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OBJECTIVES This study sought to evaluate whether right ventricular (RV) tissue heterogeneity on computed tomog-

raphy (CT): 1) is associated with conduction delay in arrhythmogenic right ventricular cardiomyopathy (ARVC); and 2)

distinguishes patients with ARVC from those with exercise-induced arrhythmogenic remodeling (EIAR) and control

individuals.

BACKGROUND ARVC is characterized by fibrofatty replacement, related to conduction delay and ventricular tachy-

cardias. Distinguishing ARVC from acquired, EIAR is challenging.

METHODS Patients with ARVC or EIAR and combined endocardial-epicardial electroanatomic voltage mapping for VT

ablation with CT integration were enrolled. Patients without structural heart disease served as control individuals. Tissue

heterogeneity on CT (CT heterogeneity) was automatically quantified within the 2-mm subepicardium of the entire RV

free wall at normal sites and low voltage sites harboring late potentials (LPþ) in ARVC/EIAR.

RESULTS Seventeen patients with ARVC (15 males; age: 50 � 17 years), 9 patients with EIAR (7 males; age: 45 � 14

years) and 17 control individuals (14 males; age: 50 � 15 years) were enrolled. Of 5,215 ARVC mapping points, 560 (11%)

showed LPþ. CT heterogeneity was higher at sites with LPþ compared to normal sites (median: 31 HU/mm; IQR: 23 to 46

HU/mm vs. median: 16 HU/mm; IQR: 13 to 21 HU/mm; p < 0.001). The optimal CT heterogeneity cutoff for detection of

LPþ was 25 HU/mm (area under the curve [AUC]: 0.80; sensitivity: 72%; specificity: 78%). Overall CT heterogeneity

allowed highly accurate differentiation between patients with ARVC and control individuals (AUC: 0.97; sensitivity:

100%; specificity: 82%) and between ARVC and EIAR (AUC: 0.78; sensitivity: 65%; specificity: 89%).

CONCLUSIONS In patients with ARVC, tissue heterogeneity on CT can be used to identify LPþ as a surrogate for

ventricular tachycardia substrate. The overall tissue heterogeneity on CT allows the distinguishing of patients with ARVC

from those with EIAR and control individuals. (J Am Coll Cardiol EP 2020;6:1073–85) © 2020 by the American College of

Cardiology Foundation.
A rrhythmogenic right ventricular (RV) cardio-
myopathy (ARVC) is a hereditary disease
characterized by fibrofatty replacement of

myocardium, progressing from the epicardium
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ABBR EV I A T I ON S

AND ACRONYMS

ARVC = arrhythmogenic right

ventricular cardiomyopathy

AUC = area under the curve

BMI = body mass index

CT = computed tomography

EAM = electroanatomic

mapping

ECG = electrocardiography

EIAR = exercise-induced

arrhythmogenic remodeling

HU = Hounsfield unit

LP = late potentials

NP = normal point

RV = right ventricle/ventricular

RVOT = right ventricular

outflow tract

VT = ventricular tachycardia
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reflect delayed activation of excitable tissue
or sites protected by areas of fixed or func-
tional block and are considered a surrogate
for VT substrate (5,6).

Cardiac computed tomography (CT) allows
delineation of fat and myocardium with high
spatial resolution (7–9). The percentage of
intramyocardial fat within the RV, quantified
on CT, has been demonstrated to be higher in
patients with ARVC compared to matched
control individuals (7), and local abnormal
ventricular electrogram findings have been
related to areas with a high percentage of
intramyocardial fat (10). However, high per-
centages of fat may be also due to confluent
areas of intramyocardial fat, which result in
local abnormal low-voltage electrograms not
related to VT.

An important differential diagnosis with
clinical and prognostic implications is
exercise-induced arrhythmogenic remodeling (EIAR),
which can mimic early ARVC (11). EIAR is character-
ized by an isolated subepicardial RV outflow tract
(RVOT) scar serving as substrate for fast VT in high-
level endurance athletes (11). The specific histopa-
thology is unknown, and distinguishing this acquired
entity from inherited ARVC can be challenging (11).

In the present study, we propose a novel CT-
derived parameter reflecting local tissue heteroge-
neity, referred to as CT heterogeneity. We hypothe-
size that: 1) increased CT heterogeneity is associated
with conduction delay, allowing for noninvasive
identification of the VT substrate in ARVC; and 2) the
overall CT heterogeneity may distinguish ARVC from
EIAR and control individuals.
SEE PAGE 1086
METHODS

PATIENTS. Consecutive patients with VT due to
ARVC or EIAR who underwent detailed combined
endocardial-epicardial RV electroanatomic mapping
(EAM) during sinus rhythm and VT ablation with real-
time integration of CT between 2006 and 2015 were
enrolled. Two patients with incomplete RV EAM were
excluded from the analysis. The diagnosis of ARVC
was established using the 2010 revised Task Force
Criteria (12). Mutations were classified as previously
described (13). The diagnosis of EIAR was based on
the presence of VT related to an isolated RVOT scar in
an endurance athlete, after exclusion of ARVC and
sarcoidosis (11).

