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BACKGROUND Patients undergoing ablation of premature ventric-
ular complexes (PVCs) can have cardiac scar. Risk factors for the
presence of scar are not well defined.

OBJECTIVES To determine the prevalence of scarring detected by
delayed enhancement cardiac magnetic resonance imaging (DE-
CMR) in patients undergoing ablation of PVCs, to create a risk score
predictive of scar, and to explore correlations between the scoring
system and long-term outcomes.

METHODS DE-CMR imaging was performed in consecutive patients
with frequent PVCs referred for ablation. The full sample was used to
develop a prediction model for cardiac scar based on demographic
and clinical characteristics, and internal validation of the prediction
model was done using bootstrap samples.

RESULTS The study consisted of 333 patients (52% male, aged
53.2 6 14.5 years, preablation ejection fraction 50.9% 6 12.2%,
PVC burden 20.7 6 13.14), of whom 112 (34%) had DE-CMR scar-
ring. Multiple logistic regression analysis showed age (odds ratio
[OR] 1.02 [1.01–1.04]/year, P 5 .019) and preablation ejection
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fraction (OR 0.92 [0.89–0.94]/%, P , .001) to be predictive of
scar. A weighted risk score incorporating age and ejection fraction
was used to stratify patients into low-, medium-, and high-risk
groups. Scar prevalence was around 86% in the high-risk group
and 12% in the low-risk group; high-risk patients had worse survival
free of arrhythmia.

CONCLUSIONS Cardiac scar was present in one-third of patients
referred for PVC ablation. A weighted risk score based simply on pa-
tient age and preprocedural ejection fraction can help discriminate
between patients at high and low risk for the presence of cardiac
scar and worse arrhythmia outcomes.

KEYWORDS Cardiac scar; Catheter ablation; Delayed enhancement
cardiac magnetic resonance imaging; Premature ventricular com-
plexes; Risk stratification

(Heart Rhythm O2 2021;2:64–72) © 2020 Heart Rhythm Society.
Published by Elsevier Inc. This is an open access article under the
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Introduction
PVCs can be an indicator for structural heart disease. Demon-
stration of delayed enhancement by cardiac magnetic reso-
nance imaging (DE-CMR) is the gold standard for
identification of myocardial scar.1 Identifying cardiac scar
in patients with frequent premature ventricular contractions
(PVCs) helps with risk stratification2,3 and procedural
planning. However, the prevalence and the predictors of car-
diac scar among this population are unknown. Identification
of patient factors associated with cardiac scar may help better
select those who would benefit from preprocedural DE-
CMR. The purpose of this study was to determine the preva-
lence of cardiac scar among patients undergoing catheter
ablation for PVCs, to create and validate a clinical risk tool
to identify patients who are likely to have cardiac scar, and
to explore correlations between the scoring system and
long-term outcomes and complications.
Methods
Study population
From 2005 to 2017, a total of 333 consecutive adult patients
with frequent PVCs underwent catheter ablation preceded by
DE-CMR and were included in this retrospective, single-
center study. Patients with uninterpretable imaging studies
were excluded (n 5 0). The study protocol was approved
by the University of Michigan’s Institutional Review Board.
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KEY FINDINGS

- Among a large population of consecutive patients with
premature ventricular contractions (PVCs) undergoing
catheter-based ablation, the prevalence of delayed
enhancement cardiac magnetic resonance (DE-CMR)
detected scar on preprocedural imaging was 34%.

- A clinical risk score system for the presence of DE-CMR-
detected scar was created and validated. The scoring
system utilized objective and easily obtained patient
characteristics. Patient age and preablation ejection
fraction helped to discriminate between patients with
high and low risk for scar and worse arrhythmia out-
comes. The prevalence of scar was .80% in the high-
risk group and 12% in the low-risk group.

