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Background: There is limited information on the long-term outcomes of ICDs in patients with inherited
arrhythmia syndromes.

Methods: Prospective registry study of inherited arrhythmia patients with an ICD. Incidence of therapies and
complications were measured as 5-year cumulative incidence proportions and analyzed with the Kaplan-Meier
method. Incidence was compared by device indication, diagnosis type and device type. Cox-regression anal-
ysis was used to identify predictors of appropriate shock and device complication.

Results: 123 patients with a mean follow up of 6.4 + 4.8 years were included. The incidence of first appropriate
shock was 56.52% vs 24.44%, p < 0.05 for cardiomyopathy and channelopathy patients, despite similar ejection
fraction (61% vs 60%, p = 0.6). The incidence of first inappropriate shock was 13.46% vs 56.25%, p < 0.01 for
single vs. multi-lead devices. The incidence of first lead complication was higher for multi-lead vs. single lead
devices, 43.75% vs. 17.31%, p = 0.04. Patients with an ICD for secondary prevention were more likely to receive
an appropriate shock than those with primary prevention indication (HR 2.21, CI 1.07-4.56, p = 0.03). Multi-
lead devices were associated with higher risk of inappropriate shock (HR 3.99, CI 1.27-12.52, p = 0.02), with
similar appropriate shock risk compared to single lead devices. In 26.5% of patients with dual chamber devices,
atrial sensing or pacing was not utilized.

Conclusion: The rate of appropriate therapies and ICD complications in patients with inherited arrhythmia is
high, particularly in cardiomyopathies with multi-lead devices. Risk-benefit ratio should be carefully considered
when assessing the indication and type of device in this population.

1. Introduction

Patients with heritable arrhythmogenic conditions may require an
implantable cardiac defibrillator (ICD) for primary or secondary pre-
vention of sudden cardiac death [1,2]. In this population, ICD implan-
tation often occurs at a relatively young age, conferring a prolonged
exposure to the risks associated with an implantable device [3,4].

This study aimed to assess the incidence of device related outcomes
including appropriate shock, inappropriate shock, and lead complica-
tions in patients with genetic cardiomyopathies and channelopathies
implanted with ICDs.

2. Methods
2.1. Study design

This work is an analysis of prospective registry including all patients
with an ICD followed at the Cardiovascular Genetics Program at New
York University Langone Health between 2008 and 2020. The study was
approved by the NYU School of Medicine IRB 09-0297.

Patients meeting these criteria were entered into an IRB approved
registry. Clinical information was obtained from the patient’s electronic
medical records. The patient’s diagnosis was categorized as either a
cardiomyopathy or channelopathy according to the primary clinical
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feature of the condition. Channelopathies included Brugada Syndrome,
Idiopathic VF, Long QT Syndrome, Short QT Syndrome, Catecholamin-
ergic Polymorphic VT (CPVT), and Progressive Cardiac Conduction
Disease (PCCD). Cardiomyopathies included Arrhythmogenic Cardio-
myopathy, Hypertrophic Cardiomyopathy, Dilated Cardiomyopathy,
PRKAG2 cardiomyopathy, Danon’s Disease and Primary Carnitine
Deficiency. Patients were treated with antiarrhythmic therapy as indi-
cated, at maximally tolerated doses. Each device shock was reviewed
and adjudicated as appropriate or not by expert clinicians. Patients with
either permanent atrial fibrillation or those who were atrial-paced<2%
of the time were accounted as having an uncertain indication for a dual
chamber device.

Outcomes included appropriate and inappropriate shock and lead
related complications including lead fracture/noise, lead dislodgement,
or unspecified lead failure as assessed by abnormal impedance, sensing,
or thresholds.

2.2. Statistical analysis

Continuous variables are reported as either means + the standard
deviation or as medians + the interquartile range. Means were
compared using an unpaired T Test. Medians were utilized when data
was not normally distributed and comparisons between medians were
made using the Mann-Whitney Test. Categorical variables are reported
as their raw frequency and their relative frequency with respect to the
total and compared using the Fischer Exact Method. Outcomes were
compared according to device indication (primary vs secondary pre-
vention), diagnosis category (cardiomyopathy vs channelopathy) and
device type (single vs multi-lead ICD). Cumulative 5-year incidence
proportions were calculated and compared using the Fischer Exact Test.
Outcomes were also assessed using the Kaplan-Meier Method. Com-
parison between survival curves were made using the log rank test and
hazard ratios were calculated and compared using the Mantel-Haenszel
method. A cox proportional hazard ratio was generated. For predictors
of outcomes, we included age at implantation, gender, BMI, proband
status, diagnosis type, presence of symptoms, cardiovascular comor-
bidities, family history of SCD or syncope, ejection fraction, left atrial
(LA) volume index, indication for ICD placement, device type (single vs.
dual chamber), and percent of atrial and ventricular pacing. Each vari-
able was assessed using single variate analysis with a plan to subse-
quently generate a multivariable model using only the significant
values. All incidence proportions and hazard ratios are displayed with
their 95% confidence interval. Analysis was performed using Microsoft
excel, SPSS and graphpad prism 9.
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3. Results
3.1. Demographics.