The control group consisted of patients without a
history of ventricular arrhythmias, abnormal findings
on electrocardiography (ECG), or structural heart
disease who underwent cardiac CT for exclusion of
significant coronary artery disease.

The study was approved by the local ethical com-
mittee. All patients provided informed consent before
the mapping and ablation procedure.

CT ACQUISITION AND PRE-PROCESSING. ECG-gated
CT imaging was performed with either a 64-detector
row (Aquilion 64, Toshiba Medical Systems, Otawara
Japan) or a 320-detector row CT scanner (Aquilion
ONE, Toshiba Medical Systems) with an intravenous
iodinated contrast agent. Images were acquired after a
bolus of 69 � 13 ml of contrast. CT scans were per-
formed with a standard protocol to visualize the cor-
onary arteries. Post-processing of scanswas performed
with application of dedicated software (Mass, V2013-
EXP LKEB, Leiden, the Netherlands). Contours were
manually traced on short-axis CT slices (2-mm thick-
ness, 2-mm interslice gap) around the epicardium and
pericardium, left ventricle endocardium, and aorta.
Radiation dose was estimated with a dose-length
product conversion factor of 0.014 mSv/(mGy$cm)
(14). The original CT data and the 3-dimensional con-
tours were imported into the EAM system before
mapping and ablation (Figure 1) (15,16).

ELECTROANATOMIC MAPPING. All antiarrhythmic
drugs were discontinued for $5 half-lives if possible,
with the exception of amiodarone. Epicardial access
was obtained through subxiphoid puncture. EAM of
the RV endocardium and epicardium was performed
during sinus rhythm or RV pacing (if pacing depen-
dent, n ¼ 3) by using a 3.5-mm irrigated-tip catheter
(NaviStar Thermocool, Biosense Webster Inc., Dia-
mond Bar, California) and the CARTO system. Elec-
trograms were filtered at 30 to 400 Hz (bipolar) and 1
to 240 Hz (unipolar). The CT-derived images and EAM
were aligned by using the left main as a landmark, as
previously described (15,16). Electroanatomic data
obtained during remapping after radiofrequency de-
livery were excluded from the analysis.

ELECTROGRAM ANALYSIS. All bipolar electrograms
were displayed at the same gain (scale bar at
0.14 mV/cm) and sweep speed (200 mm/s). Bipolar
voltage >1.50 mV was considered normal at the endo-
cardium and epicardium. Unipolar voltage >3.90 mV
was considered normal at the endocardium (17). LPs
were defined as inscribing after QRS, separated by an
isoelectric segment of >20 ms.

All endocardial and epicardial mapping points
were categorized as:

� no scar, defined by normal bipolar and, for endo-
cardial mapping points, normal unipolar voltage
(normal point [NP]);



FIGURE 1 Processing and Integration of CT Images

(A) Epicardial (red) and pericardial contours (green) were traced and, together with coronary anatomy and the original CT data, imported in the

CARTO mapping system. (B, left) The imported CT images were merged with electroanatomic maps during mapping and ablation. After the

procedure, all points were analyzed for the presence of LPs. (B, right) CT images were post-processed to quantify tissue heterogeneity. (C, left)

An example of a mapping point with the corresponding cylinder (yellow) projected onto the original CT image. The inferior part of the RV free

wall was excluded because of RV lead artifacts. (C, right) For post-procedural analysis, electroanatomic mapping points with LPþ (purple tags)

and without LP (green) were projected onto the post-processed CT contours, color coded for the CT heterogeneity. CT ¼ computed

tomography; LP ¼ late potential; RV ¼ right ventricle.
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CENTRAL ILLUSTRATION RV Tissue Heterogeneity on CT

Venlet, J. et al. J Am Coll Cardiol EP. 2020;6(9):1073–85.

