is found at the apex and extends to the inferobasal region. The diastolic path-
way of the VT shown in Figure 2A is drawn (red arrow), and the corresponding electrodes are labeled.
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of bipoles). The sensitivity and specificity of the LP and DEEP 
maps were calculated individually for each VT and expressed as 
the mean±SD. Where multiple VTs occurred in the same patient, 

these values were averaged to account for intrasubject correlation. 
Comparison was made using a Wilcoxon signed-rank test. A P value 
of <0.05 was considered statistically significant.

Figure 2. A, An example of decremental conduction, unidirectional block, and induction of ventricular tachycardia (VT). Bipoles A to K are 
located sequentially within the diastolic pathway of the VT circuit. During right ventricular pacing (S1), local abnormal potentials can be 
seen on bipoles F, I, and J, and these would be annotated when creating a late potential (LP) map. With the introduction of a premature 
stimulus (S2), there is marked delay of the local electrograms across all bipoles from A to J. With S3, there is block (*) of the local poten-
tial on bipole I, and subsequently with S4, there is block (*) at the VT exit site (bipole J). Block at the VT exit site and conduction delay 
through the entrance to the diastolic isthmus sets up the environment for the reentrant circuit to begin. Bipoles A to J then span the entire 
diastolic limb of the VT circuit. This VT initiation demonstrates the concept of decrement evoked potential mapping; that conduction delay 
precedes unidirectional block and the initiation of tachycardia at critical points in the VT circuit. Measurements on S1 and S2 from bipoles 
A to F show the degree of delay of the local potential from QRS onset in milliseconds. Substantial delay occurs at bipoles A and B with 
the extrastimulus, and minimal additional decrement occurs further down the isthmus from bipoles C to F. B, An enlarged image of bipole 
H from A. The split potential following S1 is enlarged to clearly show the polarity of the local component (†). With S4, block to bipole H 
occurs through the exit site of the VT isthmus, and this bipole is subsequently activated via the VT entrance site from the opposite direc-
tion. This change in direction of activation leads to an exact polarity change in the local electrogram (‡). C, A corresponding scar map of 
the LV with the voltage scale on the right. Apical electrodes are at the center, basal electrodes at the periphery, and spline 0 is oriented 
to the anterior interventricular groove. Heterogeneous scar is found at the apex and extends to the inferobasal region. The diastolic path-
way of the VT shown in Figure 2A is drawn (red arrow), and the corresponding electrodes are labeled.
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Bad	Neustadt	„Approach“

45

- Zugang:	transseptal +	retrograd	wann	immer	möglich	(simultan)
- Substratorientierte	Ablation	unter	Berücksichtigung	der	
induzierten	VTs	(AI	möglichst	700,	besser	1000;	45	Watt;	z.B.	
SmartTouch SF)

- Ablation	LAVA	und	Spätpotentiale,	ggf.	Anbindung	anatomischer	
Strukturen	(Mitralring…)

- Abschließende	programmierte	Stimulation	500,	400	ms Grund-CL	
bis	4	ES	von	RV	und	LV

- Erneute	programmierte	Stimulation	über	ICD	vor	Entlassung:	
Konsequenz??



Vivek Y. Reddy et al. JACEP 2019;5:778-786

2019 The Authors
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Vergleich	Multielektrodenkatheter	vs.	Nav Map

Tschabrunn et	al.,	Circ AE	2016

Vgl.	n=3	gesunde,	n=11	Schweine	mit	MI,	mapping
mit	Map (3,5-1-1)	und	PentaRay (2-6-2)	sequentiell.

- Bipolares	Voltage gleich	in	gesundem	Myokard
- Low-voltage- und	Narben-Areal	kleiner	mit	MEM
- Elektrogramme	fraktionierter	mit	Map
- Conducting Channel	mit	MEM	häufiger	

identifiziert
- Reizschwelle	in	„Lowvoltage“	niedriger	mit	MEM	

(höhere	Stromdichte	der	kleineren	Elektrode)

9  Tschabrunn et al  High-Resolution Mapping of Ventricular Scar 

(Pentaray) in the ventricle of normal and postinfarction swine. 
In addition, it compared the mapping resolution between 
standard linear (Thermocool) and multielectrode (Pentaray) 
catheters within scar tissue during sinus rhythm and VT using 
EAM, CMR, and histology.

The major findings are as follows:

1. Bipolar voltage amplitude in the healthy ventricle is 
similar between linear and multielectrode catheters with 
a 5th percentile of ≈1.5 mV.

2. Mapping resolution within areas of low voltage and scar 
is enhanced with multielectrode catheters, identifying 
areas of preserved myocardial bundles (channels), other-
wise considered dense scar by standard linear catheters.

3. Multielectrode catheters are advantageous for mapping 
scar-related reentrant VT because their small and closely 
spaced electrodes allow identification of distinct diastol-
ic activity (including diastolic pathways) that may not be 
seen with standard linear catheters.

4. Multielectrode catheters allow pacing with capture of 
low-voltage tissue at lower output than linear catheters.

Three-dimensional EAM systems had been developed 
to assist with mapping and ablation of cardiac arrhythmias. 
These systems have become an essential tool for mapping 
scar-related VT and are frequently used to evaluate the 
underlying substrate of scar-related VTs.7 However, evalu-
ation of the substrate using standard mapping techniques is 
mystified by assumptions and misconceptions.8 Specifically, 
bipolar voltage is a measure of conduction time between 2 

electrodes, rather than a measure of the underlying tissue 
(healthy versus scar). It is influenced by multiple variables 
including electrode size, interelectrode spacing, angle of 
incidence (catheter orientation relative to the surface), the 
vector of wave propagation, and filtering.9–11 Their com-
bined effect is associated with significant variations in the 
recorded bipolar voltage amplitude at any single recording 
point. Bipolar voltage recorded with standard catheters can 
differentiate dense scar (<0.1 mV) from healthy myocar-
dium (1.55 mV); however, they have insufficient sensitivity 
to characterize the architecture of a complex and heteroge-
neous scar tissue.12–14

The notion that electrode size and interelectrode spacing 
characteristics affect bipolar signal morphology, and spatial 
resolution is not a new concept. Schaefer et al15 demonstrated 
in 1951 the mathematical relationship between electrode dis-
tance from the recording source (ie, tissue) and the implica-
tions of unipolar and bipolar electrogram characteristics. This 
initial work also introduced the concept that bipolar electrodes 
reduce far-field contamination, and this effect was maximized 
as interelectrode distance decreased. Durrer et al16 validated 
this concept in 1957 in a canine LV experimental model. In 
more recent work, Stinnett-Donnelly et al17 showed using 
computational and in-vitro models that resolution is affected 
by electrode size, interelectrode spacing, and distance from 
the source.

Multielectrode-mapping catheters have smaller elec-
trodes and closer center-to-center interelectrode spacing in 

Figure 8. Difference in electrogram amplitude between multielectrode and linear catheters. Both the linear and the multielectrode cath-
eters were placed at a site with diastolic electric activity during ventricular tachycardia. Although the multielectrode catheter recorded 
narrow electrograms with near-normal bipolar voltage amplitude (0.62–1.42 mV), the linear catheter, placed at similar position and with a 
tissue contact force of 15 g recorded a fractionated very low amplitude signal (0.08 mV).D
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Figure 4. Electroanatomic maps (EAMs) of the left ventricle in 3 representative examples of postinfarction swine. For each example, the 
EAM made with the linear catheter is shown on the left, whereas the EAM made with the multielectrode catheter is shown on the right. 
The maps are displayed in the anterior–posterior view and with a bipolar voltage range of 0.5 to 1.5 mV. In 7 of 11 swine, the mapping 
resolution within the area of low voltage significantly diverged, whereas mapping with a linear catheter demonstrated homogenous and 
confluent low-voltage area, mapping with a multielectrode catheter revealed areas channels of normal bipolar voltage amplitude and elec-
trogram characteristics within the low-voltage zone (swine 1 and 2). In 4 of 11 swine, mapping with both catheters demonstrated a conflu-
ent area of low voltage that was similar between the catheters (swine 3).
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Vergleich	Multielektrodenkatheter	vs.	Nav Map

Berte	et	al.	2015,	JCE

Tiermodell	(n=4	Schafe)	und	9	Patienten	(53	+/-14	J,	8	m,	6	ICM):	Sequentielles	
Mapping	mit	Navistar,	dann	mit	Pentaray

Pentaray vs.	Nav:	Mapping-Punkte	Dichte	3,2	vs.	0,7	Punkte/cm2;	
Farfield bipolar	1,43	vs.	1,64;	LAVA	voltage 0,48	vs.	0,31mV;

höhere	„Nearfield“	Sensitivität;	geringeres	„Farfield“	Signal	mit	größeren	
Substratarealen

à geringe	Übereinstimmung	Pentaray – Navistar bei	gleichen	Grenzen

Berte et al. Mapping of Scar-Related VT 1217

Figure 1. Comparison of bipolar voltage maps (endocardial: scar <0.5 mV;

borderzone 0.5–1.5 mV; healthy tissue >1.5 mV and epicardial: borderzone

0.5–1 mV; healthy tissue >1 mV) made by NAV versus PR mapping of

animals 2 (in A) and 4 (in B) with an iatrogenic created anteroseptal scar

and patient 4 (in C), using the CARTO
R⃝

3 system. All images in AP view.