A total of 123 patients (41.5% females) were included in the registry
(Table 1). The mean age at analysis was 45.6 + 14.7 and the mean age at
device implant was 38.3 + 15.7. The mean follow-up time was 6.4 years
+ 4.8 years. Channelopathy was diagnosed in 77 (62.6%) patients while
46 (37.4%) patients had a primary diagnosis of cardiomyopathy. There
was no difference in median ejection fraction between patients with a
cardiomyopathy and a channelopathy (61% vs 60%, p = 0.6). The most
frequent cardiomyopathy was arrhythmogenic cardiomyopathy (17
patients, 37%) followed by hypertrophic cardiomyopathy (15 patients,
32.6%). Other cardiomyopathies included Dilated Cardiomyopathy (11
patients, 23.9%), PRKAG2 Cardiomyopathy (1 patient, 2.2%), Danon
Disease (1 patient, 2.2%), and Primary Carnitine Deficiency (1 patient,
2.2%). The most frequent channelopathies were J-wave syndromes
including Brugada Syndrome and Early Repolarization (28 patients,
36.4%), and idiopathic VF (17 patients, 22.1%). Other channelopathies
included Long QT syndrome (15 patients, 19.5%), Short QT Syndrome
(8 patients, 10.4%), Catecholaminergic Polymorphic Ventricular
Tachycardia (6 patients, 7.8%), and Progressive Cardiac Conduction
Deficit (1 patient 1.3%). In addition, 2 patients with an unknown pri-
mary diagnosis but suspected channelopathy were counted as having an
unknown channelopathy. A pathogenic/likely pathogenic variant mu-
tation was identified in 85 (69.1%) of the patients. The most commonly
involved genes were SCN5A, PKP2, KCNH2, and MYBPC3. Seventy-four
(60.2%) patients had an ICD implanted for primary prevention while 49
(39.8%) patients had an ICD for secondary prevention. 37 patients
(48.1%) with channelopathies had an ICD placed for primary preven-
tion, while 37 (80.4%) patients with cardiomyopathies had an ICD
placed for primary prevention. 40 patients (52%) with channelopathies
had an ICD placed for secondary prevention, while only 9 (19.6%) pa-
tients with cardiomyopathies had an ICD placed for secondary preven-
tion (p = 0.0005). Single chamber ICDs were implanted in 87 (70.7%)
patients while 36 (29.3%) patients had a multi lead device. Thirty-four
(27.6%) patients had dual chamber devices while 2 (1.6%) patients had
biventricular devices. Of patients with a dual chamber device, 9 (26.5%)
had either permanent AF (8.8%) or had < 2% atrial pacing (17.7%).

3.2. Outcomes

3.2.1. Appropriate Shock.
Outcomes are summarized in Tables 2 and 3 and depicted in Fig. 1.

Table 1
Baseline Characteristics.
Total Cardiomyopathy Channelopathy Primary Secondary Single-Lead Multi-Lead