- This scoring system could be incorporated into shared
decision-making models to better direct preprocedure
imaging prior to catheter ablation of PVCs.
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This study complied with the guidelines set forth in the
Declaration of Helsinki.
Cardiac magnetic resonance imaging
The studies were performed on a 1.5 Tesla magnetic reso-
nance imaging scanner (Signa Excite CV/I; General Electric,
Milwaukee, WI, or Achieva MR; Philips, Amsterdam,
Netherlands) with a 4- or 8-element phased array coil placed
over the chest of patients in supine position. Images were ac-
quired with electrocardiogram (ECG) gating during breath-
holds. Dynamic short- and long-axis cine images of the heart
were acquired using a segmented k-space steady-state free
precession pulse sequence (repetition time 4.2 ms, echo
time 1.8 ms, 1.4 ! 1.4 mm in-plane spatial resolution, 8
mm slice thickness). After a 15-minute delay following
administration of 0.20 mmol/kg of intravenous gadolinium
DTPA (Magnevist; Berlex Pharmaceuticals, Wayne, NJ),
2-dimensional delayed enhancement imaging was performed
using an inversion-recovery sequence4 (repetition time 6.7
ms, echo time 3.2 ms, in-plane spatial resolution 1.4 ! 2.2
mm, slice thickness 8 mm) in the short axis and long axis
of the left ventricle at matching cine-image slice locations.
The inversion time (250–350 ms) was optimized to null the
normal myocardium A modified broadband magnetic reso-
nance imaging sequence5,6 was used to avoid artifacts from
the implantable cardiac defibrillator generator in 1 patient
who had an implanted device. Single-shot imaging and
arrhythmia rejection algorithms were used to achieve diag-
nostic imaging quality as needed. The median time between
DE-CMR acquisition and catheter ablation was 34.5 [inter-
quartile range (IQR), 13–70.5] days.

Using proprietary software (MUSIC; Liryc, Université de
Bordeaux/Inria, Sophia Antipolis, France), regions of interest
were drawn to segment the myocardium, and the histogram
of pixel intensities within the myocardium was analyzed.
The half-width full-maximal method was used to define
scar; thresholds for scar core and total scar were 50% and
.35% of the maximal signal intensity, respectively. Both
volumes were quantified and expressed in cm3.
Electrophysiology study and programmed
stimulation
After written informed consent was obtained, multipolar
catheters were inserted into the femoral vein and positioned
in the high right atrium, the His bundle, and the right ventric-
ular apex. Mapping was performed with a 3-dimensional
mapping system (CARTO�; Biosense Webster, Inc, Dia-
mond Bar, CA) and an irrigated-tip catheter (Thermocool�;
Biosense Webster). PVCs originating in the left ventricle
were mapped via a retrograde aortic approach after adminis-
tration of heparin to obtain an activated clotting time .250
seconds. Right ventricular PVCs were mapped after adminis-
tration of 3000 units of heparin initially, followed by 1000
units every hour. Intracardiac electrograms were displayed
on a recording system (EP-WorkmateTM; St. Jude Medical,
Inc, St. Paul, MN) at a speed of 100 mm/s. Activation map-
ping of the PVCs was performed to identify the site of origin.
Pace-mapping was performed if the PVCs were infrequent. In
the case of epicardial PVCs, the coronary venous system was
mapped for targets, followed by epicardial mapping and abla-
tion via a subxiphoid approach, if needed.7 Intramural PVCs
were targeted at the earliest breakout sites on nearby endocar-
dial chambers, or at the site of origin directly via the coronary
venous system when possible.8 Successful ablation was
defined as a reduction of the PVC burden by �80%
compared to preablation at 3 months follow-up.9
Ejection fraction and PVC burden
The ejection fraction (EF) pre- and post-procedure was as-
sessed by transthoracic echocardiograms performed within
2 weeks before and at 3–6 months after the ablation proced-
ure.10 The pre- and postprocedure PVC burden was assessed
with ambulatory 24-hour Holter monitoring obtained within
3 months prior to and 3–6 months after ablation.
Statistical analysis
Continuous variables are expressed as mean6 standard de-
viation, median [IQR], and categorical variables as absolute
numbers and percentages. Baseline characteristics between
those with vs without cardiac scar were done using the t test
for continuous variables. Categorical variables were
compared using the c2 test, but if the expected count was
smaller than 5 in a given cell, the Fisher exact test was
used. Logistic regression analysis was performed to deter-
mine the association between clinical characteristics and
the presence of cardiac scar. Odds ratios (OR) and 95% con-
fidence intervals (CI) were calculated. Variables with a P,
.10 on univariate modeling were entered into a multivari-
able model. Adverse events were defined as the occurrence
of ventricular tachycardia (VT), ventricular fibrillation, or
death; Cox proportional hazard ratios (HR) and 95% CIs



