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ORIGINAL ARTICLE

Regional Cardiac Denervation Predicts Sustained 
Ventricular Arrhythmias in Nonischemic 
Cardiomyopathy Patients Without LGE on  
CMR Imaging
Christiane Jungen , MD, PhD*; H. Sophia Chen, MD, PhD*; Adrianus P. Wijnmaalen , MD, PhD; Petra Dibbets-Schneider , MSc;  
Augusto Meretta , MD; Sebastiaan R. Piers , MD, PhD; Yoshitaka Kimura, MD, PhD; Alexander F.A. Androulakis , MD;  
Rob J. van der Geest , MSc, PhD; Lioe-Fee de Geus-Oei , MD, PhD; Bart J.A. Mertens , MD, PhD;  
Arthur J.H.A. Scholte , MD, PhD; Hildo J. Lamb , MD, PhD; Monique R.M. Jongbloed , MD, PhD; Katja Zeppenfeld , MD, PhD

BACKGROUND: In patients with nonischemic cardiomyopathy and no late gadolinium enhancement (LGE) on cardiac magnetic 
resonance, risk prediction for the occurrence of sustained ventricular arrhythmias (VA) is challenging. Global and regional 
sympathetic denervation has been associated with VA in patients with ischemic cardiomyopathy. Its prognostic relevance in 
nonischemic cardiomyopathy is unknown.

METHODS: Consecutive patients from the Leiden Nonischemic Cardiomyopathy Study who underwent programmed electrical 
stimulation, LGE-cardiac magnetic resonance, and 123-iodine meta-iodobenzylguanidine imaging between 2011 and 2019 
were included. The presence of LGE and global and regional sympathetic denervation on 123-iodine meta-iodobenzylguanidine 
were evaluated, and patients were followed for the occurrence of VA. Global denervation was assessed using the heart-to-
mediastinum ratio. Regional denervation was evaluated by calculating the number of denervated segments (DS), the ratio of 
DS, the summed defect score, and the weighted denervation size.

RESULTS: Of 75 included patients (median age 63 years [25th–75th interquartile range (IQR) 54–68], 79% male, left 
ventricular ejection fraction 36% [IQR, 27–44], 37% inducible for VA), 35 had no LGE. During 4.5±1.6 years of mean follow-
up, VA occurred in 8 of 35 (23%) patients without LGE and in 18 of 40 (45%) patients with LGE. Among patients without 
LGE, those with VA had greater regional sympathetic denervation (median number of DS 8 [IQR, 7–10] versus 2 [IQR, 1–5], 
P=0.004; median ratio of DS 0.5 [IQR, 0.5–0.7] versus 0.2 [IQR, 0.1–0.4], P=0.007; median defect score 36 [IQR, 30–41] 
versus 18 [IQR, 14–24], P=0.01; median weighted denervation size 47 [IQR, 38–54] versus 22 [IQR, 14–30]; P=0.01). In 
bivariate analysis, the number of DS (hazard ratio, 1.25 [95% CI, 1.06–1.46]; P=0.006) was associated with the occurrence 
of VA in patients without LGE. Denervation of ≥7 segments identified patients without LGE at risk for VA (area under the 
curve, 0.83; sensitivity, 88%; specificity, 89%). Among patients with LGE, the innervation state was not associated with VA 
during follow-up.

CONCLUSIONS: In patients with nonischemic cardiomyopathy without LGE the extent of regional denervation may contribute 
to risk stratification for VA.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: gadolinium ◼ humans ◼ iodine ◼ prognosis ◼ risk assessment
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Patients with nonischemic cardiomyopathy (NICM) 
are at risk for sustained ventricular arrhythmias (VA), 
with an annualized event rate of ≈4.5%.1,2 The pri-

mary prevention indication for Implantable Cardioverter 
Defibrillator (ICD) in patients with NICM is based on 
a reduced left ventricular ejection fraction (LVEF), and 
more recently also on the presence of late gadolinium 
enhancement (LGE) on cardiac magnetic resonance 
(CMR) imaging.3–12 However, NICM patients are a het-
erogeneous group, and life-threatening VA does occur 
in the absence of a severely depressed LVEF and in the 
absence of LGE.12,13