A: LAVA are tagged in pink, the proximal conduction (left-sided His) system

in blue, and the Purkinje system in yellow. Four voltage and LAVA channels

are visible within the scar with PR mapping but none were visible with NAV

mapping. B: Three LAVA channels were visible with PR mapping but none

with NAV mapping. Borderzone appears more detailed and smaller using

PR mapping. C: Larger scar area and better borderzone definition using PR

versus NAV mapping.

<0.05 were considered statistically significant. Statistical
analyses were performed using SPSS Statistics 17.0.

Results

Baseline Characteristics

Phase 1: Myocardial infarction was created in 7 female
sheep (age 5 years, 50 ± 4.8 kg). Two animals died shortly
after the infarction. A further animal died at 2 months postin-
farct immediately prior to mapping (during induction of anes-
thesia). The 4 surviving animals were included in further
analysis. Phase 2: Nine patients with scar-related sustained
VT were included (age 53 ± 14 years, 8 male, 6 ischemic
cardiomyopathy). Baseline characteristics are included in
Table 1.

Endocardial and Epicardial Mapping Data

Mapping data are illustrated in Table 2. No epicardial
mapping was performed in animals. In humans, 5 patients
had incomplete endocardial mapping and 2 patients had no
epicardial mapping. As a rule, mapping was interrupted if
the patient was hemodynamically unstable or when multiple
iatrogenic ventricular ectopics hindered adequate mapping
during sinus rhythm as it may happen when the PentaRay
catheter is used endocardially. In addition, in patients with
NICM, when the substrate was epicardial as demonstrated
by imaging, endocardial mapping was not systematically
considered.

Mapping Density

All values are written as total (mean ± SD/per subject). A
total of 8,702 (1,088 ± 839) endocardial and 11,282 (1,612
± 789) epicardial mapping points were recorded using PR.
With the NAV catheter, 1,578 (197 ± 86) endocardial and
1,699 (243 ± 48) epicardial mapping points were recorded.
Data are shown separately for animals and humans in
Tables 2 and 3. Fill threshold of substrate maps was set
at 15 to ensure a good substrate analysis. However, we could
lower the fill threshold to 5 to better define the border zone
in 12/13 maps using PR versus 0/13 for NAV maps. The den-
sity inside the scar was significantly higher using PR (PR vs.
NAV; 3.16 points/cm2 vs. 0.70 points/cm2, P = 0.001).

Scar Location and Scar Area

The overall low-voltage area was significantly larger using
PR (PR vs. NAV; 68 ± 55 cm2 vs. 58 ±48 cm2, P = 0.001).
More specifically, the epicardial low-voltage scar area in
humans was larger using PR (PR vs. NAV; 95 ± 72 cm2

vs. 78 ± 66 cm2, P = 0.018). There was a trend toward
a larger endocardial low-voltage area in both animals and
patients (PR vs. NAV; animals: 37 ± 3.8 cm2 vs. 33 ± 7.5
cm2, P = 0.144; patients; 50 ± 16 cm2 vs. 47 ± 16 cm2, P =
0.068). Scar data with both catheters are included in Table 2.
Examples are illustrated in Figure 1.

Number of LAVA Detected in the Scar

In total, more LAVA (mean 126 ± 113 vs. 36 ± 29, P =
0.001) were detected using PR versus NAV mapping (using
PR: 1,635 LAVA vs. using NAV: 464 LAVA, respectively).
Results on LAVA detection are presented in Table 2. Two
examples of differences in LAVA detection between PR and
NAV for 2 point pairs are presented in Figure 2. Two addi-
tional examples are illustrated as supporting material (Sup-
porting Figs. 1 and 2).

Voltage Channels Detected Within Scar

More voltage-based channels were detected using PR (PR
vs. NAV; 2.0 ± 1.8 vs. 0.5 ± 0.8, P = 0.017). In the animals,
8 channels were found in 2 animals (50% of animals) using
PR mapping and all were missed by NAV mapping. In the
humans, 18 channels were identified using PR mapping in 7
patients (78%). Twelve of the 18 aforementioned channels
(67%) were missed by NAV mapping. NAV mapping detected
6 channels in 4 patients, which were also detected by PR
mapping. NAV mapping did not identify any channels not
detected by PR mapping. Data are presented in Table 2. An
example is shown in Figure 1A.

1218 Journal of Cardiovascular Electrophysiology Vol. 26, No. 11, November 2015

TABLE 3

Density, Distance, and Voltage Data

Density in Density in Number of Distance Bipolar Bipolar Unipolar Unipolar
Scar PR Scar NAV Point Pairs Between Points Voltage Voltage Voltage Voltage

Pt (Points/cm2) (Points/cm2) Pairs <3 mm (mm) PR (mV) NAV (mV) PR (mV) NAV (mV)

Animals 1 3,22 0,25 44 2,27 ± 0,60 0,84 ± 0,70 1,36 ± 1,29 4,49 ± 2,23 4,79 ± 1,78
2 1,27 0,71 62 1,94 ± 0,66 1,02 ± 1,06 1,09 ± 1,09 2,41 ± 1,03 2,60 ± 1,33
3 3,44 0,13 88 1,91 ± 0,65 0,88 ± 0,95 1,01 ± 0,96 3,22 ± 1,70 3,66 ± 1,65
4 1,74 0,56 91 2,07 ± 0,66 1,10 ± 0,97 1,34 ± 1,37 3,06 ± 1,66 3,30 ± 1,77

Mean 2.42 ± 1.07 0.42 ± 0.27 71.25 ± 22.35 2.05 ± 0.16 0.96 ± 0.12 1.2 ± 0.18 3.30 ± 0.87 3.59 ± 0.91
Patients 1 1,47 0,64 70 2,01 ± 0,69 1,65 ± 1,99 1,98 ± 2,67 5,69 ± 4,54 5,85 ± 5,03

2 2,01 1,36 17 2,02 ± 0,52 0,64 ± 0,76 1,95 ± 1,00 1,57 ± 0,63 2,62 ± 0,77
3 5,32 2,44 18 2,04 0,53 1,07 ± 0,95 1,87 ± 2,40 3,78 ± 2,14 4,64 ± 2,56
4 5,24 2,47 14 2,37 ± 0,46 1,34 ± 0,91 1,72 ± 1,58 5,01 ± 3,84 6,81 ± 5,34
5 9,35 1,97 17 2,55 ± 0,59 0,78 ± 1,27 0,83 ± 1,36 3,87 ± 3,44 4,06 ± 3,94
6 17,6 1,4 17 2,16 ± 0,59 2,28 ± 2,42 2,44 ± 3,23 5,95 ± 2,76 6,14 ± 2,97
7 12,06 5 182 1,98 ± 0,64 1,64 ± 2,22 1,89 ± 2,48 3,58 ± 2,64 3,72 ± 2,71
8 3,32 0,6 48 1,95 ± 0,69 2,11 ± 2,69 2,26 ± 3,57 5,16 ± 3,30 5,76 ± 4,37
9 2,6 0,52 150 2,23 ± 0,61 1,45 ± 1,86 1,96 ± 1,94 6,05 ± 2,88 6,49 ± 5,36

Mean 6.55 ± 5.43 1.82 ± 1.41 59.22 ± 63.88 2.15 ± 0.20 1.44 ± 0.55 1.88 ± 0.45 4.52 ± 1.46 5.12 ± 1.43

Figure 2. Point pair analysis (!3 mm of distance between a PentaRay and Navi-Star point) from 2 examples by manual signal analysis in 2 different patients

(5 and 9). Substrate maps are put at 100% transparence. LAVA using PR (in purple) and NAV (in white) are tagged in different colors on different maps.