Table 1 Patient characteristics by the presence or absence of cardiac scar

Total (n 5 333) No cardiac scar (n 5 221) Cardiac scar (n 5 112) P

Patient characteristics
Age, years (mean 6 SD) 53.22 614.5 51.50 613.86 56.62 615.33 .002
Male 173 (52.0) 101 (45.7) 72 (64.3) .002
EF, % (mean 6 SD) 50.89 6 12.17 54.61 6 9.57 43.55 6 13.40 ,.001
PVC burden, % (mean 6 SD) 20.67 6 13.14 19.26 6 13.32 23.45 612.38 .006
PVC cardiomyopathy 123 (36.9) 66 (29.9) 57 (50.9) ,.001
Comorbidities
Hypertension 164 (49.2) 100 (45.2) 64 (57.1) .053
Diabetes mellitus 49 (14.7) 33 (14.9) 16 (14.3) 1
Atrial fibrillation 40 (12.0) 22 (10.0) 18 (16.1) .149
COPD 19 (5.7) 8 (3.6) 11 (9.8) .04
Hyperlipidemia 138 (41.4) 92 (41.6) 46 (41.1) 1
CKD 23 (6.9) 13 (5.9) 10 (8.9) .42
Pre-existing CMP (%) 75 (22.5) 39 (17.6) 36 (32.1) .004
NICM 39 (11.7) 17 (7.7) 22 (19.6) .002
ICM 34 (10.2) 21 (9.5) 13 (11.6) .683
Medications
BB 237 (71.2) 148 (67.0) 89 (79.5) .024
CCB 59 (17.7) 45 (20.4) 14 (12.5) .105
ACE/ARB 98 (29.4) 47 (21.3) 51 (45.5) ,.001
Amiodarone 22 ( 6.6) 9 ( 4.1) 13 (11.6) .017
Other AAD 64 (19.2) 53 (24.0) 11 ( 9.8) .003
Sinus rhythm ECG
QRS, ms (mean 6 SD) 96.07 6 17.77 93.77 6 15.37 100.62 6 21.09 .001
LBBB 9 (2.7) 4 (1.8) 5 (4.5) .292
RBBB 10 (3.0) 4 (1.8) 6 (5.4) .146
Paced 1 (0.3) 1 (0.5) 0 (0.0) 1
PVC ECG
QRS, ms (mean 6 SD) 155.86 6 21.34 154.51 6 19.98 158.51 6 23.66 .106
LBBB morphology 194 (58.3) 125 (56.6) 69 (61.6) .445
Inferior axis 257 (77.2) 169 (76.5) 88 (78.6) .769
PVC site of origin
Epicardial 54 (16.2) 45 (20.4) 9 (8.0) .006
Intramural 58 (17.4) 14 ( 6.3) 44 (39.3) ,.001
Outflow tract 113 (33.9) 85 (38.5) 28 (25.0) .02
Papillary muscle 48(14.4) 35(15.8) 13(11.6) .38
Parahisian 18 (5.4) 10 (4.5) 8 (7.1) .458
Other origin 43 (12.9) 32 (14.5) 11 (9.8) .306

Note: Unless otherwise stated, all cell values are n (%).
AAD 5 antiarrhythmic drug; BB 5 beta blocker; ACE 5 angiotensin converting enzyme inhibitor; ARB 5 angiotensin II receptor blocker; CCB 5 calcium

channel blocker; CKD5 chronic kidney disease; CMP5 cardiomyopathy; COPD5 chronic obstructive pulmonary disease; ECG5 electrocardiogram; EF5 ejection
fraction; ICM 5 ischemic cardiomyopathy; LBBB 5 left bundle branch block; NICM 5 nonischemic cardiomyopathy; PVC 5 premature ventricular complexes;
RBBB 5 right bundle branch block.
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were calculated. Statistical significance was determined by
two-sided 0.05 level tests.
Risk score development
A prediction model of the presence of cardiac scar (outcome)
was built using all patient data. To create a practical risk
score, only nonmodifiable patient factors that could be ascer-
tained prior to an ablation procedure or DE-CMR were
considered as potential predictors. Factors that were statisti-
cally significant in bivariate logistic regression analyses (P
, .10) with the presence of cardiac scar (outcome) as the
dependent variable were identified as potential candidates
for inclusion into the risk score. Preexisting cardiomyopathy
was defined as an established history and treatment for
ischemic or nonischemic cardiomyopathy prior to documen-
tation of frequent PVCs. Potential risk factors were assessed
for collinearity. For all continuous potential predictors, to
ensure that the linear assumption for risk scores based on
the prediction model on logit scale is appropriate, we exam-
ined their functional relationships by visual inspection of
scatterplots of each predictor with the outcome in logit scale
and also by adding the squared term of each continuous pre-
dictor centered at their sample mean along with the linear
term. Backward elimination with a significance level of
0.10 for elimination was used to arrive at the final multivari-
able prediction model. For the final model, we assessed
discrimination using the C-statistic and calibration using
the Hosmer–Lemeshow goodness-of-fit test and calibration
curve. For predictive performance in a new sample, we
used an internal validation with the bootstrap approach to
correct for optimism. Specifically, we used 1000 bootstrap



