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Abstract

Objective: We sought to evaluate the association between contrast-enhanced MDCT (CE-
MDCT) attenuation and local epicardial conduction speed (ECS) and electrogram abnormalities in
patients with arrhythmogenic right ventricular cardiomyopathy (ARVC) and ventricular
tachycardia (VT).

Background: CE-MDCT is a widely available and fast imaging technology with high spatial
resolution and less prone to defibrillator generator related safety issues and image artifacts.
However, the association between hypoattenuation on MDCT and VT substrates in ARVC remains
unknown.

Methods: Patients with ARVC that underwent CE-MDCT followed by endocardial (n=30) and
epicardial (n=21) electroanatomical mapping (EAM) and VT ablation were prospectively enrolled.
Right ventricular mid-myocardial attenuation was calculated from 3D MDCT images and
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registered to EAM. Local ECS was calculated by averaging the ECS between each point and five
adjacent points with concordant wave-front direction.

Results: A total of 17,311 epicardial and 5,204 endocardial points were included. In
multivariable regression analysis clustered by patient, RV myocardial attenuation was associated
with epicardial bipolar voltage amplitude (2.5% decrease in amplitude per 10 HU decrease in
attenuation, p<0.001), with endocardial unipolar voltage amplitude (0.9% decrease in amplitude
per 10 HU decrease in attenuation, p<0.001), and with ECS (0.4% decrease in ECS per 10 HU
decrease in attenuation, p=0.001).

Conclusion: CE-MDCT attenuation distribution is associated with regional ECS and
electrogram amplitude in ARVC. Regions with low attenuation likely reflect fibro-fatty
involvement in the right ventricle and may serve as important VT substrates in ARVC patients
undergoing VT ablation.

Condensed abstract

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is characterized by fibro-fatty
myocardial replacement. Identification of this arrhythmic substrate using imaging is useful for
guidance of ventricular tachycardia (\VT) ablation. In this study we demonstrate that
hypoattenuated areas on contrast-enhanced multidetector computed tomography (CE-MDCT) are
associated with abnormal epicardial bipolar voltage amplitude, and endocardial unipolar and
bipolar voltage amplitudes, with decreasing strength of association, respectively. Pre-operative
recognition of hypoattenuated CE-MDCT regions as important VT substrates, may result in
improved strategies for VT ablation in ARVC patients.

Keywords

conduction speed; multi-detector computed tomography; ventricular tachycardia ablation;
arrhythmogenic right ventricular cardiomyopathy; epicardial mapping; endocardial mapping

Introduction:

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is characterized by fibro-fatty
replacement predominantly involving the right ventricle, arrhythmias and sudden death (1).
Catheter ablation is effective in ameliorating the frequency of arrhythmias (2). However,
given the patchy distribution of disease, sampling density limitations, and intramural/
epicardial nature of VT circuits, endocardial mapping and ablation can be challenging.
Additionally, epicardial electroanatomical mapping (EAM) can be limited by fat deposition
and myo-pericardial adhesions. Therefore, approaches to augment substrate identification
are desirable. Cardiac magnetic resonance (CMR) allows visualization of anatomic and
dynamic right ventricular (RV) abnormalities, fat infiltration and fibrosis (3-5). Compared to
CMR, multidetector computed tomography (MDCT) has higher spatial resolution, shorter
acquisition time, and is widely available with minimal image degradation or safety issues
associated with implanted defibrillators (6,7). Contrast-enhanced MDCT (CE-MDCT)
detects intramyocardial fat (8), epicardial fat (9), RV trabeculation and RV wall bulging (10)
providing additional value in the diagnosis of ARVC. Moreover, the extent and location of
fat and low-voltage epicardial areas are strongly associated (11). Preprocedural MDCT
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review and integration may impact epicardial access plans, and targets for dense mapping
and ablation (12). In this study, we sought to demonstrate the point by point association
between MDCT attenuation, epicardial conduction speed (ECS) and endocardial/epicardial
voltage abnormalities in patients with ARVC that underwent VT ablation.