Continued on the next page
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TABLE 1 Baseline Characteristics

ARVC
(n ¼ 17)

EIAR
(n ¼ 9)

Age, yrs 50 � 17 45 � 14

Male 15 (88) 7 (78)

BMI, kg/m2 25 � 4 23 � 3

Diabetes 1 (6) 0 (0)

Hypertension 2 (12) 1 (11)

First presentation

OHCA 3 (18) 0 (0)

(Pre)syncope 1 (6) 5 (56)

Palpitations 11 (65) 3 (33)

Other 2 (12) 1 (11)

ECG

Epsilon wave 5 (29) 0 (0)

TAD >55 ms 10/13 0/8

TWI V1–V3 8 (47) 0 (0)

TWI V1–V2 1 (6) 2 (22)

TWI V1–V4 (RBBB) 3 (18) 0 (0)

TWI V4–V6 4 (24) 0 (0)

TWI inferior 3 (18) 0 (0)

Imaging

CMR 9 7

WMA or aneurysm 5/9 (56) 0/7 (0)

RVEDV ml/m2 119 � 29 136 � 19

RVEF 44 � 8 46 � 3

LVEDV ml/m2 89 � 18 113 � 17

LVEF 56 � 6 55 � 4

Echocardiography 8* 2*

WMA or aneurysm 6/8 (75) 0/0 (0)

PLAX RVOT index, mm/m2 23 � 3 22 � 6

PSAX RVOT index, mm/m2 22 � 3 22 � 6

RV FAC, % 27 � 11 33 � 11

Family history 5 (29) 0 (0)

Pathogenic mutation

Desmosomal 11 (65) 0 (0)

ARVC associated 13 (77) 0 (0)

Values are mean � SD, n (%), or n/N (%). *Echocardiography in patients with
contraindications for cardiac magnetic resonance imaging.

ARVC ¼ arrhythmogenic right ventricular cardiomyopathy; BMI ¼ body mass
index; CMR ¼ cardiac magnetic resonance; EIAR ¼ exercise induced arrhythmo-
genic remodeling; FAC ¼ fractional area change; LVEDV ¼ left ventricular end
diastolic volume; LVEF¼ left ventricular ejection fraction; OHCA¼ out-of-hospital
cardiac arrest; PLAX ¼ parasternal long axis; PSAX ¼ parasternal short axis;
RBBB ¼ right bundle branch block; RV ¼ right ventricle; RVEDV ¼ right ventricular
end diastolic volume; RVEF ¼ right ventricular ejection fraction; RVOT ¼ right
ventricular outflow tract; TAD ¼ terminal activation duration; TWI ¼ T-wave
inversion; WMA ¼ wall motion abnormalities.

CENTRAL ILLUSTRATION Continued

(A) Tissue heterogeneity on CT was analyzed using 5-mm-diameter cylin

applied both for electroanatomic mapping points (left panel) and unifo

patient with arrhythmogenic RV cardiomyopathy (ARVC), a patient with

vidual. (C) The median and interquartile range for CT heterogeneity for

receiver operating characteristic curves (middle panel) are shown, demo

compared to the intramyocardial fat percentage. The scatter plot (right

ARVC compared to control individuals and patients with EIAR. The optim

black line, and the optimal cutoff between ARVC and EIAR by the dashe

tomography; EIAR ¼ exercise induced arrhythmogenic remodeling; HU
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� scar without LP, defined by abnormal bipolar
and/or unipolar voltage but no LP (LP–);

� scar with LP, defined by abnormal bipolar and/or
unipolar voltage and the presence of LP (LPþ).

POST-PROCEDURAL ANALYSIS. After the procedure,
electroanatomic maps and 3D CT contours were
exported from the mapping system. Using MATLAB
software, version R2015b (MathWorks, Natick, Mas-
sachusetts), the CT contours and mapping points were
projected on the original CT data (resolution: 0.36 �
0.36 � 0.36 mm) (Figure 1). Areas with an implantable
cardioverter-defibrillator lead artifact on the CT and
the septum were excluded from analysis. Mapping
points were excluded if they were projected >10 mm
from the contours to exclude points within the cavity
or points taken during deep inspiration. In addition,
mapping points without LP were excluded if located
within close vicinity (<10 mm) of a site with LPþ.

CT-DERIVED TISSUE HETEROGENEITY AND

INTRAMYOCARDIAL FAT. Tissue heterogeneity on CT
was analyzed in the inner 2-mm rim from the RV free
wall epicardial contour because of the known disease
progression from the epicardium toward the endo-
cardium in ARVC (3). First, to analyze CT-derived tis-
sue heterogeneity at each mapping site, a region of
interest was defined as a cylinder-shaped region
(height: 2 mm; radius: 5 mm; volume:

Q
∙ r2 ∙

h ¼ 157 mm3), centered at the catheter tip projection,
on the RV free wall. The computation of tissue het-
erogeneity consisted of 2 steps: 1) the image gradient
within the region of interest was first computed over
the full range of Hounsfield units (HU), reflecting local
tissue change, that is, the potential transition between
fibrofatty tissue and normal myocardium; and 2) the
SD of the gradient was then computed within the re-
gion of interest, describing the variation in tissue
transition in the sampled tissue. The CT-derived tissue
heterogeneity quantified by the SD of the gradient is
further referred to as CT heterogeneity (see the
Supplemental Appendix for the full methodology and
Supplemental Figure 1).
ders in the inner 2-mm rim from the RV free wall epicardial contour, which were

rmly sampled sites (right panel). (B) Examples of CT-derived heterogeneity for a

exercise-induced arrhythmogenic remodeling (EIAR), and a healthy control indi-

the mapping point categories in ARVC and EIAR (left panel) and a comparison of

nstrating that CT heterogeneity allowed detection of LPþ with a higher accuracy

panel) illustrates that the overall CT heterogeneity was higher in patients with

al cutoff between patients with ARVC and control individuals is depicted by the

d line. ARVC ¼ arrhythmogenic right ventricular cardiomyopathy; CT ¼ computed

¼ Hounsfield unit; RV ¼ right ventricle.
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TABLE 2 CT Heterogeneity at Individual Mapping Points in ARVC and EIAR

No Scar (NP) Scar With No LP (LP–) Scar and LP (LPþ) p Value

ARVC (n ¼ 5,215), HU/mm 16 (13–21) 19 (15–25) 31 (23–46) <0.001

Endocardium (n ¼ 2,424) 16 (13–20) 20 (15–29) 30 (25–43) <0.001

Epicardium (n ¼ 2,791) 17 (14–22) 18 (15–24) 33 (22–52) <0.001

EIAR (n ¼ 2,562), HU/mm 14 (12–16) 13 (12–16) 13 (12–18) 0.304

Endocardium (n ¼ 1,139) 13 (12–15) 14 (11–19) — 0.152

Epicardium (n ¼ 1,423) 14 (12–16) 13 (12–16) 13 (12–18) <0.001*

Values are median (interquartile range). *A statistical difference between NP and LP– but not between the categories LPþ and NP or LPþ and LP–.

LP ¼ late potential; NP ¼ normal point; other abbreviations as in Table 1.
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In addition, intramyocardial fat was quantified as
the percentage of image pixels with #–30 HU within
the cylinder (18,19).

Both CT heterogeneity and the intramyocardial fat
percentage were compared between sites with the
pre-defined 3 categories of mapping points: no scar
(NP), scar without LP (LP–), and scar with LP (LPþ).

OVERALL CT-DERIVED TISSUE HETEROGENEITY

AND INTRAMYOCARDIAL FAT PER PATIENT. To
calculate the overall CT heterogeneity and intra-
myocardial fat per patient, dense, uniform sampling
of the entire RV free wall was performed with the
sampling cylinders (radius: 5 mm; height: 2 mm) for
each patient (Central Illustration). The overall CT
heterogeneity and intramyocardial fat percentage
were compared between patients with ARVC, those
with EIAR, and control individuals.

STATISTICAL ANALYSIS. Categorical variables are
displayed as number (percentage), and continuous
variables are expressed as mean � SD or median
(interquartile range). Continuous variables were
compared using the unpaired Student’s t-test, Mann-
Whitney U test, Kruskal-Wallis for the omnibus test,
and Dunn-Bonferroni for the pairwise comparisons
with the Bonferroni correction. Categorical variables
were compared by using the chi-square test. Receiver
operating characteristic curve analysis was performed
to determine the optimal cutoff value, defined as the
value maximizing the sum of sensitivity and speci-
ficity. All tests were 2-sided, and p values <0.05 were
considered statistically significant. All analyses were
performed with SPSS, version 23.0 (IBM SPSS,
Armonk, New York).

RESULTS

PATIENTS. A total of 17 patients with ARVC (age 50 �
17 years; 15 [88%] males; body mass index [BMI] 25 �
4 kg/m2) and 9 patients with EIAR (age 45 � 14 years;
7 [78%] males; BMI 23 � 3 kg/m2) who underwent
combined endocardial-epicardial EAM and CT image
integration were enrolled (baseline characteristics are
provided in Table 1). The control group consisted of
17 patients (age 50 � 15 years; 14 [82%] males; BMI:
25 � 5 kg/m2). There were no significant differences in
age, sex, BMI, and history of diabetes mellitus or
hypertension between patients with ARVC, patients
with EIAR, and individuals control. The mean radia-
tion dose for the CT scan was 3.3 � 1.8 mSv.

ELECTROANATOMIC MAPPING. Combined endocar-
dial and epicardial mapping with successful CT image
integration was performed in all patients with ARVC
and EIAR. The average number of mappings points
was 221 � 84 at the RV endocardium and 298 � 126 at
the epicardium.