Distance between tags is measured using distance measurement tool in the mapping system. A red arrow indicates a clear LAVA visible with PR mapping but

barely or not visible with NAV mapping.

Manually adapted bipolar voltage maps were created in
all cases. Using the conventional thresholds (0.5 – 1.5 mV)
difference between a PR and NAV map was in the scar area
size. When we lowered the thresholds in both animals and
patients, channels (cf. above), scar heterogeneity, and border
zone were better defined with PR than NAV. Three examples
are given in Figure 3.

Bipolar and Unipolar Far-Field and Near-Field EGM
Voltage

In total, 818 endocardial and epicardial point pairs (285
point pairs in 4 animals and 533 point pairs in 9 humans:
63 ± 54 point pairs/map) were found with a distance ! 3
mm (mean 2.01 ± 0.62 mm) between both points. Overall,
automatic far-field voltage measurements were significantly
lower using PR in both bipolar and unipolar mode. Overall
voltage data for all point pairs are included in Table 3.

When all 818 point pairs were analyzed for each voltage
threshold region: normal tissue and low voltage (border zone
and dense scar), there was no bipolar voltage difference (PR
vs. NAV; bipolar; 3.29 ± 2.07 mV vs. 3.11 ± 2.87 mV, P =
0.294). However, unipolar voltage was lower with PR versus
NAV mapping in normal tissue (PR vs. NAV; 6.49 ± 3.51 mV
vs. 7.25 ± 4.84 mV, P = 0.003; n = 241). In the border zone
of the low-voltage area, a significantly lower bipolar and a
trend toward lower unipolar voltage was observed with PR
(PR vs. NAV; bipolar: 0.92 ± 0.29 mV vs. 1.46 ± 1.33 mV,
P < 0.001; unipolar: 4.25 ± 2.46 mV vs. 4.42 ± 2.54 mV,
P = 0.156; n = 263). Similarly, inside dense scar a sig-
nificantly lower bipolar and a trend toward lower unipolar
voltage was observed (PR vs. NAV; bipolar: 0.25 ± 0.13
mV vs. 0.76 ± 0.86 mV, respectively, P < 0.001 and unipo-
lar: 2.05 ± 0.89 mV vs. 2.49 ± 0.99 mV, respectively, P =
0.630; n = 298). These data indicated less far field sensing
associated with PR mapping.



Vergleich	Highdensity vs.	Point-by-Point	Mapping

Acosta	et	al.,	Europace 2018

N=20	Pat.	(95%	m;	67,3	± 10,3	J.),	n=10	Patienten	zuerst	Map mit	Ablations-
katheter (Navistar),	dann	mit	Pentaray (MEM)	/		n=10	in	umgekehrter	Reihenfolge,	
n=11	Patienten	zusätzlich	pre-prozedural	DE-MRI,	n=4	Patienten	epikardiales Map

abnormal EGMs identified within the scar region.3,7–9 Both strategies
are time consuming and operator dependent, as they require a very de-
tailed and accurate electroanatomical map (EAM).

The use of multipolar catheters with smaller electrodes and
shorter interelectrode distances may facilitate the detection of such
areas of slow conduction, thereby increasing the effectiveness of the
ablation procedure. However, to date, no randomized studies com-
paring multielectrode mapping (MEM) vs. conventional PPM in sub-
strate ablation procedures have been published. The aim of this study
was to assess whether MEM improves slow CCs identification in VT
substrate ablation procedures, compared to PPM.

Methods

This is a single-center, randomized controlled pilot study
(NCT02083016).

Study population
Twenty consecutive patients with ischemic heart disease undergoing VT
substrate ablation were included from September 2013 to December
2015. Inclusion criteria were age >18 years, the presence of prior myo-
cardial infarction, and a symptomatic episode of sustained monomorphic
VT. Patients were randomized (1:1) to group A [n = 10; substrate map-
ping performed first by PPM (Navistar) and second by MEM (PentaRay),
ablation guided by PPM] or group B [n = 10; substrate mapping per-
formed first by MEM and second by PPM, ablation guided by MEM].

All patients provided written informed consent to participate. The
Local Ethics Committee approved this study.

Pre-procedural evaluation
Each patient received a complete clinical evaluation. Before the procedure,
all patients underwent transthoracic/transesophageal echocardiogram to
rule out atrial or left ventricular (LV) thrombus and to evaluate LV function.
Whenever possible, 3-Tesla contrast-enhanced cardiac magnetic reson-
ance (ce-CMR) was acquired to identify the scar presence and obtain its
pixel signal intensity (PSI); these results were merged with the EAM images.
In the absence of ce-CMR or when epicardial ablation was anticipated, a
CT scan was acquired to merge images from coronary arteries.

Contrast-enhanced cardiac magnetic
resonance processing and integration into
navigation system
The ce-CMR study was performed, and all (late gadolinium enhance-
ment) LGE-CMR images processed, as previously described.10 Briefly,

images were processed with ADAS-VT software (Galgo Medical,
Barcelona, Spain). After endocardium and epicardium were delineated
semi-automatically, five concentric surface layers were created automat-
ically, from endocardium to epicardium, at 10, 25, 50, 75, and 90%, re-
spectively, of LV wall thickness. A three-dimensional shell was obtained
for each layer. Pixel signal intensity maps were obtained from LGE-CMR
images, projected to each shell following a trilinear interpolation algo-
rithm, and were color coded. To identify the scar areas, a PSI-based algo-
rithm was applied to characterize the hyperenhanced area as scar core or
BZ, using 40± 5% and 60± 5% of the maximum intensity as thresholds.
All shells were exported as VTK files and imported into the navigation
system (CARTO; Biosense Webster, Diamond Bar, CA, USA).

Ablation procedure
The VT ablation procedure used has been previously described.3

Procedures were performed under conscious-sedation (midazolam and
fentanyl) or general anesthesia when epicardial access was anticipated. A
tetrapolar diagnostic catheter was positioned at the right ventricular (RV)
apex. The procedure started with substrate modification as a first step,
without baseline VT induction and mapping. Endocardial access to the LV
was obtained by single transseptal puncture (BRK needle; Medtronic Inc,
Minneapolis, MN, USA). After transseptal access, heparin was intraven-
ously administered to maintain an activated clotting time >300 seconds.
A steerable sheath (Agilis St Jude Medical, St Paul, MN) facilitated map-
ping and ablation through the transseptal access. Epicardial mapping and
ablation were performed when pre-procedural ce-CMR showed trans-
mural scar. When ce-CMR was not available, transmurality criteria were
analysed using other imaging techniques (CT scan, echocardiography, and
SPECT), and when present, a combined endocardial and epicardial access
was performed, as previously described.11

Substrate mapping approaches
The procedural protocol flowchart is shown in Figure 1.

Point-by-point mapping

Using an open-irrigated 3.5 mm tip ablation catheter (Thermocool,
Navistar; Biosense Webster), a high-density substrate voltage map of the
LV was obtained during sinus rhythm. Maximum fill thresholds of 10 mm

What’s new?

• This is the first randomized clinical study assessing the potential
benefits of multielectrode mapping vs. conventional point-by-
point mapping for ventricular tachycardia substrate ablation in
ischemic patients.

• Multielectrode mapping with PentaRay catheter provided a lower
sensitivity for far-field signals, which allowed better discrimination
of local abnormal electrograms and conducting channels.

• Scar dechanneling guided by MEM was associated with a
shorter radiofrequency time.

Figure 1 Study workflow. Patients were randomized to substrate
mapping performed first by point-by-point mapping (Navistar) and
secondly by multielectrode mapping (PentaRay), with ablation
guided by the PPM (group A) vs. substrate mapping performed first
by multielectrode mapping (PentaRay) and secondly by point-by-
point mapping (Navistar), with ablation guided by the multielec-
trode EAM (group B).