Table 2 Premature ventricular contraction ablation outcomes

Total (n 5 333) Scar (n 5 112) No scar (n 5 221) P

Successful ablation, n (%) 256 (77) 79 (71) 177 (80) P 5 .07
Postablation PVC burden, % 0.45 [0.0–3.75] 1.14 [0.06–9.10] 0.13 [0.0–2.0] P , .001
Postablation EF, % 60.0 [55.0-62.5] 55.0 [50.0–60.0] 60.0 [55.0–63.0] P , .001
Net change in EF, % 2.5 [0.0–10.0] 10.0 [0.0–20.0] 0.0 [0.0–10.0] P , .001

EF 5 ejection fraction; PVC 5 premature ventricular contraction.
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samples and redeveloped a prediction model on each boot-
strap sample. Performance measures of each bootstrap sam-
ple model were then compared to the corresponding
estimates of the bootstrap models applied in the original sam-
ple. The average of the calibration slopes based on the boot-
strap models applied in the original sample was calculated as
the performance measure of the prediction model accounted
for the expected optimism in clinical practice. For clinical
use, risk scores were assigned to each risk factor included
in the final prediction model by dividing the beta coefficients
by the smallest absolute value of the regression coefficients
and rounded to the nearest integer.11 The total risk scores
were applied to the full cohort, and the area under the receiver
operating characteristic curves were calculated to assess the
discrimination of the total risk score. The cut-off points for
dividing patients into low, medium, and high risk groups ac-
cording to their total risk score were assigned based on what
the authors felt were clinically meaningful categorizations
(low risk ,25% predicted risk, high risk .575% predicted
risk) and the prevalence of cardiac scar in each risk groups
was compared. All statistical analyses were performed using
R version 3.6.1 (R Foundation for Statistical Computing,
Vienna, Austria).
Results
Study population
A total of 333 patients with frequent PVCs undergoing
PVC ablation preceded by CMR were included for anal-
ysis (52% male, aged 53.2 6 14.5 years, preablation EF
50.9% 6 12.2%, PVC burden 20.7 6 13.1). There were
no patients with a history of sustained ventricular arrhyth-
mias or syncope. The mean PVC duration on surface
ECG was 156 6 21 ms; there were 194 (58%) with left
bundle branch block morphologies and 257 (77%) with
inferiorly directed axes. Structural heart disease was pre-
sent in 79 patients (22.5%) of the population, including
39 patients (11.7%) with nonischemic cardiomyopathy
(NICM), 34 patients (10.2%) with ischemic cardiomyop-
athy, and 2 patients with severe valvular heart disease
(0.6%). Etiologies of NICM included left ventricular non-
compaction (n 5 2), arrhythmogenic right ventricular
dysfunction (n 5 3), sarcoidosis (n 5 2), and idiopathic
NICM (n 5 34). Patients with NICM were patients
with cardiomyopathy prior to the presence of frequent
PVCs. PVC cardiomyopathy was present in 37% of the
population. Patient characteristics are shown in Table 1.
DE-CMR scar
Scar was detected in 112 of 333 (34%) patients. The median
volume of cardiac scar was 1.28 [0.83–2.50] cm3 (range 0.3–
15.4 cm3), and was larger in patients with preexisting cardio-
myopathy: 1.96 [1.16–3.47] cm3 vs 1.13 [0.72–1.81] cm3, P
, .001. The scar was primarily intramural in 56 of 112 (50%)
patients, transmural in 10 (9%), located in basal segments in
89 (79%), and lateral segments in 16 (14%). The PVC site of
origin corresponded to the scar location in 104 of 112 (93%)
patients. In the remaining 8 patients, the PVC origin was
papillary muscle (n 5 5), parahisian (n 5 1), and intramural
(n5 2). PVC cardiomyopathy was more prevalent in patients
with cardiac scar compared to patients without scar (51% vs
30%, P , .001). Patients with cardiac scar were older (56.6
6 15.3 vs 51.56 13.9 years, P5 .002), were more likely to
be male (64.3% vs 45.7%, P 5 .002), and had a lower prea-
blation EF (43.5% 6 13.4% vs 54.6% 6 9.6%, P , .001)
than those without scar. Among the entire cohort, bivariate
analyses showed that age (OR 1.03, 95% CI [1.01–1.04]/y,
P5 .003), male sex (OR 2.14 [1.34–3.44], P5 .002), hyper-
tension (OR 1.61 [1.02–2.56], P 5 .04), chronic obstructive
pulmonary disease (OR 2.9 [1.14–7.70], P5 .03), structural
heart disease (OR 2.21 [1.30–3.75], P5 .003), EF (OR 0.92
[0.90–0.94]/%, P , .001), PVC burden (OR 1.02 [1.01–
1.04]/%, P , .01), and the sinus rhythm QRS width (OR
1.02 [1.01–1.04]/ms, P, .01) were associated with the pres-
ence of scar. Multiple logistic regression analysis showed
only age (OR 1.02 [1.01–1.04]/y, P 5 .02) and preablation
ejection fraction (OR 0.92 [0.89–0.94]/%, P , .001) to be
independently predictive of cardiac scar.
Ablation outcomes
PVCs were successfully ablated in 256 of 333 (77%) patients.
The success rates were 70.5% in patients with cardiac scar and
80.1% in patients without cardiac scar (P 5 .07). The most
common sites of origin were the outflow tracts (34%), intra-
mural locations (17%), epicardial locations (16%), papillary
muscle locations (14%), and parahisian locations (5%)
(Table 1). Epicardial and outflow tract PVC sources were
less common in patients with cardiac scar than in those
without scar (8.0% vs 20.4%, P 5 .006 and 25.0% vs
38.5%, P 5 .02, respectively), while intramural sources
were more common in patients with scar than without scar
(39.3% vs 6.3%, P , .001). Post ablation, patients with car-
diac scar had a higher burden of postablation PVCs (1.14
[0.06–9.10] vs 0.13 [0.0–2.0], P, .001) and lower postabla-
tion EFs (55.0 [50.0–60.0]% vs 60.0 [55.0–63.0]%,