CT HETEROGENEITY, INTRAMYOCARDIAL FAT, AND

LPs. All mapping points were projected on the post-
processed CT scan. After exclusion of all points
located >10 mm from the CT contours and all points
without LP but located<10mm frompointswith LPþ, a
total of 7,777 points remained and were selected for
analysis, including 5,215 points in patients with ARVC
and 2,562 points in patients with EIAR. Of the 5,215
mapping points in ARVC, 560 (11%) points demon-
strated scar with LP (LPþ). The CT heterogeneity at
mapping points in patients with ARVC had a median
value of 19 HU/mm (IQR: 15 to 26 HU/mm). CT hetero-
geneity was significantly higher at LPþ sites compared
to NPs, and scar points without LP (LP–) for both the
endocardium and epicardium (p < 0.001) (Table 2,
Figures 2 and 3A). NP demonstrated the lowest CT
heterogeneity. The optimal CT heterogeneity cutoff
value to differentiate between LPþ sites and all other
points was 25 HU/mm (area under the curve [AUC]:
0.80; sensitivity: 72%; specificity: 78%) (Figure 3C).

The median percentage of intramyocardial fat in
patients with ARVC was 12% (IQR: 3% to 29%)
(Figure 3B). The median percentage of intra-
myocardial fat was higher at LPþ points compared to
NP and LP–. The optimal intramyocardial fat per-
centage cutoff value for the detection of LPþ sites
versus all other points was 6% (AUC: 0.58; sensitivity:
80%; and specificity 37%) (Figure 3C).



FIGURE 2 Electroanatomic Voltage Maps and CT Heterogeneity

Examples of 2 patients with ARVC and 1 patient with EIAR, with an epicardial bipolar voltage map (BV) on the left; endocardial unipolar voltage

map (UV) in the middle; and CT contour, color coded for tissue heterogeneity, on the right. The purple tags indicate mapping points with late

potentials. ARVC ¼ arrhythmogenic right ventricular cardiomyopathy; CT ¼ computed tomography; EIAR ¼ exercise induced arrhythmogenic

remodeling.
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In EIAR, 74 (3%) of the 2,562 mapping points ful-
filled the definition of LPþ. All LPþ points were
located at the epicardium. The CT heterogeneity had
a median value of 13 HU/mm (IQR: 12 to 16 HU/mm)
and was similar across all 3 mapping point categories
(p ¼ 0.304) (Table 2, Figure 4A). The median intra-
myocardial fat percentage was 8% (IQR: 0% to 26%)
and higher at sites with LPþ compared to NP
(p < 0.001), but there was no difference at LPþ versus
LP– sites (p >0.999) (Figure 4B). Similar to the find-
ings in ARVC, the intramyocardial fat percentage did
not allow accurate differentiation between LPþ
versus all other points (AUC: 0.59).

When comparing the patients with ARVC and EIAR,
the CT heterogeneity in patients with EIAR was lower
compared to patients with ARVC for each of the 3
mapping point categories (p < 0.001) (Figure 4A). The
intramyocardial fat percentage did not differ between
mapping point categories in ARVC versus LPþ sites in
EIAR (all p > 0.05) (Figure 4B).

OVERALL CT HETEROGENEITY PER PATIENT TO

DIFFERENTIATE BETWEEN PATIENTS WITH ARVC,

PATIENTS WITH EIAR, AND CONTROL INDIVIDUALS. To
compare patients with ARVC, those with EIAR, and
control individuals, the CT heterogeneity at a mean of
4,995 � 13 uniformly selected sample sites per patient
was determined. In patients with ARVC, the median
CT heterogeneity per patient was 23 HU/mm (IQR:
17 to 29 HU/mm; mean: 25 � 9 HU/mm; range 15



FIGURE 3 CT Heterogeneity and Intramyocardial Fat in ARVC

(A, B) The median and interquartile range for CT heterogeneity and intramyocardial fat percentage according to mapping point categories. (C) ROC curve for the optimal

cutoff to differentiate between scar with LPs (LPþ) and all other points. AUC ¼ area under the curve; LP– ¼ scar without LPs; NP ¼ normal point; ROC, receiver operating

characteristic; other abbreviations as in Figures 1 and 2.
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to 48 HU/mm) compared to 18 HU/mm (IQR: 14 to
19 HU/mm; mean: 12 � 2 HU/mm; range 13 to 22
HU/mm) in patients with EIAR and 13 HU/mm (IQR: 11
to 14 HU/mm; mean: 17 � 3 HU/mm; range 10 to 18
HU/mm) in control individuals (Figure 5, Central
Illustration). The optimal CT heterogeneity cutoff
value to differentiate between patients with ARVC
and control individuals was 15 HU/mm (AUC: 0.97;
sensitivity: 100%; specificity: 82%). Of interest, 6 of 17
patients with the final diagnosis ARVC in our cohort
FIGURE 4 CT Heterogeneity and Fat Compared Between ARVC and