Multielectrode vs standard mapping for VT ablation 513

D
ow

nloaded from
 https://academ

ic.oup.com
/europace/article-abstract/20/3/512/2871236 by ESC

 M
em

ber Access user on 10 Septem
ber 2018



Diverse	Highdensity Mapping-Systeme	/	Katheter

Acosta	et	al.,	Europace 2018

Keine	Unterschiede	bzgl.	Mapping	Dauer,	Akuterfolg,	Anzahl	identifizierter	LPs,

Mit	MEM:	weniger	RF	Ablationszeit,	größeres	Narbenareal	in	Voltagemap,	kleinerer	
Farfield/LP	Quotient		à differenzierte	Darstellung	von	Conducting Channels

with PPM [33.2 (31.5–34.4) cm2; P = 0.068] and MEM [48.2 (43.6–
52.7) cm2; P = 0.067] were higher (albeit not statistically significant)
than the scar depicted by the ce-CMR. Therefore, a trend towards
overestimation of epicardial scar area was observed with both map-
ping systems, probably due to the interposition of epicardial fat. It
should be noted that the overestimation was higher when using MEM
(Figure 2), suggesting greater voltage attenuation by epicardial fat due
to lower sensitivity for far-field signals. However, it should be high-
lighted that these data are based on maps obtained in only four pa-
tients. Thus, it should be confirmed in a larger cohort.

Ablation: acute results
Complete scar dechanneling (complete elimination of CC-EGMs)
was achieved in 17 patients (85%). After VT substrate ablation, two
patients (20%) were inducible for VT in group A (ablation guided by
PPM) and three patients (30%) in group B (ablation guided by MEM)
(P = 0.618). A total of six monomorphic VT were induced in those
five patients. All these residual VTs induced after substrate ablation
were targeted for ablation. As a result, after residual VT ablation
three patients (30%) remained inducible for VT, one in group A and
two in group B (P = 0.542). Despite the similar acute results obtained
in both groups, guiding scar dechanneling by MEM was associated
with a significantly shorter RF time [12 (7–20) vs. 22 (17–33) minutes;
P = 0.023], suggesting a better identification of appropriate ablation
targets (Figure 4).

Complications and outcomes
One patient (5%) had an ischemic stroke within the first week after
discharge. In two (10%) patients, MEM had to be interrupted due to
ventricular fibrillation induced by multielectrode catheter manipula-
tion. In both cases, ventricular fibrillation occurred after frequent
catheter-induced premature beats during mapping close to the

posteromedial papillary muscle in patients with an inferior myocardial
infarction.

At 12 months post procedure, two patients (20%) showed VT re-
currence. No difference was observed in VT recurrence rate be-
tween group A (n = 1, 10%) and group B (n = 1, 10%).

Discussion

To our knowledge, this is the first randomized clinical study assessing
the potential benefits of MEM vs. conventional PPM for VT substrate
ablation in ischemic patients. The main findings are as follows: (i)
MEM with PentaRay catheter provided a lower sensitivity for far-field
signals and (ii) scar dechanneling guided by MEM was associated with
a shorter RF time.

Potential advantages of multielectrode
catheters
Conventional mapping catheters have a 3.5 mm distal tip electrode and
a proximal 1 mm electrode, with a center-to-center interelectrode dis-
tance of 3.25 mm. It has been estimated that bipolar EGMs obtained by
these catheters represent the electrical activity from an underlying tis-
sue area ranging from 1 to 2.4 cm2. This capacity for far-field recording
may represent a limitation for accurate identification of slow CC within
the scar region because electrogram fractionation observed during
substrate mapping is dependent on electrode spatial resolution and
can be obscured by the far-field signal.12,13 On the other hand, MEM
catheters have smaller electrode size and closer center-to-center
interelectrode distance, which is associated with better mapping reso-
lution because each acquired point represents the electric activity from
a smaller tissue area.12 The results of this study are consistent with
these technical characteristics as the analysis of EGM-DC revealed sig-
nificantly lower amplitude of the far-field component in those points

Figure 4 Conducting channel identification. Anterior views of endocardial EAMs obtained with PentaRay (MEM) and Navistar (PPM) in a patient
with an anterior infarction (see MRI map in A). A conducting channel is depicted in both EAMs (B and C). Multielectrode mapping (B) allowed a more
detailed delineation of the activation sequence (white dotted line). Note that with MEM, the local electrogram has a higher amplitude than the far-
field signal.
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Low	Voltage /	Scar Fläche	bei	gleichen	bipolaren	Voltage-Grenzen	
deutlich	größer	mit	Highdensity/Multipolarem	Mapping	vs.	PP-Mapping

resolution within the scar region with both mapping approaches. A
trend towards shorter mapping times was observed using MEM al-
though no statistically significant differences were observed (24 ± 8
vs. 30 ± 13 minutes; P = 0.209).

Both epicardial (66.2± 21.6 vs. 39.6± 24.4 cm2; P = 0.05) and
endocardial (51.3± 26 vs. 41.2 cm2; P = 0.017) low-voltage areas
were significantly larger using MEM than PPM (Figure 2). However,
the overall number of EGM-DCs identified with both mapping
approaches was similar (76 ± 52 EGM-DCs per patient using PPM vs.
73 ± 50 using MEM), given the similar mapping density obtained with
both catheters.

No difference was observed in the total number of CCs identified
per patient by PPM and MEM (Table 2). A total of 29 CCs were iden-
tified using MEM, and 27 using PPM. Good agreement was observed
between both mapping approaches in the identification of CCs, as 25
of the 27 (92.5%) CCs identified by PPM were also observed using
the PentaRay catheter. On the other hand, 25 of the 29 (86.2%) CCs
identified by MEM were also observed using the Navistar catheter.
Despite the concordance between MEM and PPM in the identifica-
tion of CCs, the proportion identified by voltage scanning was higher
when using MEM (71.7% vs. 56.3%, respectively; P = 0.024) (see
Supplementary material online).

With respect to the analysis of EGM-DC, a total of 1104 pairs of
EGM-DC were identified with a distance <_3 mm between both
points in endocardial and epicardial substrate maps. The amplitude of

Figure 2 Correlation between EAM and ce-CMR. Posterior views of endocardial and epicardial maps from a patient with a transmural inferior
infarction. Left column: color-coded ce-CMR derived pixel intensity maps of the endocardial and epicardial layers (red: core, purple: healthy; yellow-
green: BZ). Central and right column: bipolar endocardial and epicardial EAMs obtained with Navistar and PentaRay, respectively. Note that the
low-voltage areas are much more extensive in the PentaRay map.

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

Table 1 Baseline clinical characteristics

Group A:

PPM-guided
ablation

Group B:

MEM-guided
ablation

P value

Age, years 69 ± 11.4 65.6 ± 9.4 0.478

LVEF (%) 34 ± 9 36 ± 8 0.563

Hypertension, n (%) 5 (50) 8 (80) 0.382

Diabetes, n (%) 2 (20) 3 (30) 0.618

NYHA class, n (%) 0.198

I–II 7 (70) 10 (100)

III 3 (30) 0

Infarct location, n (%) 0.709

Anteriora 2 (20) 2 (20)

Inferiorb 8 (80) 8 (80)

Approach, n (%) 0.456

Endocardial 5 (50) 6 (60)

Endoepicardial 5 (50) 4 (40)

LVEF, left ventricular ejection fraction; NYHA, New York Heart Association.
aAnterior location includes anterior, anteroseptal, anterolateral and apical loca-
tions of myocardial infarction.
bInferior location includes inferior, inferoseptal and inferolateral locations of myo-
cardial infarction.
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Bessere	Identifizierung	von	Conducting Channels	mit	„Voltage
Scanning“	bei	Verwendung	von	Multipolarem	Mappingkathetern

 

 

 



VT	Ablation:		Effekt	Multipolarer	Mappingkatheter

Prediktoren für	Rezidiv-
freiheit	nach	VT	Ablation:

8  Yamashita et al  New Technologies and Approaches for VT Ablation 

efficacy of post-MI VT ablation. Using constant procedural 
end points in a cohort of post-MI VT patients, we demon-
strate that complete LAVA elimination, scar integration 
from imaging, and high-density mapping with multipolar 
catheters are independent predictors of postablation, VT-
free survival.

Impact of LAVA Elimination
Complete LAVA elimination was associated with a 2-fold 
reduction in risk of VT recurrence in our cohort. VT nonin-
ducibility on the contrary did not influence outcome. These 
findings provide further evidence that LAVA elimination of 
VT substrate is an efficient procedural end point.7,18 The low 
predictive value of VT noninducibility is also consistent with 
many previous studies.19,20

Impact of Real-Time Image Integration
Real-time image integration was shown to be feasible with 
processing times compatible with routine clinical practice. 
Previous studies have reported good accuracy in identify-
ing VT substrate, using MDCT, MRI,9 or positron emission 
tomography.21 Voltage mapping may fail to accurately delin-
eate the extent of diseased myocardium because of limitations 
such as catheter contact issues, reduced sensitivity to far-field 
signal in nontransmural or midwall scar,22 and epicardial fat 
interposition.23 Additionally, the density and comprehensive-
ness of voltage mapping is highly dependent on operator deci-
sions and time constraints, whereas imaging methods provide 
whole-heart assessment of the structural substrate with sub-
millimetric spatial resolution in a few heartbeats. Therefore, 
integrating the structural substrate as defined from prepro-
cedural imaging might improve the accuracy of mapping in 
identifying ablation targets.