Table 3 Factors associated with cardiac scar and optimism adjusted risk scores

Variable Odds ratio [95% CI] P value Beta coefficient Beta coefficient*

Age 1.04 [1.02–1.06] ,.001 0.0372 0.0328
Age squared 1.00 [1.00–1.00] .01 0.0013 0.0012
Preablation EF 0.92 [0.90–0.94] ,.001 -0.0844 -0.0746

EF 5 ejection fraction.
*Optimism-adjusted beta coefficients (accounted for overfitting using shrinkage factor of 0.8833).
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P, .001); patients with cardiac scar had a greater net change
in EF post ablation (10.0 [0.0–20.0] vs 0.0 [0.0–10.0], P ,
.001) compared to patients without scar (Table 2). The pres-
ence of cardiac scar was associated with a greater PVC burden
on follow-up independent of age, sex, the presence of struc-
tural heart disease, or acute procedural success (P , .04).
Table 4 Risk scores and total risk scores with the associated
cardiac scar risk estimates

Risk factor Risk score Total risk score Risk estimate

Age �25 3 -10 0.048
26–35 1 -9 0.067
36–45 0 -8 0.098
46–55 1 -7 0.140
56–65 3 -6 0.197
66–75 4 -5 0.269
76–85 4 -4 0.356

-3 0.454
Preablation EF �20 0 -2 0.555

21–30 -2 -1 0.652
31–40 -4 0 0.738
41–50 -6 1 0.809
51–60 -8 2 0.864
61–70 -10 3 0.905

4 0.935

CM 5 cardiomyopathy; EF 5 ejection fraction.
Note: Risk score total can range from -10 to 4; for example, a 55-year-old

person with preablation ejection fraction of 42 will have a risk score total of 1
2 6 5 -5 and the cardiac scar risk is predicted to be 0.269.
Risk score
Using full sample data, bivariate logistic regression analyses
identified age, sex, hypertension, history of preexisting car-
diomyopathy, preablation EF, PVC burden, hypertension,
chronic obstructive pulmonary disease, and intrinsic QRS
width to be strongly associated with the presence of cardiac
scar. Highest correlation between any 2 continuous potential
risk factors (age, preablation EF, PVC burden, and intrinsic
QRS width) was -0.31. Visual inspection of scatterplots of
each predictor with the outcome (presence of cardiac scar)
in logit scale showed patient age and PVC burden to poten-
tially have a nonlinear relationship with the logit of cardiac
scar and the squared term of the 2 predictors were added as
potential predictors. The final prediction model in the full
sample included linear age, squared age, and preablation EF
(Table 3). The final model had the C-statistic of 0.79 (95%
CI 5 0.74, 0.84) with Hosmer–Lemeshow test showing a
good fit (c2 statistics 511.48, P 5 .18) with good apparent
performance based on the calibration plot (Supplemental
Figure 1). Bootstrap internal validation showed the shrinkage
factor to be 0.88. The optimism in discrimination based on
bootstrap samples was 0.02, and after subtracting this opti-
mism from the apparent C-statistic, optimism adjusted
discrimination of the final model was 0.77.