Patient cohort

The Johns Hopkins University and the University of Pennsylvania Perelman Schools of
Medicine Institutional Review Boards approved the study protocol and all patients provided
written informed consent. Thirty patients who met 2010 Revised Task Force criteria (4) for
ARVC and underwent VT ablation as a part of the Ancillary Study of Substrate and
Intervention Mechanisms for Ventricular Tachycardia (AIM-VT) cohort were prospectively
enrolled. The ARVC Task Force Criteria for patients are summarized in Supplemental Table
1. All patients had endocardial mapping, and 21 patients also underwent epicardial mapping
(70%). Operators were blinded to attenuation data from CE-MDCT.

CE-MDCT acquisition

CE-MDCT images were obtained using a Toshiba Aquillion 320-slice MDCT system during
breath-hold to detect first pass perfusion. The median duration from pre-operative CE-
MDCT to ablation procedure was 0 days for all patients (IQR 0-0, range 0-63 days). Bolus
triggering based on attenuation in the descending aorta was utilized with the settings of
(dFOV: 200-220, range: 128-140 mm, gantry rotation 0.275 ms, tube voltage 80-120 kV).
Contrast (Isovue-370 in 14, Visipaque in 1; 70-80 cc) was administered through a right arm
18 gauge 1V, at 4-5 ml/sec depending on the patient weight using the following sequence (1)
45-65 cc contrast injection (depending on the tube voltage and patient weight); (2) 40 cc of,
50/50 contrast/saline injection; and (3) 30cc of 100% saline flush. The scan was triggered
manually by the cardiac CT technologist when the contrast bolus reached the descending
thoracic aorta, typically 250 Hounsfield units. Images were acquired every 5% of the R-R
interval and phases with least motion were used. Images were reconstructed using
myocardium-optimized reconstruction kernels including beam hardening artifact correction
(thickness 0.5 — 3 mm).

Electroanatomic Mapping

Endocardial EAM (n=30) was performed using either Thermocool SF or Thermocool Smart
Touch SF ablation catheter (n=26, 87.7%) or by PENTARAY multielectrode catheter (n=4,
13.3%) and the the CARTO3 software. Epicardial access and EAM was performed, at
physician’s discretion, using a Thermocool SF or Thermocool Smart Touch SF ablation
catheter (n=7), multipolar PENTARAY catheter (n=13) or DECANAV catheter (n=1)
(CARTO, Biosense Webster, Diamond Bar, CA). Detailed epicardial EAM focused on the
entire RV and extended over the LV surface during sinus rhythm with intrinsic conduction or
RV pacing. Bipolar and unipolar electrograms were filtered at 10 to 400 Hz and 1 to 240 Hz,
respectively. Peak to peak signal amplitude and timing to the maximum signal dv/dt with
reference to the surface QRS complex was measured automatically and confirmed manually
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during the review. Catheter stability was confirmed using sharp deflections on two
consecutive beats.

CE-MDCT registration with EAM

The RV border was created using the volume rendering function of ADAS-3D (Galgo
Medical, Barcelona, Spain). After volume rendering, the RV border was visually dilated by 1
mm in order to avoid blood pool artifact, while taking care to avoid hypo attenuated regions
(<—180 HU) indicative of epicardial fat. The volume rendering and contouring process are
illustrated in Figure 1A-B. High intensity regions (> 200 HU) surrounding ICD electrodes
were manually excluded (Figure 1C). Images were then 3D reconstructed and exported for
EAM registration. 3D reconstructed MDCT shells were registered with endocardial maps
using tricuspid annulus, RV outflow tract and apex as landmarks (Supplemental Figure 1).
Merged images were then re-imported to ADAS3D, whereby the attenuation of each EAM
point was calculated using trilinear interpolation of the closest region on the CT shell.
Epicardial points detected to be on the LV side were deleted using the ADAS3D software.

Points close to the tricuspid annulus, which project to the blood pool with > 200 HU
attenuation, as well as points that projected to epicardial fat with < -180 HU attenuation
values, were excluded. The mean distance of EAM points to the RV endocardium was 6.1
+ 4.4 mm (1.4 between-patient and 3.9 within-patient SD). The mean distance to the RV
epicardium was 5.1 + 4.3 mm (1.8 between-patient SD and 3.9 within-patient SD).