In this study, the integration of anatomy and scar from 
imaging was associated with a 2-fold reduction in VT recur-
rence. The superior outcome in patients with image inte-
gration might be explained by the ability of imaging to 
comprehensively describe the structural substrate of VT, 
thereby enabling a more focused mapping on critical areas, 
at the same time ensuring that no abnormal myocardium is 
left unexplored. Interestingly, we identified a higher number 
of LAVA sites in patients with real-time image integration 
despite a similar number of mapping points. This obser-
vation confirms that mapping is more efficiently focused 
toward critical areas when guided by imaging data. Of note, 
however, the identification of more LAVA did not translate 
into higher rates of complete LAVA elimination. Therefore, 
the impact of image integration on outcome seems to be 
mediated by a more comprehensive treatment of VT sub-
strate; however, the issue of unreachable targets remains 
(midwall circuits and coronary interposition).24 In this study, 
VT-free survival rates in the population without image inte-
gration were comparable to those reported in the VTACH 
study (Ventricular Tachycardia Ablation in Coronary Heart 
Disease),13 whereas the outcome in patients treated with 
image integration was more favorable. However, this lat-
ter outcome was similar to a previous study by Deneke et 
al14 that did not use image integration (77% VT-free sur-
vival rate during a median follow-up of 16 months). This 
is likely because of differences in patient characteristics 
between studies because VTs with suspected epicardial 
origin, noninducible clinical VTs, and ongoing VTs dur-
ing the procedure were excluded in the study by Deneke et 
al.14 Moreover, in this study, poorly tolerated VTs requiring 
cardioversion >2 times during the procedure were observed 
in 21% of cases, which suggests a severe condition in the 
included population.

Figure 4. Ventricular tachycardia (VT)–free survival in procedures 
with and without real-time image integration.

Figure 5. Ventricular tachycardia (VT)–free survival in procedures 
with and without multipolar catheter.

D
ow

nloaded from
 http://ahajournals.org by on Septem

ber 8, 2018

8  Yamashita et al  New Technologies and Approaches for VT Ablation 

efficacy of post-MI VT ablation. Using constant procedural 
end points in a cohort of post-MI VT patients, we demon-
strate that complete LAVA elimination, scar integration 
from imaging, and high-density mapping with multipolar 
catheters are independent predictors of postablation, VT-
free survival.

Impact of LAVA Elimination
Complete LAVA elimination was associated with a 2-fold 
reduction in risk of VT recurrence in our cohort. VT nonin-
ducibility on the contrary did not influence outcome. These 
findings provide further evidence that LAVA elimination of 
VT substrate is an efficient procedural end point.7,18 The low 
predictive value of VT noninducibility is also consistent with 
many previous studies.19,20

Impact of Real-Time Image Integration
Real-time image integration was shown to be feasible with 
processing times compatible with routine clinical practice. 
Previous studies have reported good accuracy in identify-
ing VT substrate, using MDCT, MRI,9 or positron emission 
tomography.21 Voltage mapping may fail to accurately delin-
eate the extent of diseased myocardium because of limitations 
such as catheter contact issues, reduced sensitivity to far-field 
signal in nontransmural or midwall scar,22 and epicardial fat 
interposition.23 Additionally, the density and comprehensive-
ness of voltage mapping is highly dependent on operator deci-
sions and time constraints, whereas imaging methods provide 
whole-heart assessment of the structural substrate with sub-
millimetric spatial resolution in a few heartbeats. Therefore, 
integrating the structural substrate as defined from prepro-
cedural imaging might improve the accuracy of mapping in 
identifying ablation targets.

In this study, the integration of anatomy and scar from 
imaging was associated with a 2-fold reduction in VT recur-
rence. The superior outcome in patients with image inte-
gration might be explained by the ability of imaging to 
comprehensively describe the structural substrate of VT, 
thereby enabling a more focused mapping on critical areas, 
at the same time ensuring that no abnormal myocardium is 
left unexplored. Interestingly, we identified a higher number 
of LAVA sites in patients with real-time image integration 
despite a similar number of mapping points. This obser-
vation confirms that mapping is more efficiently focused 
toward critical areas when guided by imaging data. Of note, 
however, the identification of more LAVA did not translate 
into higher rates of complete LAVA elimination. Therefore, 
the impact of image integration on outcome seems to be 
mediated by a more comprehensive treatment of VT sub-
strate; however, the issue of unreachable targets remains 
(midwall circuits and coronary interposition).24 In this study, 
VT-free survival rates in the population without image inte-
gration were comparable to those reported in the VTACH 
study (Ventricular Tachycardia Ablation in Coronary Heart 
Disease),13 whereas the outcome in patients treated with 
image integration was more favorable. However, this lat-
ter outcome was similar to a previous study by Deneke et 
al14 that did not use image integration (77% VT-free sur-
vival rate during a median follow-up of 16 months). This 
is likely because of differences in patient characteristics 
between studies because VTs with suspected epicardial 
origin, noninducible clinical VTs, and ongoing VTs dur-
ing the procedure were excluded in the study by Deneke et 
al.14 Moreover, in this study, poorly tolerated VTs requiring 
cardioversion >2 times during the procedure were observed 
in 21% of cases, which suggests a severe condition in the 
included population.

Figure 4. Ventricular tachycardia (VT)–free survival in procedures 
with and without real-time image integration.

Figure 5. Ventricular tachycardia (VT)–free survival in procedures 
with and without multipolar catheter.

D
ow

nloaded from
 http://ahajournals.org by on Septem

ber 8, 2018
Yamashita	et	al.	2016,	Circ AE

- Vollständige	LAVA	
Eliminierung

- Integration	von
kardialem	CT	/	MRT

- multipolare	
Mappingkatheter

Multipolare	Mappingkatheterà signifikant	mehr	LAVA	identifiziert	/	abladiert
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38%,	à LAVA	Eliminierung	60%,	VT	non-inducibility 83%,	VT	Rezidive	36%



Vergleich	Multielektrodenkatheter	vs.	Nav Map
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Tiermodell	(n=4	Schafe)	und	9	Patienten	(53	+/-14	J,	8	m,	6	ICM):	Sequentielles	
Mapping	mit	Navistar,	dann	mit	Pentaray

Pentaray vs.	Nav:	Bipolar	„Voltage-Threshold-Scanning“	à differenziertere	
Darstellung	von	Lowvoltage Arealen	mit	Identifizierung	Channels	mit	MEM	Katheter

Berte et al. Mapping of Scar-Related VT 1219

Figure 3. Bipolar voltage threshold scanning using NAV versus PR mapping. From top to bottom: different bipolar thresholds are used (0.5–1.5 mV,

0.2–1 mV, 0.2–0.8 mV, 0.2–0.6 mV, 0.2–0.4 mV) after manual reannotation of the maps to the near-field LAVA signal. A: Patient 4. Epicardial bipolar

substrate map using NAV versus PR. B: Animal 2. Endocardial bipolar substrate map using NAV versus PR. C: Animal 4. Endocardial bipolar substrate

map using NAV versus PR. Using the conventional thresholds (first row), less difference between NAV and PR are seen. In all 3 examples there is a better

resolution using different thresholds with PR. Channels appear and scar heterogeneity can be observed. Borderzone is better defined.

TABLE 4

Agreement Between Both Catheters

Sensitivity (PR as comparator) 49%
Specificity (PR as comparator) 77%
Positive predictive value 33%
Negative predictive value 87%
Proportion of overall agreement 72%
Agreement on LAVA 25%
Agreement on HANA (normal) 69%

In 54 point pairs (! 3 mm) agreement on LAVA was
analyzed between PR and NAV mapping. Manual bipolar
LAVA voltage measurement was significantly higher for PR
versus NAV mapping (0.48 ± 0.33 mV vs. 0.31 ± 0.21
mV, respectively, P = 0.0001), indicating better near-field
sensitivity for PR mapping.

