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Abstract

Background: Ventricular tachycardia (VT) circuit is often assumed to be located
in the endocardium or epicardium. The plateauing success rate of VT ablation
warrants re-evaluation of this mapping paradigm.

Objective: To resolve the intramural components of VT circuits, mapping was
performed in human hearts.

Methods: Panoramic simultaneous endo/epicardial mapping (SEEM) during
intraoperative mapping (IOM) was performed in human subjects. In explanted
hearts (EH), SEEM and intramural multi-electrode plunge needle mapping (NM)
of the left ventricle were performed. Overall, 37 VTs (26 ICM, 11 NICM) were
studied in 32 patients. Intra-operative SEEM was performed in 16 patients (ICM
= 16). Additionally, 16 explanted myopathic human hearts (NICM = 9, ICM= 7)
were studied in the Langendorf set up. Predominant intramural location of the
VT was imputed by the absence of significant endo-epi activation during
intraoperative mapping (using SEEM & no NM) or by the presence of intramural
activation spanning the entire cycle length (including mid diastole) in explanted
hearts (SEEM and NM).

Results:

Intra Operative Mapping (SEEM)- Predominant endocardial activation (entire
TCL including mid- diastolic activation) was present in 10/18 VTs (55%). In
8/18 VTs (44%) the VT circuit was presumed to be intramural due to incomplete

diastolic activation in endocardium and epicardium.
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Explanted Hearts (SEEM and NM)- VT location was predominantly intramural,
endocardial and epicardial in 8/19(42%), 5/19(26%) and 1/19(5%)
respectively.

Conclusion: In a significant proportion of both ischemic and non-ischemic
ventricular tachycardias the predominant activation was located in the

intramural space.
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Introduction

Despite advances in mapping and understanding the arrhythmia
mechanisms, ventricular tachycardia (VT) ablation strategies often assume the
reentrant circuit to be planar, located either on the endocardium or epicardium.
Although the knowledge of diastolic paths was developed from mapping studies
of both endocardium and epicardium, for long the limitations in accessibility and
mapping tools have defined our contemporary mapping paradigms. The role of
the intra- mural three- dimensional space, which is inaccessible to mapping, has
largely been ignored and consequently has rarely been evaluated. This final

frontier space might hold the key to improved ablation success.

Ischemic cardiomyopathy (ICM) is assumed to be located in the sub-
endocardium, 1 and non-ischemic cardiomyopathy (NICM) in the epicardium. 2
To improve success rates of VT ablation, increasing number of combined endo-
epicardial ablation procedures is being undertaken with reasonable success. 3
However, the plateauing of success in VT ablation necessitates re-evaluation of
the mapping paradigm, especially the role of intramural circuits in the left
ventricle (LV).# A much-needed systematic study to explore the prevalence of

intramural VT circuits has not been undertaken.

To resolve activation in the conventionally unmapped intramural space in
the LV, we examined panoramic intra-operative simultaneous endo-epicardial

VT activation maps (Simultaneous endo-epicardial mapping- SEEM) to indirectly
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deduce the activation of the intramural space. Additionally, to further
substantiate our deductions, in a different set of hearts the intramural space
during VT was directly mapped with intramural plunge needles (Needle

mapping- NM) in a human ex-vivo Langendorf set up.

Methods

Intra-operative and explanted heart mapping of recurrent VT refractory to

medical therapy, which included both ICM and NICM were analyzed, table 1.

Reentrant VTs with complete and partially mapped diastolic paths were

included. Our local institutional review committee approved the study. Written

informed consent was obtained from the patients.

Intraoperative Simultaneous Endocardial And Epicardial Mapping

A. Intra-operative mapping

The technique of intraoperative SEEM has been described before.> ¢ In short,
during cardiopulmonary bypass the LV endocardial balloon was placed via a left
atriotomy incision. The balloon was filled with saline to maintain optimal
endocardial contact. There were 14 splines of electrodes on the balloon. Each
spline hosted 8 pairs of electrodes totaling 112 bipoles and each bipole had 2
electrodes separated by 1 mm distance. The adjacent bipoles were 1-3cms apart.