Number 123 46 (37.4%) 77 (62.6%) 74 (60.2%) 49 (39.8%) 87 (70.7%) 36 (29.3%)
Age 45.6 + 14.7 47.0 £ 15.2 44.8 + 14.5 46.6 + 15.3 44.2 +£13.9 45.4 £ 14.0 46.2 £ 16.5
Gender (Male) 72 (58.5%) 27 (58.7%) 45 (58.4%) 42 (56.8%) 30 (61.2%) 54 (62.1%) 18 (50%)
BMI 26.4 +£ 5.6 27.9 £ 6.5 25.5 + 4.9* 26.5 + 5.4 26.2 £6.1 26.3 £5.5 26.4 £6.1
BSA 1.9+0.2 2.0 £ 0.2% 1.9 £ 0.2* 19+0.2 19+0.2 19+0.3 19+0.2
Proband 98 (79.7%) 37 (80.4%) 61 (79.2%) 52 (70.3%)* 46 (93.9%)* 69 (79.3%) 29 (80.6%)
Age at Implant 38.3 £15.7 40.8 +£ 15.7 36.7 £ 15.6 39.7 £16.1 36.1 £ 14.9 38.0 £14.3 38.7 £18.8
Follow up time 6.4+ 4.8 5.5+ 4.6 6.9 + 4.9 5.7+ 4.4 7.4 +5.3 6.4 + 4.5 6.4+ 5.6
Symptomatic 115 (93.5%) 45 (97.8%) 70 (90.9%) 66 (89.2%)* 49 (100%)* 80 (92%) 35 (97.2%)
Comorbidities 60 (48.8%) 28 (60.9%)* 32 (41.6%)* 43 (58.1%)* 17 (34.7%)* 39 (44.8%) 21 (58.3%)
Family History 51 (41.5%) 19 (41.3%) 32 (41.6%) 37 (50.0%)* 14 (28.6%)* 37 (42.5%) 14 (38.9%)
+ Genetics 85 (69.1%) 39 (84.8%)* 45 (58.4%)* 51 (68.9%) 34 (69.4%) 54 (62.1%)* 31 (86.1%)*
EF 59.1% + 10.8% 58.5% + 13.9% 59.7% + 6.5% 59.9% + 11.5% 57.9% + 9.5% 60.5% + 10.4% 56.5% + 11.2%
LAVI 26 +£12.3 29.2 £+ 14.9% 22 +£5.8¢ 27.5 £ 14.4 235+7.0 24.2 £12.8 30.3 +£9.8
% V Paced 9.5% + 27.3% 21.5% + 39.5%* 2.2% + 11.2%"* 12.5% + 31.3% 5.1% + 19.5% 5.0 £ 20.4%* 20.8% + 37.7%*
% A Paced 42% + 40.4% 53% + 40.6% 31.7% + 38.6% 47.7% + 38.6% 30.1% + 43.5% N/A 38.5% + 39.3%

Data are represented as frequency (relative proportion) or as mean =+ SD.

Abbreviations: % A Paced: Percent of time paced form the atria, % V Paced: Percent of time paced from the ventricle, BMI: Body Mass Index, BSA: Body Surface Area,

EF: Ejection Fraction, LAVI: Left Atrial Volume Index

" Indicates p < 0.05 for the comparisons of Cardiomyopathy vs. Chennlopathy, Primary vs. Secondary and Single lead vs. Multi lead devices.
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Table 2
5-year cumulative incidence of appropriate therapy and ICD complications.
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Overall Diagnosis Type Indication Device Type
Cardiomyopathy Channelopathy Primary Secondary Single-Lead Multi-Lead
Appropriate Shock 35.29% 56.52%* 24.44%* 25.00%* 50.00%* 38.46% 25.00%
Inappropriate Shock 23.53% 13.04% 28.89% 22.50% 25.00% 13.46%" 56.25%"
Lead Complication 23.53% 26.09% 22.22% 20.00% 28.57% 17.31%* 43.75%"

* Indicates p < 0.05.

Table 3
Cox regression predictors of appropriate shock, inappropriate shock and lead
complication.

Appropriate Inappropriate Lead
Shock Shock Complication
Age atImplant  0.99 (0.97-1.01) 1.00 (0.97-1.03) 1.01 (0.98-1.03)
Gender 0.59 (0.28-1.26) 1.72 (0.64-4.62) 2.13 (1.02-4.46)
BMI 1.06 (1.00-1.12) 1.00 (0.91-1.10) 1.00 (0.93-1.08)
Proband 0.34 (0.10-1.11) 0.84 (0.24-2.97) 0.63 (0.22-1.81)
Symptomatic 0.34 (0.05-2.47) 0.72 (0.09-5.47) 0.49 (0.07-3.66)
Comorbidities 0.62 (0.30-1.27) 0.39 (0.13-1.11) 0.85 (0.41-1.78)
Family 1.76 (0.81-3.83) 1.09 (0.40-3.02) 1.03 (0.47-2.23)
History
EF 1.96 0.02 (0.00-5.45) 0.04 (0.00-5.44)
(0.02-157.63)
LAVI 1.03 (1.00-1.07) 1.04 (0.98-1.09) 1.02 (0.98-1.07)
% V Paced 1.10 (0.24-5.10) 2.33 (0.49-11.13) 3.56 (0.96-13.14)
% A Paced 14.26 1.10 (0.18-6.87) 2.68 (0.49-14.64)
(0.78-261.04)
Indication 2.13 (1.04-4.35) * 1.37 (0.51-3.68) 1.15 (0.55-2.40)
Diagnosis type  0.54 (0.26-1.10) 1.70 (0.55-5.28) 0.82 (0.38-1.78)

Device Type 1.80 (0.74-4.40) 0.32 (0.12-0.86) * 0.59 (0.28-1.27)

Abbreviations: % A Paced: Percent of time paced form the atria, % V Paced:
Percent of time paced from the ventricle, BMI: Body Mass Index, EF: Ejection
Fraction, LAVI: Left Atrial Volume Index

" Indicates p < 0.05.