Agreement of EGM Analysis

There was an overall agreement of 72% between PR and
NAV in terms of EGM analysis. More specifically, the agree-
ment on LAVA was only 40%, while agreement on normal
EGM was 82%. When using PR as the comparator, NAV had
a sensitivity of 49%, specificity of 77%, positive predictive
value of 33%, and negative predictive value of 87%. Results
on LAVA agreement and catheter performance are included
in Table 4.

Subanalysis of Changes in Interelectrode Distance

In total, 105 conventional PR bipoles were analyzed.
Mean automatic peak-to-peak bipolar EGM voltage in-

creased with increasing inter-electrode distance (bipole 1 –
2 with a distance of 2 mm: 1.1 ± 1.5 mV, bipole 1 – 3 with
a distance of 9 mm: 1.8 ± 2.0 mV and bipole 1 – 4 with a
distance of 12 mm: 2.1 ± 2.3 mV; P:< 0.001) demonstrat-
ing increased far field effect. An example is illustrated in
Figure 4.

Impact of Bipole Orientation: Along the Spline Versus
Across the Splines

In total, 22 points were analyzed. Eighteen points were
labeled as LAVA along the spline, of which 9 (50%) were
still seen across the spline while 10 were missed (56%). In
3 points, no LAVA activity was found on the conventional
bipoles along the spline but appeared on new bipoles across
the splines. An example is illustrated in Figure 5.

Complications and Follow-Up

No complications occurred. During phase 1, all animals
were sacrificed directly after the procedure. During phase
2, inducibility was not tested in 1 patient because of hemo-
dynamic instability. Noninducibility was achieved in 44%
of patients. Complete LAVA elimination was achieved in
56% of patients. After a mean follow-up of 10 ± 8 months,
30% had recurrence of VT. There were no deaths during
follow-up. Endpoint and follow-up data are summarized in
Table 5.

Discussion

The aim of this study was to analyze the efficacy of
multipolar mapping to identify scar and LAVA in scar-
related VT. The main findings of this study are as follows:



Hidden	VT	Substrat

57

that the scar size impacts the long-term outcome after
ablation. In a prior cohort of post-MI patients who
underwent substrate modification targeting LPs dur-
ing continuous RV pacing, the presence of a dense
scar area >25 cm2 was independently associated with
a higher incidence of VT recurrence. Of interest,
although patients with small scars (<25 cm2) and slow
VTs (CL >350 ms) had an excellent prognosis, pa-
tients with small scars and fast VTs (CL<350 ms) had
higher recurrence rates, comparable to those with
large scars and slow VTs (CL >350 ms) (12). These
findings suggest that, in patients with small scars and
a substrate for faster VT, substrate identification
during SR or RV pacing may not be sufficient.

SUBSTRATE MAPPING: DELINEATION OF SCAR AREA. The
cornerstone of substrate-based VT ablation is the
delineation of the EA scar using standard BV cutoff
values of 1.5 mV and 0.5 mV for scar and dense scar
(1). Mapping accuracy to detect scar may, however, be
hampered by far-field contamination of local low-
voltage signals. This may be particularly relevant in
the presence of nontransmural scars, typically
encountered in patients undergoing acute reperfu-
sion of the infarct related artery (4) or with
well-developed collaterals. In these patients,
subepicardial viable myocardium overlying the
subendocardial scar may generate high-voltage far-
field signals leading to underestimation of the scar
area (16). Accordingly, a mismatch between

nontransmural scar size delineated by voltage map-
ping and CE-MRI has been demonstrated (17). In
addition, VT termination by ablation beyond the EA
scar area has been reported, further emphasizing the
limitation of BV mapping during SR to identify the
entire arrhythmogenic scar (6). In our study, patients
in whom additional areas of scar with local conduc-
tion delay were unmasked by RVE had smaller EA
scars with either no dense scar (n ¼ 2) or only small
dense scar areas (involving a median of 7% of the
total LV area), suggesting the presence of a non-
transmural scar. In fact, in those patients who un-
derwent CE-MRI scar integration with EA maps, 71%
of sites showing hidden substrate for VT were located
in areas of nontransmural scar (Figure 5). This finding
could not be explained by a higher acute revascular-
ization rate in our cohort, which was low in both
groups. However, significantly more patients in the
hidden substrate group had undergone CABG, which
might have contributed to improved epicardial
collateral coronary flow and the nontransmurality of
the scar. The use of narrow-spaced, multipolar cath-
eters and voltage mapping performed during pacing
from multiple sites may help to identify additional
low-voltage areas not detected during SR (3,6).
However, whether small, narrow-spaced electrodes
reduce far-field contamination from the sub-
epicardium for small and patchy scars is unknown.
Similarly, whether the change of activation sequence
at a fixed CL is sufficient to change the temporal
relation between epicardial and subendocardial acti-
vation at the recording site in small scars with little
activation delay at lower pacing rates needs further
evaluation. In addition, ablation only guided by EGM
voltage may lead to unnecessary damage of func-
tional myocardium not involved in VT.

SUBSTRATE MAPPING: IDENTIFICATION OF SLOW

CONDUCTION. Post-MI VTs are typically due to re-
entry facilitated by slow conduction and fixed or
functional conduction (pseudo-)block within the scar
(18). Accordingly, substrate-based ablation also relies
on identification of EGMs consistent with slow con-
duction during SR that may be critical for VT circuits.
Elimination of all EGMs with late or isolated compo-
nents within the scar has been associated with
improved ablation outcome (15). However, in partic-
ular for fast VTs, slow conduction and block may be
functional, only occurring at fast rates and short
couplings intervals, and hence not detectable if
mapping is performed during SR or continuous RV
pacing only (18,19). In a prior series, up to 33% of 100
post-MI patients referred for ablation did not have

FIGURE 3 VT-Free Survival in Hidden Versus Overt Substrate
Groups

VT ¼ ventricular tachycardia.
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FIGURE 2 Examples of Patients of the Overt and Hidden Substrate Groups

Bipolar voltage (BV) maps and local EGMs during RVE (S2) from patients of the (A) overt substrate group and (B) hidden substrate group. BV is
color-coded according to bar. Sites with EDPs are marked by orange tags. Other pacing sites are marked by yellow tags. (A) BV maps in
anteroposterior (left) and right anterior oblique (right) views. All EDPs are confined to the low-voltage area. (B) BV maps in posterior and
inferolateral views. EDPs are also located in areas with normal voltage and unmasked by RVE. *RV extrastimulus. Abbreviations as in Figure 1.
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58Porta-Sanchez	et	al.,	JACC	EP	2018points was 4.8% (IQR: 2.2% to 25.7%) of the myocar-
dium mapped (p < 0.001 compared to LP area).
Examples of maps are shown in Figures 2 to 4.

ABLATION ENDPOINTS. All patients had VT induc-
ible at the beginning of the procedure; the majority
(n ¼ 16, 80%) became noninducible after DEEP-
focused RF. Further RF on those patients who
were still inducible did not achieve noninducibility
in any of them. The RF time was 30.6 " 21.4 min.

VT BURDEN BEFORE AND AFTER DEEP-GUIDED

ABLATION. The median (IQR) number of VT epi-
sodes 6 months pre-procedure was 11 (IQR: 5 to 25)
and the median number of shocks was 1.5 (IQR: 0 to
4.5); this decreased to 0 (IQR: 0 to 2) for VT episodes
and to 0 (IQR: 0 to 0) shocks 6 months post-procedure

(p ¼ 0.02 and p ¼ 0.03, respectively). Fifteen of
20 patients (75%) were free of any VT after DEEP-RF
at 6 month of follow-up (Online Figure).