The first row of spline was aligned to the anterior inter-ventricular groove. The



118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

epicardial sock with 112 pairs of button electrodes was sutured to maintain
position. The alignment was similar to the endocardial balloon, fig 1. A custom
made mapping system that has been described previously was used. The bipolar
local electrograms (Biggm) were amplified, filtered and recorded. Filter settings
were 28 - 750 Hz, with signal amplification up to 20,000 times. For optimal
mapping of small diastolic signals higher gains were chosen. The minimal
separation between the bipoles enabled higher signal resolution, even in
detecting local potentials in the range of 0.05 - 0.1mV. Electrograms were then

digitized to 2 kilo-samples/s and stored on a computer for offline analysis.

Ventricular Tachycardia induction

VT was induced with programmed ventricular stimulation using 1-3 extra-
systoles (S2-4) upto refractoriness on 400-600ms base train (S1) after
positioning the endocardial balloon array and epicardial sock in a stable position.

The induced VT was compared to the clinical VT to establish significance.

Activation map during VT

Maximum dV/dt of each Birgm was taken as the local activation time (LAT). In the
case of long fragmented Bigcm, activation at adjacent sites were also taken onto
account. When 250% of the VT cycle length was mapped, the isthmus region was
defined as areas with activity during mid-diastolic phase of the tachycardia cycle.

Pacing maneuvers were not used to discriminate bystander sites from isthmus
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sites. Instead, since the entire endocardium was mapped simultaneously. fig: 2.

Direct Intramural Plunge needle VT Mapping In Explanted Hearts

Patients

Written informed consent was received from patients undergoing cardiac
transplantation. Sixteen human hearts from patients diagnosed with both ICM
and NICM were studied in the Langendorf set up using the global transmural

plunge needle mapping protocol, fig 1.

B. Human Langendorff

Cold tyrode solution was used to preserve and flush the heart. Selective
perfusion to the left and right coronary arteries was administered. Coronary
perfusion pressure was maintained approximately 60-65 mm Hg with a flow rate
of 0.9-1.1 L/min and the temperature was regulated to 37°C. After initial 5/10-

minute stabilization, the protocol was completed within 30 minutes.

Mappin
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Twenty-five 21-gauge plunge needles were used to directly map the intramural
region of the LV. Each needle measured 13 mm in length and hosted four 36-
gauge silver electrodes (0.24 mm in diameter) with 3 mm spacing, fig 1. An
epicardial sock array was first applied, similar to intraoperative mapping, to
provide an anatomical reference for the placement of needles. Needles were then
inserted in a 5 x 5 array starting between rows 1 and 2 of the epicardial sock and
terminating between rows 5 and 6. The innermost and outermost electrodes
were kept in close proximity to the sub-endocardium and sub-epicardium
respectively. The two electrodes between the innermost and outermost
electrodes were situated in the mid-myocardium (2rd and 3rd electrodes). The
electrograms recorded from the intramural needles were unipolar in nature. As
surface QRS was not feasible in Langendorf set up the far field electrograms from
the needles and the endo- epicardial electrodes were considered for timing. Our
engineer used epicardial sock data to accomplish this. All apical EGMs (spline 5-8
of each spline) were analysed and calculated their rectified values (average sum
of their squares). This estimated an average signal from the apex (64 EGMs
combined to one). This was repeated for the basal EGMs. (electrodes on spline 1-
4). Then the apical EGM was subtracted from the basal EGMs to obtain surface
ECG of lead II/IIl. VT was considered to be predominantly located intramurally
only if the whole TCL was activated in the mid myocardial electrodes (2 & 3).
Hence systole and diastole in relation to surface ECG need not be accurately

defined.
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The endocardial balloon and epicardial sock similar to intraoperative mapping
were placed. Unipolar EGMs from these electrodes were recorded

simultaneously with the intramural EGMs.

VT induction

Two hook electrodes fixed at the posterior right ventricular epicardium were

used to induce VT using programmed stimulation. A sustained ventricular

arrhythmia with cycle length > 200 ms and stable morphology was diagnosed as

VT.