The 5-year cumulative incidence of appropriate shocks was 35.29%
(25%-47.16%) in the overall cohort. The incidence of appropriate
shocks was higher in patients with a cardiomyopathy compared to those
with a channelopathy (56.52%, 95% CI 36.81%-74.37% vs. 24.44%, CI
14.24%-38.67%, p = 0.015) despite no differences in ejection fraction
and a higher proportion of primary prevention devices in the cardio-
myopathy group. The incidence of appropriate shocks in cardiomyopa-
thy patients with primary prevention devices only was significantly
greater than the incidence of appropriate shock in patients with chan-
nelopathy and primary prevention devices (52.94%, 95% CI 30.96%-
73.84% vs 4.35%, 95% CI 0.22%-20.99%, p = 0.0007). The incidence of
appropriate shocks was higher in patients with a secondary prevention
indication as compared to those with a primary prevention indication
(50%, 95% CI 32.63%-67.38% vs. 25%, 95% CI 14.19%-40.19%, p =
0.04). The hazard ratio for appropriate shock of an ICD placed for sec-
ondary compared to primary prevention was 2.21 (1.07-4.56), p = 0.03.
The hazard ratio for the incidence of appropriate shock in patients with
cardiomyopathy and primary prevention devices compared to patients
with channelopathy and primary prevention devices was 5.04
(1.64-15.48), p = 0.005. There was no difference in appropriate shock
rate between patients with a single lead ICD compared to multi lead
device. Device indication (primary vs secondary) was the only signifi-
cant predictor of appropriate shock on cox regression analysis (Table 3,
HR 2.1, CI 1.04-4.35, p = 0.039).

3.2.2. Inappropriate Shock.

A total of 19 patients received a total of 53 inappropriate shocks
(mean 2.8 + 2.6 shocks per patient). The 5-year cumulative incidence of
inappropriate shocks was 23.53% (15.03%-34.86%) in the overall
cohort. The most common etiologies of first inappropriate shock were

lead failure (8 events, 42.1%) and SVT (7 events, 36.8%). Other causes
of first inappropriate shock included oversensing (2 events, 10.53%),
and EM interference (1 event, 5.3%). Of the 7 patients who experienced
an inappropriate shock due to SVT, 5 had a single lead ICD and 2 had a
dual chamber device. In addition, one patient had an inappropriate
shock with no identifiable etiology. Patients with multi-lead devices had
a significantly higher rate of inappropriate shock as compared to those
with a single lead device (56.25%, CI 33.18%-76.9% vs. 13.46%, CI
6.68%-25.27%, p = 0.001). The hazard ratio of a multi-lead device for
an inappropriate shock was 3.99 (1.27-12.52, p = 0.02). On Cox
regression analysis, device type was the only significant predictor of
inappropriate shock (HR 0.32, CI 0.12-0.86, p = 0.024).

3.2.3. Lead Complication.

A total of 39 lead complications occurred in 31 patients for a 5-year
cumulative incidence of rate of 23.53% (15.03%-34.86%) in the overall
cohort. 7 patients were implanted with a Sprint Fidelis Lead. The most
frequent type of lead complication was lead fracture/noise, which
occurred in 23 patients (59% of lead complications). There was no dif-
ference in lead complication rate between patients with a cardiomyop-
athy and channelopathy, nor between primary prevention and
secondary prevention devices. The lead complication rate was signifi-
cantly higher in patients with a multi lead device when compared to the
rate in those with a single lead device, 43.75% CI 23.10%-66.82% vs.
17.31%, CI 9.38%-29.73%, p = 0.04. On Cox regression analysis, female
relative to male gender was the only significant predictor of lead
complication (HR 2.13, CI 1.02-4.46, p = 0.045).

4. Discussion

Implantable cardiac defibrillators have been utilized in patients with
inherited arrhythmia syndromes to prevent sudden cardiac death but
have been associated with relatively high complication rates. In this
study of patients with inherited arrhythmic syndromes who had an ICD
placed for prevention of SCD the main findings are:

1. Appropriate shocks and device complications are frequent in
inherited arrhythmia patients with an ICD.

2. Appropriate shock is more frequent in patients with a primary car-
diomyopathy diagnosis as compared to primary channelopathy
diagnosis, regardless of left ventricular ejection fraction at
implantation.