RELATIONSHIP BETWEEN LPs AND DEEPs AND

DIASTOLIC SIGNALS IN VT. The diagnostic perfor-
mance of DEEP and LPs was analyzed in only those
VTs mapped where a detailed LAT map was created
(13 VTs in 9 patients) with a median number of acti-
vation points of 485.5 (IQR: 352 to 890 points). Areas
with DEEPs performed better than LPs at colocalizing
within the region of the diastole of VT with a sensi-
tivity of 0.61 (95% confidence interval [CI]: 0.52 to
0.69) and a specificity of 0.97 (95% CI: 0.95 to 0.98)
with an ROC area under the curve of 0.86 (95% CI:
0.82 to 0.88) compared to LPs sensitivity of

FIGURE 4 Example 3 of Decrement-Evoked Potential Mapping to Guide Ventricular Tachycardia Ablation

(A) Substrate map of the LV endocardium of a patient with a previous anteroseptal myocardial infarction (voltage threshold of <0.5 mV for dense scar, 0.5 mV to
1.5 mV for border zone, and >1.5 mV for healthy tissue). (B) Area with late activation during RV pacing where late potentials are identified after QRS offset.
(C) High-density LAT map during VT delineating the re-entrant circuit. (D) DEEP potentials maps, identifying a much more circumscribed area of the LV during S1/S2
pacing thus providing a more accurate delineation of the VT circuit than LP. (E) Presystolic EGM (*) during VT in the area of successful termination during RF. (F) S1/S2
maneuver to identify a DEEP-EGM (*) that accurately colocalizes with the area of the isthmus of VT identified on the LAT map. RF ¼ radiofrequency;
other abbreviations as in Figures 1 and 2.
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density of points to avoid over-representation of the
DEEP or LP areas. Analysis of areas of DEEPs and LPs
could also be performed by creating an LAT map
during RV pacing annotating the onset of the bipolar
sharp delayed component for timing of LPs/DEEPs
(Figure 2). LAT maps could only be created either in
sinus rhythm or during RV pacing, but never together
to allow for a correct interpretation of activation
times. The threshold of 10 ms for local decrement was
chosen based on the intraoperative mapping data and
to reduce interobserver disagreement from small
variations in measurements (3). Percentage area of
LPs and DEEPs was calculated based on the number of
LP tags and DEEP tags compared to the total number
of points for patients who had >290 points in their
maps (above the median of our study) (n ¼ 14). Sup-
plemental information on the procedure can be found
in the Methods section of the Online Appendix.

IDENTIFICATION OF THE VT CIRCUIT. In those patients
with hemodynamically tolerated VT with high density
activation maps (arbitrarily defined as >100 points;
n ¼ 13 VTs) the diastolic path of the VT was identified
via an LAT map and used to delineate the re-entrant
circuit including exit sites as per the classical
criteria (4,5). The channel containing all mid-diastolic
and pre-systolic signals was identified as the path of
VT and used for comparison to the LP and DEEP re-
gions to derive their diagnostic accuracy measures
(sensitivity and specificity); points located <5 mm
from the mid-diastolic path were considered to be
in the re-entrant circuit during VT (Figures 2 to 4).

ABLATION STRATEGY AND PROCEDURAL ENDPOINTS.

Ablation was performed with either an SF
Navistar irrigated-tip catheter (Biosense Webster)
or a Smart-Touch Navistar irrigated-tip catheter

FIGURE 1 Diagram Illustrating the Concept of Decrement-Evoked Potential Versus Nondecremental Late Potential

(A) Schematic representation of an isolated late potential recorded by bipoles 1, 2, and 3 during a drive and an extra stimulus (S1/S2). (B) Zoom and measurement of
timing of the late potential after stressing the myocardium with S2. There is a lack of difference between X1–X2 indicating a non-decremental potential and the
difference in timing between Y1–Y2 indicating decremental conduction (DEEP). (C) Schematic representation of an LV endocardial LAT map where blue represents areas
with late activation but nondecremental (X1–X2 #10 ms) and red depicts areas with decrement of >10 ms (Y1–Y2). (D) Mapping during sinus rhythm. Signals
obtained with a DecaNav catheter showing an initial far field ventricular component followed by a near field sharp late potential (LP) in D 1,2, D 5,6, D 7,8, D 9,10.
(E) RV pacing S1/S2 (600/320 ms) showing a change of more than 10 ms in the distance between the far field signal and the local LP during S1 compared to the same
distance after S2 in D 5,6, thus identifying a region with decremental conduction properties, whereas in D 9,10 the timing between the far field signal and the LP is
unchanged after S2, thus indicating a nondecremental LP. DEEP ¼ decrement-evoked potential; Duo ¼ DecaNav signals; ECG ¼ electrocardiogram; EGM ¼ electrogram;
LAT ¼ local activation time; LP ¼ late potentials; LV ¼ left ventricle; P1 ART ¼ invasive blood pressure recording; RVad ¼ right ventricular apical distal bipole;
Stim ¼ stimulus.

J A C C : C L I N I C A L E L E C T R O P H Y S I O L O G Y V O L . 4 , N O . 3 , 2 0 1 8 Porta-Sánchez et al.
M A R C H 2 0 1 8 : 3 0 7 – 1 5 DEEP Mapping With Extra Stimulus for VT Ablation
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Narben-Homogenisierung

Endo- und	epikardialee Narben-Homogenisierung



di	Biase et	al.,	JACC	201

VISTA-Randomisierte	Multizentrische	Studie:

Nutzen	der	Substratmodifikation

ICM	+	hämodynamisch-tollerierte monomorphe VT



Publizierte	Daten	zur	VT-Ablation	ICM

Autor N	=	
Follow	
up

Akut-
Erfolg

Rezidiv-
Freiheit

12-mo	
Mortalität

Calkins 2000 146 8mo 41% 46% 25%

Sojima 2003 40 12mo 58% 55% 23%

Stevenson 2008 231 6mo 49% 53% 18%

Niwano 2008 58 31mo 74% 75% 16%

Tanner 2010 63 12mo 81% 51% 9%

Arenal 2012 24 9mo 88% 79% 17%

Di	Biase 2012 92 25mo 85% 66% na

Dinov 2014 164 27mo 77% 77% 8%

Berruezo 2015 101 21mo 78% 73% 9%



VTACH-Studie

Kuck	et	al.:	Lancet	2010	(VTACH)

47%

29%
p=0.045

107	Pat	mit	stabiler	VT	und	KHK,	multizentrisch	(N=16),	randomisiert:
§ Ablation	(N=52):				VT-Ablation	+	AAD,	kein	spezifischer	Endpunkt
§ Kontrol (N=55):				reine	AAD	(35%	Amiodaron)
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NIDCM patients and 30% of the ICM patients left on AADs 
at discharge. In conjunction with the prolonged follow-up, this 
gives a realistic appreciation of the long-term ablation out-
comes in NIDCM compared with ICM.

Although the present study comprises patients with signif-
icantly dilated ventricles and impaired ejection fraction sug-
gesting a vast arrhythmogenic substrate, complete elimination 
of any VT was achieved in nearly 67% of NIDCM patients 
compared with 77% of the ICM patients. Additionally, abla-
tion of the clinical tachycardia was achieved in 22% of the 

NIDCM patients and in 18% of the ICM patients. These 
results are in line with published data from earlier stud-
ies and proved fairly good immediate success rates in both  
NIDCM and ICM.1–13

Additional epicardial ablation was an independent pre-
dictor of short-term success in the overall cohort and in 
NIDCM patients. This finding was expected because previ-
ous research in idiopathic DCM using electroanatomic map-
ping and magnetic resonance imaging demonstrated more 
extensive epicardial involvement in idiopathic DCM.20–22 In 

Table 4. Multivariable Regression Analysis for the VT Recurrence in NIDCM and ICM

NIDCM,
HR; 95% CI P Value

ICM,
HR; 95% CI P Value

Age 0.98; 0.95–1.015 0.278 0.97; 0.95–0.99 0.038

Diabetes mellitus 1.3; 0.77–2.24 0.313

Heart failure, NYHA class I–IV 1.02; 0.63–1.66 0.929 1.36; 1.02–1.81 0.034

EF, % 1.003; 0.97–1.03 0.853 0.98; 0.96–1.007 0.172

Failure vs complete success 4.12; 1.56–10.89 0.004 4.48; 1.2–16.65 0.025

Partial vs complete success 3.28; 1.25–8.65 0.016 1.9; 1.004–3.58 0.048

No. of VTs 1.13; 0.83–1.53 0.443 1.2; 0.98–1.47 0.076

Epicardial ablation 1.86; 0.76–4.53 0.172

β-Blocker 2.04; 0.63–6.62 0.236 1.02; 0.24–4.3 0.975

AAM 0.48; 0.22–1.07 0.072 1.71; 0.94–3.1 0.079

This table presents the multivariable analysis for VT recurrence in the NIDCM and ICM groups. The HRs with the 
corresponding 95% CIs and P values are presented. Procedure failure and partial success are independent predictors of VT 
recurrence in both NIDCM and ICM (2-sided P<0.5). Additionally, heart failure severity and younger age are predictors of 
VT recurrence during the follow-up period. AAM indicates antiarrhythmic medication other than β-blocker; CI, confidence 
interval; EF, ejection fraction; HR, hazard ratio; ICM, ischemic cardiomyopathy; NIDCM, nonischemic dilated cardiomyopathy; 
NHYA, New York Heart Association; and VT, ventricular tachycardia. 