Cardiac denervation, as assessed by 123-iodine meta-
iodobenzylguanidine (123I-MIBG) imaging, has also been 

related to VA in NICM.14 Global sympathetic denervation, 
using the heart-to-mediastinum ratio (HMR), has been 
associated with VA and sudden cardiac death in mixed 
cohorts of patients with ischemic cardiomyopathy and 
NICM 15–18 and with sudden cardiac death or combined 
cardiac end points including cardiac death, rehospitaliza-
tion for heart failure, and VA in patients with NICM.19,20

Regional denervation has also been analyzed in 
patients with NICM and associated with cardiac mor-
tality,21 or with the combined end point of mortality or 
hospitalization due to heart failure or any arrhythmia.22 
Methods for 123I-MIBG imaging to determine regional 
denervation in patients with NICM are mostly voxel-
based and include a total extent score, representing 
the area of reduced MIBG uptake, and a total severity 
score, representing the severity of the defect.21,22 Addi-
tional methods are based on the 17-segment model and 
include a summed segmental dysinnervation score and 
number of dysinnervated segments.21,23

In a cohort of patients with heart failure, regional dener-
vation provided additional prognostic value to abnormal 
global innervation for sudden cardiac death prediction.17 
Of interest, the regional extent of LGE was a signifi-
cant and independent predictor of regional sympathetic 
denervation in a cohort of patients with nonischemic heart 
failure and relatively preserved function,24 raising the 
question of whether regional denervation may indicate 
nonischemic replacement fibrosis as 1 substrate for life-
threatening VA. However, regional denervation may also 
contribute to arrhythmogenicity in patients with NICM 
and diffuse fibrosis not identified by late gadolinium- 
enhanced cardiac magnetic resonance imaging 
(LGE-CMR).

The aim of this study was therefore to evaluate the 
prognostic significance of global and regional denerva-
tion for the occurrence of VA in NICM in patients both 
with and also specifically without LGE.

METHODS
Patient Population
Patients included in the prospective Leiden NICM study 
(REGISTRATION: URL: https://www.clinicaltrials.gov; Unique 
identifier: NCT01940081), conducted between October 2011 
and September 2019, were analyzed. This study was designed 
to identify noninvasive and invasive parameters associated with 
sustained VA. It prospectively enrolled and followed consecu-
tive patients with NICM (idiopathic dilated cardiomyopathy and 
nondilated LV cardiomyopathy) and documented sustained VA, 
suspected sustained VA (ie, palpitations and/or syncope likely 
caused by VA), or those considered to be at intermediate or 
high risk for sustained VA.25 A high risk of sustained VA was 
defined as an LVEF ≤35%; an intermediate risk as an LVEF of 
36% to 50% in the presence of late enhancement on LGE-
CMR. Patients with other nonischemic cardiomyopathies (ie, 
hypertrophic cardiomyopathy, arrhythmogenic right ventricu-
lar cardiomyopathy, noncompaction cardiomyopathy, cardiac 

WHAT IS KNOWN?
•	 Risk prediction for ventricular arrhythmias in 

patients with nonischemic cardiomyopathy is chal-
lenging, in particular in those without late gadolin-
ium enhancement.

•	 Regional sympathetic denervation has been asso-
ciated with the risk for ventricular arrhythmias in 
patients with ischemic cardiomyopathy.

WHAT THE STUDY ADDS
•	 Among nonischemic cardiomyopathy patients with-

out late gadolinium enhancement, regional denerva-
tion quantified as number of denervated segments 
is associated with the occurrence of ventricular 
arrhythmias.

•	 More extensive denervation (specifically ≥7 dener-
vated segments) may identify patients at risk for 
ventricular arrhythmias.