Activation map during VT

The maximum negative dv/dt of the unipolar signal was used as the LAT. In
needles where LAT was difficult to assess, surrounding activation times were

taken into account.

Definitions

a) Systolic activation site: site with activation during the duration of surface
QRS of each tachycardia cycle.

b) Diastolic activation site: site with activation during the post-QRS period
of each tachycardia cycle.

c) Mid-diastolic site: The site, which is activated at mid-diastole.
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d) Predominant zone of reentry (endocardium, myocardium or epicardium):
activation of 100% of TCL on a particular zone.

e) Intramural VT: The presence of entire CL of VT in intramural electrodes 2
& 3 during NM or the absence of mid diastolic activation during

simultaneous endocardial and epicardial mapping during VT.

Results

Patient characteristics

Thirty-two hearts (ICM-23, NICM-9) were studied using intraoperative SEEM in
16 and explanted heart NM & SEEM in 16 patients. All intraoperative SEEM
patients (males 81%) suffered ICM, severe LV dysfunction, intractable VT
without previous catheter ablation. They underwent surgical cryoablation 9 + 5
years after myocardial infarction. The outcomes of surgery (LV aneurysm

resection) were reported previously.”

The explanted heart NM & SEEM studies were performed in 16 hearts (males
60%) of which 9 were of NICM and 7 ICM patients. The NICM were of idiopathic
etiology except for post partum cardiomyopathy and Sarcoidosis in one patient
each. All patients suffered severe LV dysfunction and none of them underwent

VT ablation in the past.

Intra Operative Mapping

10
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IOM was performed only in ICM patients. In 10/18(55%) the activation was
complete in endocardium and partial in epicardium. In all the VTs the activation
was only partial in the epicardium. In 8/18 VTs the circuit was presumed to be
intramural (44%) due to the absence of significant diastolic activation in
endocardium and epicardium. These VT could have been located intramural in

the septum as well, table 2, fig 3, supplementary video 1.

In intramural VTs the mean TCL was 358 * 38 ms. The missing activation time
(predominantly mid-diastolic) in endocardium and epicardium which is
presumed to be located intramurally was 96 * 39 ms, constituted 27 * 11 % of
the TCL. However the combined endocardial- epicardial activation covered 73 *
11 % of TCL. There was significant overlap in the activation of the surfaces.

For the endocardial VTs the mean TCL was 325 * 92 ms of which 100%

activation was mapped in the endocardium.

Explanted hearts

The predominant VT location was in the intramural space in 8/19(42%),

endocardial in 5/19(26%) and epicardial in 1/19(5%), table 3.

In predominant intramural VTs, the entire TCL (100%) including the mid-
diastolic activation could be mapped in the mid-myocardial electrodes. However

there was a significant overlap in activation of the other surfaces. In

11
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predominant intramural VTs, endocardium was activated for 46 + 22% of TCL in
ICM and 55 * 15% in NICM and epicardium for 54 + 26% of TCL in ICM and 82 +
10% in NICM. Combined epicardial and endocardial activation was 81 + 19% of

TCL, fig 3, table 3 and supplementary video 2.

In predominantly epicardial and predominantly endocardial VTs the mean
activation time recorded in the intramural space was 39 * 15 % of the TCL.
Combined epicardial and endocardial activation was 100% of TCL. (Significant

overlap in the activation was present), table 3.

Partially (incompletely) mapped VTs in explanted hearts: In explanted hearts,
5/19 VTs could not be entirely mapped despite SEEM and NM of which 3 were
NICM and 2 were ICM. The mean TCL was 516 * 78 ms. Intramural activation
accounted for 47 * 20 % of TCL. Combined endocardial-epicardial activation
amounted to 35 * 14% of TCL. The combined activation in the intramural,
epicardium and endocardium was nearing 100% in some VTs. This was due to
the significant overlap in activation in the early and late diastolic period. The
mid-diastolic EGMs were not mapped in any zone. Hence they have been
classified as partially mapped VTs. These VTs could be located in the septum
where intramural needles could not be placed, or the RV endocardium where

mapping was not done. table 3.