Epicardial Conduction speed analyses

The ECS was calculated with a custom script written in Python (https://www.python.org)
(13). First, the EAM file of activation times and x,y,z spatial coordinates of each point are
imported into the software. The algorithm creates a KD tree, which is a specialized data
structure that efficiently stores spatial location, so that the closest point coordinates can be
queried in a fast manner (specifically N log N time). It retrieves all the spatial coordinates
and activation times that are nearby a specific data point and ignores duplicates. The
software then calculates the distance between EAM points using X,y,z coordinates, and
calculates the time differences between points using differences of activation times from the
fiducial electrogram during data acquisition. Activation fronts are then assessed based upon
heterogeneity of nearby activation times. Nearby points with a difference in local activation
time <5 ms from the index point are considered to be activated along a different wave front
and excluded from the conduction speed calculation for that index point. Conduction speed
is then calculated as the average distance divided by time. Regional conduction speed is
calculated by averaging the conduction speed of five adjacent points along the activation
front. Lastly, the software outputs the conduction speed data into a text file. The Python
script has been submitted as supplementary material. This methodology has previously been
validated (13-17).

Statistical analyses

Continuous variables are expressed as mean + SD or median and interquartile range.
Categorical variables are expressed as % change. Because of the right-skewed nature of
bipolar, unipolar, and ECS data, logarithmic transformation was performed. To examine the
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association between attenuation and other variables, a multilevel random effects linear
regression model clustered by patient was used. If logarithmic conversion was performed,
the correlation coefficient was recognized to reflect the ratio of change instead of actual
arithmetic change. Thus, all the correlation coefficients between independent variables and
logarithmically converted dependent variable were expressed as percent change in the
dependent variable. All statistical analyses were performed using STATA software version
15 (College Station, TX).

Patient Characteristics

Association

Association

The cohort consisted of 30 patients (age 39 + 15 years, 57% female, 83% non-Hispanic
white) with ARVC that underwent VT ablation. All patients underwent endocardial
mapping, and 21 patients (70%) underwent concomitant epicardial mapping and ablation.
The mean age of patients that underwent epicardial ablation was 37.6 + 14.8 years, 57%
were female, and 90% were Caucasian.

of CE-MDCT attenuation with endocardial voltage

Of 6,336 endocardial mapping points 853 (13.4%) corresponded to areas with ICD artifact,
245 (3.8%) to endocardial blood pool and 34 (0.5%) to the areas of epicardial fat and were
excluded. The remaining 5,204 (median 129, IQR (82 — 157) from 30 patients were
registered to image data and used for analysis. The mean unipolar voltage amplitude was
3.59 + 2.68 mV (1.06 between-patient and 2.54 within-patient SD). The mean bipolar
voltage amplitude was 1.99 + 2.36 mV (0.85 between-patient and 2.25 within-patient SD).
The mean RV myocardial attenuation on CE-MDCT corresponding to the endocardial points
was 40.1 £ 70.3 HU (26.1 between-patient and 67.6 within-patient SD).

In the patient clustered linear regression model, bipolar electrogram amplitude was
associated with RV myocardial attenuation (0.7% decrease in bipolar voltage per 10 HU
decrease in attenuation; 95% CI: 0.3-1.1%, p=0.001). Unipolar electrogram amplitude had a
stronger magnitude of association with RV myocardial attenuation (0.9% decrease in
unipolar voltage per 10 HU decrease in attenuation; 95% CI: 0.7%-1.2%, p<0.001).
Associations between MDCT attenuation, bipolar voltage amplitude, and unipolar voltage
amplitude did not change significantly after adjusting for age, gender, ethnicity, and patient
weight. Figure 2 demonstrates the association between endocardial bipolar and unipolar
voltage amplitude measurements and RV myocardial attenuation. Consistent with the
statistical associations above, the images reveal a closer association between CT attenuation
and endocardial unipolar measurements, when compared to endocardial bipolar
measurements, which appear to diverge from attenuation measurements in the antero-apical
RV.