The median and interquartile range for (A) CT heterogeneity and (B) fat p

significantly higher CT heterogeneity compared to EIAR for all categorie

intramyocardial fat percentage did not differ between mapping point ca

NP ¼ no scar; LP– ¼ scar without LP; LPþ ¼ scar with LP. Abbreviation
did not fulfill any of the Task Force imaging criteria
for ARVC. These 6 patients, with an early form of
ARVC, could all be correctly identified by using CT
heterogeneity.

The optimal CT heterogeneity cutoff value to
differentiate between ARVC and EIAR was 21 HU/mm
(AUC: 0.78; sensitivity: 65%; specificity: 89%).

The median intramyocardial fat percentage per
patient in ARVC was 17% (IQR: 13% to 22%)
compared to 5% (IQR: 3% to 8%) in control
EIAR

ercentage for the point categories for ARVC and EIAR. ARVC showed a

s, and, in particular, at mapping points with LPs (p < 0.001). The

tegories in ARVC versus LPþ sites in EIAR (all p > 0.05, B).

s as in Figures 1 to 3.



FIGURE 5 CT-Derived Heterogeneity Images From Patients With ARVC, Patients With EIAR, and Control Individuals

CT-derived heterogeneity in (A) patients with ARVC, (B) patients with EIAR, and (C) healthy control individuals. The tissue heterogeneity in

patients with EIAR and control individuals is low (below the optimal CT heterogeneity cutoff of 15 to differentiate between patientswith ARVC and

control individuals, visualized as dark blue, compared to areas with a higher tissue heterogeneity in ARVC. Abbreviations as in Figures 1 to 3.

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 . 6 , N O . 9 , 2 0 2 0 Venlet et al.
S E P T E M B E R 2 0 2 0 : 1 0 7 3 – 8 5 RV Tissue Heterogeneity on CT in ARVC

1081
individuals (p < 0.001). The intramyocardial fat
percentage had a lower accuracy to differentiate
between patients with ARVC and control individuals
when compared to CT heterogeneity (AUC: 0.90;
optimal cutoff value: 9%; sensitivity: 88%; speci-
ficity: 88%). In patients with EIAR, the median fat
percentage was 18% (IQR: 3% to 19%). The intra-
myocardial fat percentage had no discriminatory
capacity to distinguish between ARVC and EIAR
(AUC: 0.50).
DISCUSSION

The present study is the first to analyze tissue het-
erogeneity on CT as a novel tool for the identification
of an arrhythmogenic substrate in patients with ARVC
and to distinguish ARVC from EIAR and control
individuals.

The findings can be summarized as follows: 1) the
newly proposed measure of tissue heterogeneity
derived from CT allowed the detection of
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electroanatomic sites with LPþ as a surrogate for VT
substrate in patients with ARVC, but not in those with
EIAR, suggesting a disease-specific diagnostic tool;
and 2) the overall CT heterogeneity allowed highly
accurate differentiation between patients with ARVC,
patients with EIAR, and control individuals.

THE ROLE OF CT IN ARVC: PHYSIOLOGICAL OR

PATHOPHYSIOLOGICAL INTRAMYOCARDIAL FAT?

As a result of the excellent spatial resolution of CT,
the presence of intramyocardial fat infiltration on
CT has been described in ARVC for more than 2
decades in multiple studies (8,9,20). Despite prom-
ising results, CT was not incorporated into the 2010
ARVC task force criteria (12), partially because of
concerns regarding the differentiation between
pathophysiological and physiological fatty infiltra-
tion and the exposure to radiation (21). In a recent
study, the percentage of RV intramyocardial fat on
CT has been proposed as a quantitative parameter
to differentiate between patients with ARVC and
control individuals (7).

Of note, substantial amounts of intramyocardial fat
have been observed at autopsy in patients with
various cardiac diseases and in patients without car-
diac disease who died from noncardiac causes (22,23).
In addition, homogeneous areas of intramyocardial
fat or scar attenuate local voltages but may not
necessarily be arrhythmogenic. In contrast, hetero-
geneous tissue may result in slow conduction and
functional conduction block, thereby facilitating re-
entrant VT. In the present study, it was hypothe-
sized that tissue heterogeneity on CT is associated
with conduction delay in ARVC and allows differen-
tiation between patients with ARVC, those with EIAR,
and control individuals.