Cardiomyopathy type: In total the VT circuit was predominantly located intra-

murally in 16/37(43%) VTs. In ICM the VT circuit was predominantly located

12
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intramurally in 11/26(42%), endocardium in 13/26(50%) and none in the
epicardium. In NICM the VT circuit was predominantly located intramurally in

5/11(45%), endocardium in 2/11(18%) and epicardium in 1/11(9%) VTs.

Discussion

Predominant intramural activation was observed in 40% of VTs with similar

occurrence in both ICM and NICM.

The success rate of VT ablation is moderate at best. Upto 50% recurrence in one-
year has been reported. 8 2 The reasons could be multifactorial, of which the
intramural location of VT is a forerunner. 3 The presence of intramural circuits is
more relevant in the current era of early reperfusion strategies. It was
demonstrated previously in human autopsy specimens that patients who
received early reperfusion therapy had non-transmural infarcts and
consequently more surviving intra-myocardial fibers. This predisposed to less

dense scar and faster VTs.10

Similar study of intraoperative VT mapping conducted by Pogwitz at al included
ICM patients only.!! Intramural reentry was identified as the mechanism of VT in
half of the patients, which is similar to our results. In the other half of the cohort,
focal VT was sited as the mechanism originating from the endocardium. This

could have been micro-reentry, which the recording system was insensitive to

13



305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

pick up. They used intramural needle recordings to characterize the VT circuit
and endocardial mapping was not done. This could explain the difference in the
findings as lack of comprehensive endocardial mapping could have missed a part
of endocardial activation. Similar to our study, Kaltenbrunner et al observed that
in half of the ICM VTs, the entire TCL could not be mapped in both endocardium
and epicardium and hence it was presumed to be located intra-murally.12 Using
entrainment mapping Kokovic et al noted that the diastolic isolated isthmus
signals were absent in half of ICM VT cases.13 The reasons for the paucity of these
diastolic and small amplitude signals could be multifactorial. Even though a
deeper location of the circuit could be the most probable reason. Narrow
isthmus, wave front-electrode angle, slow conduction velocity and thus low
amplitude obscured under the noise floor also needs consideration. However in
defense of our intraoperative mapping technique, the signal was gained upto

25,000 times, which has the best chance of recording deeper signals.

The VT substrate, even though often depicted as planar by contemporary electro-
anatomical mapping systems is indeed a three-dimensional structure, which
harbors the scar and islands of viable myocardium. 14 It is only logical to assume
that the VT circuit would follow the scars and extend into the mid-myocardium
towards the epicardium. This has been confirmed by imaging studies.* 15 Bogun
et al demonstrated that 30% of NICM patients had intramural scar.1® The ICM
scar is considered to be a pyramidal structure with the base in the endocardium
and a variable, often transmural, endo to epicardium distribution 14 The

epicardial scar was reported to be a third in area to that of endocardial scar in

14
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ICM and the critical components of the VT circuit were located in areas of more
than 25% scar transmurality. 417 The sub-epicardial space harbored 16-35% of

border zone conducting channels as demonstrated with the help of cMRI.17

Multiple studies have shown that a combined endocardial- epicardial ablation
enjoyed better success in both NICM and ICM. 318,19 This could be an indirect
evidence of intramural circuits. Di Biase et al reported that 40% of ICM patients
required epicardial VT ablation and thus improved freedom from arrhythmia
recurrence. ? Tung et al reported that in 24% of ICM VT, isthmus was located in
the epicardium which could be successfully ablated.2?® Epicardial substrate
including local abnormal ventricular activation (LAVA) was more common in

NICM.21. 22

The depth at which the sub-endocardial intramural circuit, becomes unmappable
with conventional endocardial electrodes, is unknown. 14 This could be a shallow
depth amenable to endocardial ablation or it could be deep and inaccessible,
which is more likely. There is clear evidence that the mapping catheters even
while recording bipolar EGMs could encounter significant contamination from
far-field signals. It is hardly possible to distinguish the electrograms if it is from
adjacent tissue on the same plane or from tissue at a deeper plane. We currently
lack the tools, to delineate that. Hence, in order to improve the success rate of VT
ablation, deep intramural circuits have to be considered in both ICM and NICM
VTs and techniques for deeper ablation such as intramural needle and bipolar

ablation will have to be further explored. 23, 24
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Our findings show that during VT, activation simultaneously occurs in all three
zones especially in systole and occasionally in early and late diastole. However

the zone of predominant activation harbours the mid-diastolic electrograms.