of CE-MDCT attenuation with epicardial voltage and ECS

Of 19,360 epicardial mapping points, 1,662 points (8.5%) corresponded to areas with ICD
artifact, 159 (0.8%) to the epicardial fat, and 228 (1.1%) to the endocardial blood pool. The
remaining 17,311 points (median 885, IQR (229, 1517) from 21 patients were registered to
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image data and used for analysis. The mean ECS was 0.37 £ 0.33 m/s (0.23 between-patient
and 0.30 within-patient SD). The mean unipolar voltage amplitude was 2.69 £ 3.5 mV (0.82
between-patient and 3.42 within-patient SD). The mean bipolar voltage amplitude was 1.07
+ 3.48 mV (0.39 between-patient and 1.43 within-patient SD). The mean RV myocardial
attenuation on CE-MDCT corresponding to the epicardial points was 8.8 + 73.6 HU (23.7
between-patient and 69.4 within-patient SD).

In the patient clustered linear regression model, bipolar electrogram amplitude was
associated with RV myocardial attenuation (2.5% decrease in bipolar voltage per 10 HU
decrease in attenuation; 95% CI: 2.2%-2.7%, p<0.001). The magnitude of association
between epicardial unipolar electrogram amplitude and RV myocardial attenuation was
smaller (0.8% decrease in amplitude per 10 HU decrease in attenuation, 95% CI: 0.7%
-0.9%, p<0.001). RV myocardial attenuation was also significantly associated with local
ECS (0.4% decrease in ECS per 10 HU decrease in attenuation, 95% CI: 0.2%-0.6%,
p=0.001). Local ECS was strongly associated with both epicardial bipolar (1.9% decrease in
ECS per 1 mV decrease in amplitude, 95% CI: 1.4%-2.3%) and epicardial unipolar voltage
amplitude (2.5% decrease in ECS per 1 mV decrease in amplitude, 95% CI: 2%-3%).
Figure 3 shows the association between epicardial bipolar voltage amplitude and RV
myocardial attenuation. It is evident from these images that CT attenuation is closely
associated with epicardial bipolar amplitude measurements. Consequently, ablation, which
was guided by abnormal electrograms and entrainment was confined to low attenuation
regions on CE-MDCT despite the fact that operators were blinded to CT attenuation data.
Examples of lesion sets relative to attenuation images have been provided in Figure 4.

of CE-MDCT attenuation with binned regionality of scar assessment by

Regional analysis of points binned as normal voltage zone amplitude (defined as epicardial
voltage amplitude >1 mV) versus epicardial border-zone voltage amplitude (defined as
epicardial voltage amplitude >0.5 mV and <1 mV) and epicardial scar (defined as epicardial
voltage amplitude <0.5 mV) revealed significant association with RV myocardial attenuation
on CE-MDCT (p<0.001). Similarly, abnormal endocardial unipolar voltage amplitude
(defined as RV <5.5 mV) was significantly associated with the CE-MDCT RV myocardial
attenuation (p=0.006). However, in binned regional analyses, the endocardial bipolar voltage
amplitude failed to show a significant association with RV myocardial attenuation
(p=0.132). The mean attenuation for each region is summarized in Supplemental Table 2.

Discussion:

The present study highlights regional RV associations between low attenuated areas
reflecting intramyocardial fat deposition and: 1) epicardial bipolar voltage abnormalities; 2)
endocardial unipolar and, to a lesser degree, bipolar voltage abnormalities; and 3)
conduction speed. These findings are discussed below.
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Contrast-enhanced MDCT in ARVC

Contrast-enhanced CT refers to the protocol that of immediate imaging following contrast
perfusion into the chamber of interest. While both contrast-enhanced CT and non-contrast
CT are capable of fat identification as very low attenuation regions, contrast-enhanced CT
allows for better visualization of ventricular myocardial borders and enables the
identification of fibrotic regions due to reduced immediate tissue perfusion and contrast
uptake, thus lower attenuation in such regions (6,18). Additionally, CE-MDCT provides
highly reproducible measurements of attenuation (19). Fibro-fatty infiltration is, therefore,
characterized by low-attenuation CE-MDCT regions in ARVC patients (11,12). Endocardial
unipolar voltage mapping is utilized to identify arrhythmogenic ARVC substrate but is
limited by reduced specificity (20), and epicardial ablation results in improved outcomes due
to improved substrate detection and elimination in ARVC (21). Our data demonstrates that
endocardial unipolar and epicardial bipolar electrogram amplitudes are strongly associated
with low attenuation areas, as a surrogate of intramyocardial fat deposition and provide an
alternative methodology for substrate identification. Targeting of such low attenuation
substrates may improve endocardial ablation outcomes.