To create risk scores for clinical use and to reflect the sig-
nificant nonlinear relationship of patient age with the logit of
cardiac scar, the final prediction model was modified to
include categorical indicators for age rather than a linear
and a square age term. Table 4 summarizes the risk scores
corresponding to each age category and preablation EF
values based on the beta coefficients of the modified final pre-
diction model. The risk score total for any individual patient
can be calculated by summing the risk scores corresponding
to the patient age and preablation EF. The resulting total risk
score can range between -10 and 4, with higher value corre-
sponding to higher cardiac scar risk. Table 3 also shows the
cardiac scar risk estimates corresponding to each total risk
score value. The total risk score alone showed good discrim-
ination with a c-statistic of 0.78 (95% CI 5 0.73, 0.84), but
calibration was not as good (P 5 .01 from Hosmer–
Lemeshow goodness-of-fit test, Figure 1).
The mean risk score of patients without scar was lower
than those with scar in the full sample (-5.66 6 2.51 vs
-2.606 2.89, P, .001). The risk scores were used to divide
the cohorts into 3 risk groups based on their total risk score:
low (-10 to -6), medium (-5 to 0), and high (1 to 4) (Figure 1).
The prevalence of cardiac scar in the low-, medium-, and
high-risk groups was 11.5% (15/131), 43.6% (79/181), and
85.7% (18/21), respectively. In the full sample cohort, the
high-risk score had a positive predictive value of 86%, nega-
tive predicative value of 70%, sensitivity of 16%, and speci-
ficity of 99% for the presence of scarring.
Risk score and adverse events
Over a mean follow-up period of 3.66 2.9 years, there were
15 adverse events, including VT (n 5 8) and death (n 5 7).
Cardiomyopathy was present in 9 of 15 patients. The mean
postablation EF in this group was 47.2% 6 13.7%; the EF
was .50% in 6 of 8 (75%) patients who experienced VT.
Scar was present in 11 of 15 patients with adverse events
(average scar volume 4.96 3.9 cm3). The scar was intramu-
ral in 3 of 11 patients and transmural in 4, located in the basal
septum in 5 of 11 patients, lateral segments in 5, and inferior
segments in 1. Twenty patients remained on antiarrhythmic
drug therapy at the time of follow-up, including amiodarone
(n5 8), dofetilide (n5 3), sotalol (n5 6), flecainide (n5 2),
and propafenone (n 5 1). There were 3 cardiac deaths and 4



Figure 1 Risk scoring system and prevalence of cardiac scar.
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noncardiac deaths. Cardiac scar was present in 11 of 15 pa-
tients with adverse events, including all patients who experi-
enced VT. Survival free of adverse events are shown in
Figure 2 (log-rank P5 .049). Patients in the high-risk group
were at an elevated risk of adverse events compared to those
in the other risk groups (VT or all-cause mortality, HR 6.1,
95% CI [1.2–21.5], P 5 .03; VT or cardiac death, HR 1.5,
95% CI [0.14–16.1], P 5 .22).
Discussion
Cardiac scar was detected in one-third of consecutive patients
referred for PVC ablation. The strongest risk factors for the
presence of scar were age and preablation EF. A weighted
risk score utilizing preprocedural patient characteristics can
help discriminate between patients at high and low risk for
the presence of cardiac scar. A low risk score can identify pa-
tients in whom a CMR may not be needed prior to a PVC
ablation procedure. Patients in the high risk score had an
elevated risk of adverse events over the follow-up period.
Prevalence and significance of cardiac scar
Imaging cohort studies have shown that ventricular scar is
common in patients with and without cardiac disease. In a
large multiethnic cohort of 1840 patients without known car-
diac disease, 7.9% were found to have DE-CMR-detected
scar.12 Among patients with risk factors for cardiac disease
or heart failure, the prevalence of scar may be as high as
30%–40%.13,14 In patients with frequent PVCs without
known cardiac disease, the prevalence of scarring was
25%.15 The presence of cardiac scar was strongly associated
with VT inducibility and the risk of future VT independent of
the left ventricular EF.15 Other prospective studies have simi-
larly reported that cardiac scar confers a risk of sudden death
even among patients with normal or only mildly decreased
EF.16 The presence of cardiac scar is independently associ-
ated with the development of PVC-induced cardiomyopa-
thy.17 Accordingly, patients in this study with cardiac scar
had greater net increase in EF compared to those without
scar. Regardless of the population, the presence of scar is
consistently associated with increased mortality and adverse
cardiovascular events.18–24