Limitations

Lack of entrainment limits the identification of critical sites of VT circuit.
However we report the predominant zone of activation instead of critical sites.
The inter-electrode spacing in our intraoperative mapping is similar to the novel
mapping catheters with 1mm inter-electrode distance. This enables higher
resolution of local electrograms. However, this bipole has the characteristic of a
smaller antenna as compared to larger inter-electrode distance of an ablation
catheter. A larger inter-electrode distance might help to record deeper
intramural signals at the cost of a lower mapping resolution. However, in such a
scenario it would be difficult to differentiate endocardial from intramural signals.
The use of unipolar instead of bipolar EGMs in explanted hearts and variability in
techniques used in the study is a limitation. However only near field

electrograms were used for analysis.

The absence of RV endocardial and outflow is a limitation. NM was performed
only in the LV free wall. Due to access and stability of the heart preparation the
intramural septum was not mapped in both IOM and EH study. This could have

underestimated the prevalence of intramural VTs. Imaging data was also not

16
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available to correlate the myocardial thickness especially in intramural VTs. Lack
of autonomic inputs during VT induction in explanted hearts could have induced
non clinical VTs. Our study only demonstrates that the intramural diastolic
activation of VT is prevalent. This does not prove that they are critical, nor are

they mappable with our current techniques.

Conclusion

In significant proportion of ischemic and non-ischemic hearts the VT circuit was

predominantly located intra-murally. Strategies for intra-mural ablation need to

be explored to augment the success of VT ablation.
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Figure Legends

Fig 1 (a) Epicardial electrode sock and LV endocardial balloon (b) Epicardial
sock on explanted heart (c) Endocardial balloon in explanted heart (d) schematic

representation of intramural needle in LV free wall.

Fig 2 (a-f), The diastolic path, endocardial and epicardial electrograms of VT in
six patients are illustrated. The upper panel shows endocardial VTs with the
entire diastolic path mapped in the endocardium. The lower panel shows VTs
with probable mid-diastolic intramural activation, where activation was

incomplete in endocardium and epicardium during VT.

Fig 3 Chromatic representation of VT cycle length (CL) divided in seven
segments- 18 VTs illustrated. Simultaneous endocardial-epicardial
Intraoperative mapping (a-1) and simultaneous endocardial-epicardial with
needle intramural mapping in explanted hearts (m-r). In endocardial VTs the
whole TCL could be mapped in the endocardium and only partially mapped in
epicardium, (a-f). In presumed intramural VTs the activation gaps in endocardial
and epicardial mapping is evident, (g-i). In explanted hearts, combined
endocardial-epicardial and intramural needle mapping, showing intramural VT

(m-0) and partially (incompletely) mapped VTs in (p-r). The partially
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518 (incompletely) mapped VTs could also be located intramurally in the septum,
519  which was not mapped.
520

521
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Study summary

Study set-up

Human
Intra-operative
Mapping
(IoM)

Human explanted
hearts
(EH)

Mapped regions

Simultaneous
endocardial epicardial
mapping (SEEM)

Simultaneous
endocardial epicardial
mapping (SEEM) &
Needle Mapping (NM)