Nonstandard Abbreviations and Acronyms

123I-MIBG	 123-iodine meta-iodobenzylguanidine
ATP	 antitachycardia pacing
CMR	 cardiac magnetic resonance
DS	 denervated segments
HMR	 heart-to-mediastinum ratio
ICD	 Implantable Cardioverter Defibrillator
IQR	 interquartile range
LGE	 late gadolinium enhancement
LGE-CMR	 �late gadolinium-enhanced cardiac mag-

netic resonance imaging
LVEF	 left ventricular ejection fraction
NICM	 nonischemic cardiomyopathy
PES	 programmed electrical stimulation
SPECT	 �single-photon emission computed 

tomography
VA	 ventricular arrhythmia
VT	 ventricular tachycardia
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sarcoidosis, tachycardiomyopathy, Chagas cardiomyopathy, 
amyloidosis, and congenital heart disease) were excluded.26

Per protocol, all patients underwent a comprehensive evalu-
ation at baseline, including ECG, Holter registration, transtho-
racic echocardiography, LGE-CMR (if not contraindicated), 
123I-MIBG imaging, blood sampling, programmed electrical 
stimulation (PES), endomyocardial biopsy and genetic analysis 
of ≥55 cardiomyopathy-related genes.

Patients in whom 123I-MIBG single-photon emission com-
puted tomography (SPECT) imaging and LGE-CMR were 
available for analysis were included in this study (Figure 1).

The study protocol was reviewed and approved by the 
Medical Research Ethics Committee of the Leiden University 
Medical Center. All patients provided written informed consent. 
To maintain patient confidentiality, data and study materials will 
not be made available to other researchers for the purpose of 
replicating the results.

Follow-Up
ICD implantation was performed according to the ESC guide-
lines valid at the time of evaluation. Patients were followed for 
VA occurrence and mortality. Follow-up was performed at 6- to 
12-month intervals at the outpatient clinic, and devices were 
interrogated every 6-month intervals. ICD settings included a 
monitor zone (from 150–170 to 188–200 beats per minute), 
a fast ventricular tachycardia (VT) zone with antitachycardia 
pacing (ATP) and shocks (from 188–200 to 220–231 beats 
per minute), and a ventricular fibrillation zone with ATP before 
or during charging and shocks (>220–231 beats per minute). 
All VA, that lasted >30 seconds or terminated by ATP or ICD 
shock were collected. Each episode was analyzed for elec-
trogram morphology and cycle length stability, and classified 
as sustained monomorphic VT or polymorphic VT/ventricular 
fibrillation, as described previously. Patients were followed for 
a minimum of 2 years after inclusion. Ablation of VA was per-
formed if clinically indicated. Transthoracic echocardiography 
and LGE-CMR were repeated if clinically indicated.

Electrophysiology Study
Antiarrhythmic drugs were discontinued for at least 5 half-lives, 
if possible. PES consisted of 3 drive trains of 8 beats (cycle 
lengths: 600, 500, and 400 ms) with up to 3 ventricular extra-
stimuli (starting at coupling intervals of 350 ms, down by 10 
ms to the ventricular effective refractory period or 200 ms), 
and burst pacing with a stimulus strength of twice the diastolic 
threshold from the RV apex and the RV outflow tract. If no sus-
tained VA was induced after completing the protocol, the PES 
protocol was repeated with isoprenaline (2–10 µg/min). The 
positive end point of stimulation was the induction of sustained 
monomorphic VT, which was defined by similar beat-to-beat 
QRS morphology and duration >30 seconds or the requirement 
for termination because of hemodynamic compromise.

LGE-CMR Imaging
LGE-CMR imaging was performed using a 1.5 T Gyroscan 
ACS-NT/Intera magnetic resonance imaging scanner or a 3.0 T 
Ingenia magnetic resonance scanner (Philips Medical Systems, 
Best, the Netherlands) at our institution. Images were acquired ≈15 
minutes after intravenous bolus injection of gadolinium diethylene-
triamine penta-acetic acid (Magnevist, Schering/Berlin, Germany; 
0.15 mmol/kg) during breath-holds of 15 seconds using ECG 
gating. The heart was imaged covering the entire LV, the inver-
sion time was optimized for optimal nulling of normal myocardium 
signal. Short-axis cine CMR images were used to compute the 
LV end-systolic and end-diastolic volumes and calculate the LVEF.