The presence of structural heart disease is not synony-
mous with the presence of DE-CMR-detected scar.25. Only
36 of 75 patients in this study with a pre-existing diagnosis
of cardiomyopathy were found to have DE-CMR scar. This
study included patients both with and without a prior history
of cardiomyopathy to better model the real-world patient
populations referred for ablation of PVCs.
Risk score for scar
PVCs can be the predominant manifestation of scarring in the
heart. The probability of scar depends on associated risk fac-
tors. Prior studies indicate that advanced age, male sex, and
hypertension, among others, are associated with scarring as
detected by CMR.7 Hence, PVCs in a 35-year-old woman
are less likely associated with scarring than in a 58-year-
old man. PVC morphology may also suggest the presence
of cardiac scar.26 This study combines risk factors that corre-
lated with scarring and predicts the likelihood for the pres-
ence of scarring. Our study goes beyond other reports
indicating single-factor association with scarring by
combining the associated factors and developing a simple
clinical tool for scar assessment.

In addition to well-known factors, we found that that a
simple measurement of the QRS width during sinus rhythm
(ie, a QRS width of .85 ms) was predictive of scarring.
More complex ECG-based scoring algorithms have been re-
ported and found to be indicative of scaring.27–29 A
prolonged sinus QRS width likely reflects the diseased
myocardial substrate associated with scar deposition. Other
ECG-derived parameters including the PVC morphology
were not associated with scarring. Not surprisingly, the



Figure 2 Adverse events among risk score groups. Survival free of ventricular arrhythmias or death stratified by the risk scores. VT5 ventricular tachycardia.
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majority of patients with outflow tract PVCs did not have a
scar; however, most patients with an intramural PVC origin
had scarring. Unfortunately, ECG criteria indicative for an in-
tramural origin are lacking and an intramural origin cannot be
identified easily prior to a mapping procedure. The majority
of scarring is located in the outflow tract area and therefore
overlaps with the area where idiopathic PVCs typically orig-
inate.

The scoring system utilizes only age and preablation EF,
and showed a clinically relevant discrimination of patients
into low-, medium-, and high-risk groups. The risk score per-
formed well on multiple validation analyses.
Clinical implications
Information from DE-CMR can assist with risk stratifica-
tion, procedural planning, and patient counseling. Our
group has previously shown that both the presence of scar
and the total scar burden can be used to predict the induc-
ibility of VT and survival free from ventricular arrhythmias
in patients undergoing ablation of PVCs.15,30 A recent
multicenter study showed the presence of cardiac scar in pa-
tients undergoing ablation of idiopathic PVCs was associ-
ated with worse long-term outcomes, including sudden
cardiac death and appropriate implantable cardiac defibril-
lator therapy.31

It is not surprising that patients in the present study who
were in the highest risk category also had an elevated risk
for adverse events. The 2019 HRS/EHRA expert consensus
statement on catheter ablation of ventricular arrhythmias32

endorsed the use of DE-CMR to risk stratify patients under-
going ablation of frequent PVCs (class of recommendation,
IIA; level of evidence B). Prospective studies using DE-
CMR data to guide clinical decisions regarding risk stratifica-
tion are lacking and will be needed before they can be uni-
formly adopted.