3. Inappropriate shock driven by lead failure is significantly more
frequent and partially preventable in patients with multi lead
devices.

Our observed 5-year incidence of appropriate shock of 38.2% is
higher than data reported previously in a similar population [5,6]. A
large meta-analysis of patients with inherited arrhythmia identified a
12.5%-30.5% extrapolated 5-year risk of appropriate shock in patients
with primary and secondary prevention indication, respectively [4]. The
5-year incidence of lead complications seen in this study of 23.53% was
similar to that seen in prior studies [5,6].

The higher appropriate shock event rate observed in our study may
be partially driven by our patient population which includes a relatively
large representation of Arrhythmogenic Cardiomyopathy. This
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Fig. 1. Cumulative incidence curves of first appropriate therapy and first device complication.

translates to a higher rate of appropriate shock concentrated among our
patients with cardiomyopathy, and particularly ARVC, which is a con-
dition known to carry a high rate of appropriate shock [7]. It is worth
noting that the excess risk for appropriate shock in the cardiomyopathy
group was independent of left ventricular ejection fraction, which is an
important predictor of therapy in general populations with ICD. It is
therefore important to consider that in patients with heritable cardio-
myopathies such as Arrhythmogenic Cardiomyopathy and HCM, LV
function does not predict arrhythmic risk, and even when LV dysfunc-
tion occur, a concealed arrhythmic phase often precedes overt structural
and functional changes [8]. As expected, patients with an ICD placed for
secondary prevention were at increased risk for appropriate shock as
compared to primary prevention.

Complication rates were significantly higher in patients with multi-
lead devices compared to single lead ICDs confirming previous obser-
vations from typical mixed populations of patients with ICDs [9,10].
Patients with multi-lead devices also had a significantly higher inap-
propriate shock rate. This finding can be explained by the fact that lead
failure was the primary cause of inappropriate shock, conferring a
greater risk in those with multi-lead devices. Clinical guidelines
including ACC/ESC/HRS consensus statements have defined the in-
dications for dual chamber device placement, discouraging empiric
implantation of an atrial lead in patients receiving an ICD. In turn, the
addition of an atrial lead to ICD system should be generally reserved for
patients with significant sinus node dysfunction. [11-13] Indeed, we
found that 26.5% of our patients with a dual lead ICD had either
persistent atrial fibrillation or very low atrial pacing requirements. This
suggests that in a substantial proportion of our followed patients,
implanted in multiple outside institutions, a single lead rather than dual
lead ICD could have been utilized, potentially reducing complication
rate. Alternatively, subcutaneous ICDs could be considered in this pop-
ulation as a method of reducing the rate of lead complications though

additional information on how the safety and efficacy of these devices
compares to transvenous models is needed [14]. These considerations
are of particular importance in patients implanted at a younger age
where the amortized risk of lead related complication is high.

Taken together, our data confirms a substantial risk of both appro-
priate shock and device related complications in patients with inherited
arrhythmia. In recent years, there has been progress in the ability to risk
stratify patients with conditions such as Long QT Syndrome,[15] CPVT
[16] and Brugada syndrome,[17,18] resulting in better characterization
of those who are truly at a very high risk. In addition, therapy with
Quinidine for Brugada syndrome[19], Nadolol for LQTS [20] and Fle-
cainide for CPVT[21], and interventions for left sympathetic denerva-
tion have been demonstrated to substantially reduce arrhythmic risk,
even in symptomatic patients with ventricular arrhythmia [22,23].
Consequently, many patients may be safely treated without the need for
an ICD. Our data stresses the importance of avoiding unnecessary device
implantation. As recently recommended by society guidelines,[24,25]
management of patients with complex heritable cardiovascular disease
by specialized inherited arrhythmia centers with specific expertise may
help ensure that the right patients receive the right treatments.

4.1. Limitations

This study includes a limited sample size. This is partially mitigated
by data collection which was prospective as part of a dedicated registry
of all patients followed in our program. The number of patients with
individual conditions was too small to allow subgroup analysis by
diagnosis, which could be investigated in future studies. In addition, our
study did not examine the role of device manufacturer or device pro-
gramming on outcomes which should be evaluated in future studies.
However, all devices were programmed based on HRS recommendations
[26].
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5. Conclusion

The observed rate of appropriate ICD shock and ICD-related com-
plications in young patients with inherited arrhythmia syndromes is
high particularly in patients with cardiomyopathies, those with a sec-
ondary prevention indication, and those with a multi-lead device. These
findings further emphasize the importance of ICD therapy in this pop-
ulation and the importance of careful risk/benefit considerations when
assessing the indication and type of device in this population.
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