Table 1: Study summary

Study cohort

16 patients with 18
VTs

16 patients with 19
VTs

Cardiomyopathy type

ICM- 16 patients

NICM- 9 patients, ICM- 7
patients



VT Characteristics Intraoperative mapping

Presumed intramural VT
Presumed
Mapping intramyocardial
VT Endo-epi TCL act. in ms Measured endo. & epi.
no (I0M) (ms) (% of TCL) act. in ms(% of TCL)
1 Yes 350 158(45) 192(55)
2 Yes 350 147(42) 203(58)
3 Yes 390 90(23) 300(77)
4 Yes 340 61(18) 279(82)
5 Yes 340 82(24) 258(76)
6 Yes 280 42(15) 238(85)
7 Yes 380 103(27) 277(73)
8 Yes 400 88(22) 312(78)
Mean + SD 358+37  96+39 (27 +11) 257 £44 (73 £11)
Non-Intramural (Predominantly endocardial) VT
Mapping
Endo-epi
VT (IoM) TCL(ms) Endo (%)Act.
1 Yes 320 100
2 Yes 220 100
3 Yes 390 100
4 Yes 210 100
5 Yes 500 100
6 Yes 270 100
7 Yes 400 100
8 Yes 370 100
9 Yes 320 100
10 Yes 250 100
Mean * SD 325+92

Myo. Act.- Intramural activation time. Myo/TCL- Intramural activation time represented as a fraction of

tachycardia cycle length. Epi. Act.- Epicardial activation time. Endo. Act.- Endocardial activation time

IOM- Intra-operative mapping. EH- Explanted Heart

Table 2: VT characteristics- Intraoperative mapping of Ischemic Cardiomyopathy.
Simultaneous endocardial and epicardial mapping (SEEM) performed without
intramural mapping. During SEEM the missing activation in endocardium and

epicardium was presumed to be located intramurally. In all cases of presumed

intramural VT the mid-diastolic activation was absent in SEEM.




Explanted Hearts- VT characteristics

Predominantly Intramural VT

VT Diagnosis TCL Intramural act. Total epi-endo act., in
no: in ms ms
(% of TCL) (% of TCL)
1 DCM 570 570(100) 460(81)
2 PPCM 260 260(100) 235(90)
3 DCM 290 290(100) 260(90)
4 DCM 280 280(100) 250(90)
5 DCM 520 520(100) 280(54)
6 ICM 290 290(100) 195(67)
7 ICM 200 200(100) 180(90)
8 ICM 370 370(100) 150(40)
Mean * SD 348 £ 131 348 + 131(100) 251 £95(75 £ 20)
Predominantly epicardial, endocardial & partially mapped VTs
1 DCM 590 120(20) 190(32)
2 DCM 580 380(66) 320(55)
3 DCM 400 185(46) 100(25)
4 DCM 310 100(32) 310(100)
5 SCM 310 120(38) 310(100)
6 SCM 340 140(41) 340(100)
7 ICM 480 170(35) 130(27)
8 ICM 530 350(66) 160(30)
9 ICM 360 90(25) 360(100)
10 ICM 310 70(23) 310(100)
11 ICM 280 120(43) 280(100)
Mean + SD 408116 167 + 103 (39 £15) 306 +124 (81 +32)




DCM- Dilated Cardiomyopathy, PPCM- Post partum Cardiomyopathy, ICM- Ischemic Cardiomyopathy, SCM-
Sarcoid Cardiomyopathy. Predominant intramural/endocardial/epicardial VT- Entire TCL including the
mid-diastolic EGM is mapped in the respective zone. Partially (incompletely) mapped VT- Entire TCL could

not be mapped in any zone.

Table 3: VT characteristics- Intramural needle, endocardial and epicardial
mapping in explanted Hearts. A significant proportion of VTs were located in the
intramural space in both ICM and NICM. Partially mapped VTs have the serial

numbers 1,2,3,7 and 8.
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VTs with entire diastolic path mapped in the endocardium (entire LV endo and epi mapped simultaneously in intraoperative mapping)
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Intraoperative endo-epi mapping, myocardium unmapped

Explanted heart

Fig: 3

Preserved CL in endocardium (endocardial VT)

Intramural VT- preserved CL in myocardium

VT of unknown origin- missing CL in epi, endo and myocardium ?septal

endocardium

myocardium

epicardium

TCL_==__
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