Figure 2. Kaplan–Meier 
curves for ventricular 
tachycardia (VT)–free survival 
after a single procedure 
for nonischemic dilated 
cardiomyopathy (NIDCM) and 
ischemic cardiomyopathy 
(ICM) after correction for the 
relevant confounders. The 
bold curve represents the 
cumulative VT-free survival 
for ICM; the dotted curve, 
cumulative VT-free survival 
for NIDCM. At the end of the 
first year (represented with a 
perpendicular dotted line), the 
VT-free survival for ICM was 
57% vs 40.5% for NIDCM. 
At the end of the follow-up 
period (days), the cumulative 
VT-free survival for ICM was 
43% vs only 23% in NIDCM. 
The hazard ratio (HR) for 
VT-free survival was 1.73 (95% 
confidence interval [CI], 1.029–
2.905; P=0.039).
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Vergleich	VT-Ablation	bei	ICM	vs.	NICM

227	Patienten	(63	NIDCM;	164	ICM):	1J	FU		40,5%	vs 57%	rezidivfrei,	HR	1.62,	p=0,01
NIDCM:	30,8	%	epikardiale Ablation;			ICM:	1,2%	epikardiale Ablation

NIDCM

ICM



Correlation to MRI	- human

Wijnmalen et	al.,	Eur Heart	J	2011

DE-MRI EAM	– bipolar	
voltage

normal	
myocardium

≥	1.8mV

transmural scar 0.4	to 1.3mV
≥	25%	
transmural scar

<	1.5mV

subendocardial/
midmyocardial
scar

1.1	to 2.5mV	+	
unipolar	reduced

N	=	15	pts w/	post-infcartion VT

§ 33%	mismatch in	size

§ DE-MRI	identifies non-transmural
scars not	detected by EAVM	according
to the currently used voltage criteria



Correlation to DE-MRI	- HD-mapping

Thajudeen et	al.,	PACE	2015

DE-MRI

endo epi

endo epi

High	density substrate map

§ bipolar	voltage ≤	2mV	correlated with scar on	DE-MRI
§ bipolar	voltage ≤	1mV	correlated with transmural scar
§ unipolar	voltage ≤	15mV	≈	transmural scar



NiCM:	Endo	+	Epikardiale VT-Ablation

NES:	222	Ersteingriffe	bei	Pts mit	anhaltenden	monomorphen VTs	(110	
mit	DCM)

§ DCM:	68%	VT-free survival (20	Mo)	– alle	primär	endo+epi,	HD	Map
basierte	Substrat-Ablation	(LPs	+	low-voltage)

§ ICM:	67%	VT-free survival (20	Mo)



Concept of VT	ablation

67

Prerequisite:			 	 	 	 	 	VT	monomorphic +	inducible +	
hemodynamically tolerated,	presenting an	„excitable gap“,	
not	terminated by overdrive-pacing

Stevenson	et	al.,	JACC	1997

orthodromic wavefront and is extinguished in the circuit. The
stimulated orthodromic wavefront propagates away from
the exit; thus, the QRS configuration during entrainment is the
same as that during tachycardia. The postpacing interval
matches the tachycardia cycle length. The S-QRS interval during
entrainment matches the electrogram QRS interval during tachy-
cardia. At exit sites, the conduction time from the pacing site to
the point at which the QRS onset occurs, and thus the S-QRS
interval, is relatively short; an arbitrary definition is #30% of the
tachycardia cycle length (e.g., #100 ms for a tachycardia that has
a cycle length of 300 ms) (Fig. 7). Exit sites are desirable targets
for ablation. Radiofrequency ablation terminated tachycardia at
37% of 35 exit sites (Table 2).

Central, proximal and inner loop sites. As the pacing site
is moved further from the exit, to more proximal sites in the
circuit, the S-QRS interval observed during entrainment with
concealed fusion increases. Sites where pacing entrains tachy-
cardia with concealed fusion with an S-QRS interval .30% of
the tachycardia cycle length are designated as central, proximal
or inner loop sites, depending on the length of the S-QRS
interval (Fig. 7 and 9). Radiofrequency ablation is often
effective at central and proximal sites (Table 2).

Sites designated inner loop sites have very long S-QRS
intervals during entrainment with concealed fusion (Fig. 7).

Ablation at inner loop sites is much less effective; tachycardia
terminates at only 9% of these sites. This portion of the reentry
circuit may tend to be broad and less susceptible to focal
radiofrequency lesions or may be in a loop proximal to the
isthmus region. If other potential loops are present, ablation of
one loop may not terminate reentry. It is also possible that
some of these sites are actually outer loop sites. During pacing
at rates slightly faster than the tachycardia, only minimal QRS
fusion occurs at some outer loop sites. The S-QRS interval is
relatively long, because the pacing site is proximal to most of
the slow conduction in the circuit, and the site appears to be in
an inner loop based on entrainment. Pacing at a faster rate may
demonstrate greater fusion with a short interval between the
stimulus and the QRS complex, consistent with rapid propa-
gation of the stimulated excitation wavefronts away from the
pacing site, exposing the site as an outer loop site.

Adjacent bystanders. Some bystander sites are sufficiently
close to the reentry circuit that pacing entrains tachycardia
with concealed fusion. The stimulated antidromic wavefronts
are contained in or near the circuit such that they do not alter
the ventricular activation sequence (Fig. 8), but the postpacing
interval does not approximate the tachycardia cycle length, and
the S-QRS interval during entrainment does not match the
electrogram QRS interval during tachycardia. It is likely that
these sites are in the infarct region, close to the circuit, and
they are therefore designated adjacent bystanders. Radiofre-
quency catheter ablation interrupts tachycardia at 11% of
adjacent bystanders (Table 2), suggesting that they are often
close to the reentry circuit. In some cases, conduction slowing
in the reentry circuit during entrainment may increase the
postpacing interval and S-QRS interval such that a site in the
circuit falsely appears to be an adjacent bystander.

Isthmus sites in the reentry circuit. Radiofrequency cur-
rent terminated ventricular tachycardia at 29% of the 85
reentry circuit sites classified as exit, central or proximal on the
basis of entrainment (Table 2). The high incidence of termi-
nation at these sites relative to other sites suggests that the exit,
central and proximal sites are often narrow “isthmuses” in the
reentry circuit where the circuit can be interrupted. This is
further supported by analysis of the time from the beginning of
radiofrequency current application to termination of tachycar-
dia at sites where tachycardia terminated during ablation. The
time to termination was shorter at exit, central and proximal
sites (10 6 11 s) than at all other types of sites (19 6 16 s, p 5
0.005). The average power during radiofrequency current
application was similar at the “isthmus sites” (29 6 8 W) and
nonisthmus sites (28 6 8 W, p 5 0.54). Pacing entrained
tachycardia from all sites consistent with adequate tissue
contact. Thus, the shorter time to termination suggests that
interruption of tachycardia occurred after heating a smaller
mass of tissue, consistent with an isthmus, whereas termination
at other sites may have required heating a greater mass of
adjacent tissue. These observations are consistent with the
findings of de Bakker et al. (5) and Downar et al. (6) who used
extensive activation sequence mapping intraoperatively or in

Figure 9. Flowchart of the mapping scheme. If pacing entrains tachy-
cardia with concealed fusion, the postpacing interval (PPI) or S-QRS
interval is assessed to determine whether the site is in the reentry
circuit. If the site is not in the circuit, it is classified as an adjacent

bystander. If the site is in the circuit, the S-QRS interval expressed as
a percentage of the tachycardia cycle length is used to classify the site
relative to the circuit exit. Sites with an S-QRS interval ,70% of the
ventricular tachycardia cycle length (VTCL) have the highest inci-
dence of tachycardia termination and are referred to collectively as
isthmus sites. If pacing entrains tachycardia with QRS fusion and the
postpacing interval is consistent with a reentry circuit site, the site is
classified as an outer loop. Sites where pacing entrains tachycardia with
QRS fusion and the postpacing interval exceeds the tachycardia cycle
length are remote bystanders. EQ-QRS 5 interval from electrogram
recorded at the pacing site during ventricular tachycardia to QRS
onset. See text for discussion.
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Challenge	of this approach:	each inducible VT	has to be mapped