CT HETEROGENEITY: A NOVEL PARAMETER TO

QUANTIFY RV TISSUE HETEROGENEITY. In this
study, we propose a novel measure for CT heteroge-
neity, which may reflect the complexity of fibrofatty
infiltration of myocardial tissue, which may be
particularly prevalent in patients with ARVC. If there
is intermingling of fibrofatty tissue and normal
myocardium, the tissue transition would be identified
by the gradient; if the transition pattern is complex,
the distribution of the gradient values would be more
dispersed than if the pattern is simple, leading to a
high SD of the gradient value.

From a mathematical point of view, the SD is a
second-order statistic, which already describes het-
erogeneity to a certain extent. However, the SD of
HUs on the original CT image is insufficient for our
purpose of quantifying fibrofatty infiltration, because
it is not able to characterize how fibrofatty tissue in-
termingles with myocardium tissue in a local manner.
The local transitions, on the other hand, can be well
represented by the gradient. This rationale underlies
the proposed metric, the SD of the gradient, referred
to as CT heterogeneity. Because of: 1) the known
disease progression wave front from epicardium to
endocardium in ARVC; and 2) wall thinning in ARVC,
CT heterogeneity was assessed in the 2-mm sub-
epicardial layer (3,24).

CT HETEROGENEITY AND LPs IN ARVC. LPs within
low-voltage regions indicate the presence of a sig-
nificant activation delay caused by areas of fixed or
functional block and are considered as surrogates for
VT-related sites (5,6). When CT heterogeneity was
compared between the 3 categories of mapping
points, it was highest at sites with LPþ, followed by
low-voltage sites without evident conduction delay
and normal-voltage sites. Of importance, CT hetero-
geneity was able to differentiate between endocardial
and epicardial sites with and without evident con-
duction delay, specifically in patients with ARVC,
with good accuracy (AUC: 0.80; sensitivity: 72%;
specificity: 78%) (Figure 3C).

One prior study analyzed electrograms at sites
with intramyocardial fat in 16 patients with ARVC
using integration of CT-derived intramyocardial fat
during electroanatomic mapping and found that
80% of electrograms with any local abnormal ven-
tricular activity (LAVA) were located within intra-
myocardial fat on CT (10). In the present study,
local CT heterogeneity allowed for more accurate
identification of low-voltage sites harboring LPþ as
a more specific surrogate for a potential VT sub-
strate than the local percentage of intramyocardial
fat (AUC: 0.85 for CT heterogeneity vs. 0.65 for
intramyocardial fat percentage). This finding sup-
ports our hypothesis that tissue heterogeneity on
CT may represent a more reliable marker for the
arrhythmogenic substrate in ARVC than the per-
centage of intramyocardial fat.

CT HETEROGENEITY IN EIAR. In patients with EIAR,
a novel clinical entity of VT related to RVOT scars in
extreme endurance athletes (11), CT-derived tissue
heterogeneity did not allow differentiation between
sites with and without LPþ. Although the potential
difference of the anatomic substrate can be validated
only by histology, the findings suggest that the newly
proposed measure of CT heterogeneity may detect
LPþ only in areas with fibrofatty replacement and
support the premise that EIAR and ARVC must be
viewed as separate disease entities (11).



FIGURE 6 Histology of the RV Myocardium in a Patient With ARVC

(A) Histology of the RV free wall of a 77-year-old patient without structural heart disease. This slide shows a thick epicardial fat layer (white)

with minimal fat infiltration between epicardial myocardial fibers. Almost no fibrosis (red) is visible in the myocardium. (B) Histology of a 72-

year-old patient with end-stage ARVC and recurrent ventricular tachycardia (PKP2þ mutation), who died of heart failure and acute respiratory

distress syndrome. This mid to apical short-axis myocardial slide shows a thick epicardial fat layer covering a very heterogeneous layer of

myocardium with a higher percentage of fibrosis fat infiltration between the remaining myocardium. (C) A CT-derived heterogeneity image of

the same patient with ARVC shows highly heterogeneous tissue in the area of the histological slide. The dashed line shows the location of slide.