Slow conduction speed has been shown to be an important indicator of myocardial fibrosis
in atrial and ventricular tissue (13,17). The current study demonstrates that epicardial
conduction speed is associated with ARVC related fibro-fatty metaplasia and may identify
important targets in substrate mapping for VT ablation. Fat deposition and fibrosis co-exist
in abnormal ARVC myocardium, and both contribute to arrhythmogenesis (22). The current
study did not attempt to segment the hypo-attenuated substrate, and instead depicted the
association between hypoattenuated areas with voltage and low conduction speed. We did
not distinguish between fat and fibrosis because histologic data to delineate accurate
thresholds are unavailable. However, based upon prior studies, very low attenuation regions
exhibiting values between —80 to 0 HU appear to indicate fat, with different studies
suggesting —10 and - 20 HU as threshold values (7,8,11,23). In contrast, fibrosis appears to
have slightly higher attenuation with values between 0 — 30 HU representative of LV fibrosis
in post-MI patients. (24,25) Regardless, without additional imaging modalities, distinction
between fat and fibrosis cannot be made with certainty. It is also important to note that
despite an overall strong association between CE-MDCT attenuation and ECS, 6% of the
slow conducting zones (defined as ECS <0.3 m/s) in this study corresponded to areas with
bipolar voltage amplitude = 1.5 mV and normal attenuation. Thus, not all ECS heterogeneity
is attributable to tissue heterogeneity as detected by CE-MDCT and may be due to other
factors including uncoupling and anisotropic conduction or variability in wall thickness and
source/sink mismatch.

This is the largest prospective study evaluating the difference between endocardial and
epicardial, EAM in ARVC and their association with CE-MDCT. We demonstrate the
associations using a point by point approach rather than a regional approach employed by
previous studies. Epicardial voltage maps demonstrated a much stronger association with
image attenuation compared to endocardial maps, providing further evidence that ARVC is
characterized by a primary epicardial substrate.
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Study Limitations

This was a single center study with a small sample size and may be prone to selection bias
and reduced generalizability. Nevertheless, the study had a relatively larger sample size than
prior studies on image and electrogram associations in ARVC. A significant number of
patients had ICDs implanted which might affect the evaluation of right ventricular apex and
right ventricular free wall. Electrograms were predominantly sampled during sinus rhythm.
However, in some patients, sampling was performed during RV pacing. The wave front of
propagation may affect ECS. However, clustering of the analyses by patient adjusts for the
effect of pacing which was differential only at the patient level. Due to the relatively low
density of electrogram sampling in the endocardium, conduction speed measurements were
not performed for that surface. Due to the thin nature of the RV wall, some contours may
have included epicardial fat or blood pool and registration errors existed. Finally, epicardial
mapping was predominantly performed using a multi-electrode catheter, whereas
endocardial mapping was performed using an ablation catheter. Thus, epicardial maps had
significantly higher point density. Endocardial mapping density was sparse on diseased
regions, whereas epicardial maps had high density throughout the RV; therefore, the mean
attenuation among sampled endocardium and epicardium points is not random. However,
since all associations were performed at a point level, no significant bias is anticipated as a
result of this surface-based density difference.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ARVC Arrhythmogenic right ventricular dysplasia/cardiomyopathy
CE-MDCT Contrast-enhanced multi-detector computerized tomography
CMR cardiac magnetic resonance

ECS epicardial conduction speed

EAM Electroanatomical mapping

HU Hounsfield Unit

ICD Implantable cardioverter-defibrillator

IOR Interquartile range

MDCT multi-detector computerized tomography
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Perspectives:

ARVC patients frequently present with sustained VT and require catheter ablation to
mitigate ICD shocks and symptoms. The arrhythmogenic substrate in ARVC is primarily
epicardial and identification of the substrate near the atrioventricular or interventricular
grooves can be difficult due to the preponderance of epicardial fat in such regions. In this
study, we demonstrated that intramyocardial fat detected by CE-MDCT associates with
electroanatomic abnormalities. Incorporation of CE-MDCT as an adjunct for mapping
may augment ablation outcomes in ARVC patients.
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A - Volume Rendering B — Adjusting the contours C - Exclusion of the lead artifact

)

Figure 1. Segmentation Process
CE-MDCT, volume rendering, adjustment of segmentation contours, and exclusion of lead

artifact areas. Panel A shows CE-MDCT in coronal, axial and sagittal views and creation of
the 3D shell. Red highlighted areas have attenuation values >200 HU which represents blood
pool. Panel B Shows representative cardiac contours in each image plane after contour
adjustment. Panel C shows lead artifact exclusion (highlighted as red).
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Orientation Endocardial Bipolar Endocardial Unipolar MDCT attenuation
voltage map voltage map
0.5 mV 1.5 mV 5.5 -80 21V)
T = EE = T =

* Upper cut-off value is 3.3 mV for Patient 3 ** Gray areas represent ICD artifacts|

Figure 2. Endocardial bipolar and unipolar voltage vs. attenuation map examples
Each row represents a different patient. The first column shows cardiac orientation for the

subsequent images in each row. The second column images display endocardial bipolar
voltage maps projected onto the 3D MDCT shell. The third column images display
endocardial unipolar voltage maps projected onto the 3D MDCT shell. Patient 3 had
mapping using multi-electrode catheter hence upper cut-off of 3.3 mV was used for
visualization. The fourth column images represent RV myocardial MDCT attenuation maps.
The gray area in patients 2, 3 and 4 has been excluded due to ICD artifact.
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Figure 3. Epicardial Bipolar Voltage vs Attenuation Map examples
Each row represents a different patient. The first column shows cardiac orientation for the

subsequent images in each row. The images in the second column represent epicardial
bipolar voltage maps projected onto the 3D reconstructed shell from MDCT. Images in the
third column represent RV myocardial MDCT attenuation maps. The gray area in patients 3
and 4 has been excluded due to ICD artifact. Of note, the resolution of MDCT attenuation
maps are ~ 1000 point/cm3, whereas the resolution of bipolar voltage electrograms is limited
by the electroanatomic mapping density at ~ 1-6 point/cm3 depending on the use of multi-
electrode catheter versus point-by-point mapping.
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Figure 4. Association of ablation points with the attenuation maps.
Each row represents a different patient. The first column shows cardiac orientation for the

subsequent images in each row. The second column shows CT attenuation values projected
onto the 3D reconstructed shell from MDCT without ablation points. The third column
represents the CT attenuation map from column 2 with ablation points superimposed as red
dots. Gray areas on the shells represent regions with ICD artifact. Lesions were delivered
within or at the periphery of regions with low attenuation on CE-MDCT in all cases.
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Pre-ablation
perfusion
MDCT

Endocardial and epicardial
mapping & ablation of 30
ARVC patient
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A~ Endocardial merge B- Epicardial merge

0.9% decrease in unipolar voltage amplitude per 10 ¢ 1 -2.5% decrease in voltage amplitude per 10 H
HU decrease in attenuation decrease in attenuation

0.7% decrease in bipolar voltage amplitude per 10 -0.4% decrease in epicardial conduction speed
HU decrease in attenuation per 10 HU decrease in attenuation

Central lllustration. AIM-VT-ARVC Study Protocol
Thirty patients with arrhythmogenic right ventricular cardiomyopathy (ARVC) underwent

pre-procedural perfusion multidetector computed tomography (MDCT) followed by
endocardial voltage mapping. Epicardial mapping was also performed in 70% of patients.
Regional RV low image attenuation was associated with: 1) epicardial bipolar voltage
abnormalities; 2) endocardial unipolar and, to a lesser degree, bipolar voltage abnormalities;
and 3) conduction speed. 3D = 3-dimensional.
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