DE-CMR can assist with preprocedural planning and
allow for a more informed discussion with patients about pro-
cedural risks and outcomes. The site of PVC origin correlates
with the location of cardiac scar in 90% of cases.33 Analyzing
the 12-lead ECG is an invaluable step for estimating the PVC
origin, and mapping is used to precisely identify the site of
origin. An intramural origin is often difficult to identify,
and the presence of intramural scarring in the outflow tract
often correlates with an intramural PVC origin in the area
where the scar is located. Hence knowledge of scar location
can facilitate the mapping effort. The presence of epicardial
scar can be used to anticipate the need for percutaneous
epicardial access or ablation within the coronary venous sys-
tem. Intramural scar may require the use of adjunctive abla-
tion measures such as bipolar ablation, simultaneous
unipolar ablation, or alterations to the ablation irrigation
fluid.34 In this study patients with cardiac scar had higher
rates of residual PVC burden at follow-up despite similar
rates in acute procedural success. Animal models suggest
that biophysical differences between healthy and scarred
myocardium lead to unpredictable effects of catheter-
induced tissue injury.35 Temporary suppression, rather than
elimination, of PVC sources in patients with scar may explain
the higher rates of residual PVCs. Alternatively, these pa-
tients may have had progression of an underlying process
leading to new substrate for arrhythmias. Further studies
are needed to understand the causes and implications of these
different clinical outcomes among patients with and without
cardiac scar.

The use of the clinical risk score may help guide physi-
cians in appropriately selecting patients for preprocedural im-
aging. The odds of an abnormal DE-CMR with scarring is
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less than 12% in the low-risk group and therefore a DE-CMR
may not be necessary in this patient population. In the high-
risk group the likelihood of scarring in the CMR is.85%. In
this population quantification of the scar volume is of key
importance, since the scar volume indicates the risk for
adverse outcomes. In the medium-risk group greater than
one-third of patients had scarring, and the CMR will help
to identify this patient population for appropriate risk stratifi-
cation.

Given the utility to aid in PVC localization, procedural
planning, preprocedure patient counseling, and long-term
risk stratification, DE-CMR should be strongly considered
as preprocedural workup of PVC ablations. The decision to
pursue this test is complex and depends upon a shared discus-
sion between the physician and the patient, individual prac-
tice patterns, and local imaging expertise. To aid in these
complex decisions, this scoring system can help all parties
to better assess the likelihood of obtaining a positive test.
With appropriate precautions, DE-CMR is a safe and well-
tolerated test, but it adds to the cost of care and patient
discomfort/inconvenience. Gadolinium-based contrast
agents carry a small risk of nephrogenic systemic fibrosis
and may lead to depositions in brain tissue, especially with
repeat administration.36 It therefore may be reasonable to
forgo DE-CMR for patients in the lowest risk category where
a positive study is less likely. DE-CMR would be of higher
yield for those in the higher-risk groups, particularly those
with presumed idiopathic PVCs who may nevertheless
have an underlying process that DE-CMR may detect. Pro-
spective studies incorporating selective use of DE-CMR as
well as DE-CMR-guided ablation strategies may lead to
cost savings and improved quality of care in patients under-
going PVC ablation. Patients in the highest risk group may be
at risk for adverse events, particularly if cardiac scar is de-
tected on DE-CMR.
Limitations
This was a single-center, retrospective study and the use of
the clinical risk score should be validated in larger popula-
tions. The scoring system was created and validated to help
predict the presence of DE-CMR cardiac scar; while patients
with elevated scores were at risk for adverse clinical events,
this score system should not be used for long-term risk
assessment without further prospective studies. We included
patients with any amount of detectable cardiac scar in the scar
group, as the minimally relevant scar burden is unknown;
different scar cut-offs may impact the performance of the
risk score. We included all patients referred for ablation
and future studies could examine a less heterogeneous
cohort, such as those with or without a history of heart dis-
ease. Continuous data were divided into groups, which could
lead to a loss of the precision within the data. No additional
CMR parameters were analyzed besides the presence or
absence of scar, and echocardiography data were obtained
from clinical interpretations. We examined patient character-
istics and the risk for DE-CMR scar at the time of ablation
and cannot comment on the future risk of scar development.
Likewise, as a retrospective study performed at a tertiary
referral center, we do not have access to prior cardiac imag-
ing, including previous DE-CMR.We are unable to comment
on image quality differences in the presence or absence of
PVCs, as well as the association of our reported risk factors
to the likelihood of scar during an initial evaluation for struc-
tural heart disease. Future studies should focus on these pa-
tient populations and incorporate routine follow-up
imaging using standard protocols. This was a retrospective
study and utilization of DE-CMR into ablation planning
and workflow was used at the discretion of the operating
physician; future studies should incorporate protocoled inte-
gration of imaging into ablation procedures, which may
further clarify their utility.
Conclusion
Cardiac scar was present in one-third of consecutive patients
referred for PVC ablation. A weighted risk score utilizing
preprocedural patient characteristics including patient age
and preablation EF may help to identify a patient population
that will benefit from a DE-CMR study and who are at
increased risk for adverse events.
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