Abbreviations as in Figures 1 and 2.
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OVERALL CT HETEROGENEITY: A POWERFUL TOOL TO

DIFFERENTIATE BETWEEN PATIENTS WITH ARVC,

PATIENTS WITH EIAR, AND CONTROL INDIVIDUALS. In
the present study, the overall CT heterogeneity
allowed highly accurate differentiation between pa-
tients with ARVC and control individuals (AUC: 0.97;
sensitivity: 100%; specificity: 82%). A prior study
using the percentage of intramyocardial fat reported a
similar accuracy in diagnosing ARVC (7). However,
when calculated in the current study, the intra-
myocardial fat percentage was less accurate, with a
lower sensitivity (AUC: 0.90; sensitivity: 88%; speci-
ficity: 88%). The differences may be partly explained
by the applied CT protocols. For the CT acquisition in
our study, a bolus with a mean of 69 ml of contrast
was used versus 100 and 120 ml, respectively, in the 2
prior studies with a double contrast protocol (7,10). Of
importance, less than one-half of the radiation dosage
was required compared to the prior study (7), which
further supports the clinical relevance of the newly
proposed measure CT heterogeneity allowing accu-
rate diagnosis with low radiation exposure and small
contrast dosages.

As discussed, the presence of intramyocardial fat
may neither be sensitive nor specific for ARVC. In an
autopsy study of explanted human hearts, RV
intramyocardial fat percentage of >22% had a sensi-
tivity of only 50% to diagnose ARVC (22). In contrast,
substantial amounts of intramyocardial fat have been
described in patients without RV cardiomyopathy,
both on CT and in autopsy studies (24-26). The high
accuracy of CT heterogeneity for ARVC, which
showed a better performance than fat percentage in
the present study, suggests that tissue heterogeneity
may be a more specific feature of pathological fatty
infiltration (Figure 6). However, studies comparing
tissue histology and CT heterogeneity are required to
validate the present findings.

Of interest, the entire RV free wall was uniformly
sampled for overall CT heterogeneity. Whether
focusing on ARVC predilection areas, such as the
subtricuspid region and RVOT (27), may further
improve the accuracy of CT heterogeneity for differ-
entiation between patients with ARVC and control
individuals needs further studies.

CLINICAL IMPLICATIONS. CT heterogeneity is a
novel tool that may be used to identify the arrhyth-
mogenic substrate and guide VT ablation procedures
in patients with ARVC. CT is widely available and can
easily be obtained in patients with devices. The
overall CT heterogeneity allows highly accurate



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE 1:

Tissue heterogeneity on CT can be used to detect

areas with LPs, potentially related to re-entry VT, in

patients with ARVC.

COMPETENCY IN MEDICAL KNOWLEDGE 2: The

overall tissue heterogeneity on CT allowed highly

accurate differentiation between patients with ARVC

and control individuals.

TRANSLATIONAL OUTLOOK 1: Further studies are
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differentiation between patients with ARVC and
control individuals. In the current study, only 65% of
patients had a major imaging Task Force criterion for
ARVC, suggesting that CT heterogeneity may be of
significant value for diagnosing early ARVC if it would
be incorporated in the Task Force criteria in the
future.

Further research may aim to analyze the value of
RV tissue heterogeneity on CT for diagnosing patients
with an early stage of ARVC and for risk stratification
for ventricular arrhythmias in patients with ARVC.
ARVC is a progressive disease, and consecutive CT
scans may be used for risk stratification in the near
future, since radiation dosages below 1 mSv have
been reported.

STUDY LIMITATIONS. The study was small, and
only ARVC patients with VT undergoing electro-
anatomic mapping for VT ablation were enrolled.
Therefore, it was impossible to study whether CT
heterogeneity can be used for risk stratification for
re-entry VT. CT scans were performed to visualize
the coronary arteries before an epicardial VT abla-
tion. The absence of contrast in the RV made it
impossible to discern the RV endocardial border in
the current study. The CT heterogeneity cutoffs
need to be validated in a prospective cohort.
needed to evaluate whether tissue heterogeneity may

be used to guide VT-ablation in patients with ARVC.

TRANSLATION OUTLOOK 2: Future studies may

aim to analyze if tissue heterogeneity on CT can be

used as an imaging modality in the ARVC Task Force

Criteria and whether it can be used to identify patients

with ARVC at risk for re-entry VT.
CONCLUSIONS

RV tissue heterogeneity, quantified by CT, has a high
sensitivity and specificity for the detection of
low-voltage areas harboring LPþ as a potential VT
substrate in patients with ARVC. The overall tissue
heterogeneity allows for highly accurate
differentiation between patients with ARVC, those
with EIAR, and control individuals. This novel
parameter may be an important diagnostic tool to
distinguish ARVC from EIAR and normal RV and to
guide VT ablation in patients with ARVC.

ADDRESS FOR CORRESPONDENCE: Dr. Katja Zep-
penfeld, Leiden University Medical Center, Depart-
ment of Cardiology (C-05-P), P.O. Box 9600, 2300 RC
Leiden, the Netherlands. E-mail: K.Zeppenfeld@
lumc.nl.
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