LGE-CMRs that were performed at other centers before 
referral, were acquired on various systems, always including LGE 
images in the long-axis and short-axis views covering the entire 
LV. LGE-CMR images were analyzed using MASS (research ver-
sion V2021-EXP; Leiden University Medical Center, Leiden, the 
Netherlands). The RV insertion point was determined at 1/3 
from the base, and segmental borders were then automatically 
appointed for all 17 segments. Delayed enhancement was only 
considered to be present if it was visible in 2 orthogonal views. The 
LGE-CMR images were qualitatively evaluated separately by 2 
observers (C.J. and H.S.C.). The observers were blinded for patient 
information and VA outcomes. Scar size was determined for 16 
segments; segment 17 (apex) was not analyzed. The mean of the 
scar size amount was taken from both observers. Disagreement 
on the presence of scar was solved by expert consultancy (A.P.W.).

LGE scar was quantified using the following parameters: 
number of segments with LGE, summed scar score and 
weighted scar size (Figure 2A). The number of segments with 
LGE was the absolute number of affected segments. For the 
summed scar score each segment was given a score accord-
ing to the LGE percentage (score 1=1% to 25% LGE, score 
2=26% to 50% LGE, score 3=51% to 75% LGE, score 
4=76% to 100% LGE) followed by summation of all scores. 
Finally, the weighted scar size was calculated by summing the 
segments with LGE (each weighted by the mid of the range 
of LGE per segment, e.g, 1%–25%=13%, 26%–50%=38%, 
51%–75%=63%, 76%–100%=88%) and dividing by 16, as 
described previously.12

123I-MIBG Scintigraphy
One week before 123I-MIBG scintigraphy tricyclic antidepres-
sant drugs, sympathetic agents and other drugs known to inter-
fere with 123I-MIBG uptake were discontinued.

Figure 1. Flowchart of patient selection.
Of 152 patients from the Leiden nonischemic cardiomyopathy 
(NICM) study, only patients with regional sympathetic innervation 
imaging (123-iodine meta-iodobenzylguanidine [123I-MIBG] imaging) 
and contrast-enhanced (CE)—cardiac magnetic resonance (CMR) 
were included in the final analysis.
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Patients were pretreated with 120 mg of sodium iodide to 
block uptake of free 123-iodine by the thyroid gland. Sodium 
iodide was given orally 1 hour before intravenous administration 
of 185 MBq 123I-MIBG (Adreview; General Electric Healthcare, 
NJ). Planar and SPECT imaging of the chest were acquired 
in supine position. A 10-minute planar image was acquired 
from an anterior thoracic view (256×256 matrix) 15 minutes 
after tracer injection. Thereafter, SPECT imaging (4° per step, 
35 seconds per projection, 128×128 matrix with a zoom of 
1.45) was performed using either a low-energy, parallel- 
hole, high-resolution collimator and a dual-head camera system  
(GCA-7200; Toshiba Corp., Tokyo, Japan) or the low- 
to-medium-energy general-purpose collimator or a dual-head 
camera system (Siemens Symbia T6; Siemens Healthcare, 
Erlangen, Germany). All images were acquired with a 15% 

energy window centered at the 160 keV photopeak of 123Iodine. 
Planar and SPECT imaging were repeated after 4 hours of 
tracer administration.

To assess global sympathetic innervation, the HMR was 
calculated from the late (4 hours) planar images by dividing 
the mean counts per pixel within the myocardium by the mean 
counts per pixel within the mediastinum without the use of 
background correction. Regional sympathetic innervation was 
assessed by a blinded experienced observer (P.D.) scoring the 
segmental tracer uptake from the SPECT images using the 
17-segment model.27 Segment 17 (apex) was not analyzed.

Each myocardial segment was scored according to the fol-
lowing tracer uptake scale: 0=normal tracer uptake; 1=mildly 
reduced tracer uptake; 2=moderately reduced tracer uptake; 
3=severely reduced tracer uptake; and 4=no tracer uptake. In 

Figure 2. Overview of analysis and parameters for cardiac magnetic resonance (CMR) and 123-iodine meta-
iodobenzylguanidine (123I-MIBG) imaging.
A, CMR parameters for regional innervation analysis are explained. B, Regional MIBG parameters and their calculation are depicted.
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case of overlay from lung or liver, the affected segment was 
excluded. Segments were subsequently classified as normal 
(score 0), intermediate (score 1 or 2) or denervated (score 3 
or 4).21,28

The number of denervated segments (DS) (Figure 2B-1) 
was determined and a ratio of DS (Figure 2B-2) was calculated 
by dividing the number of DS by all analyzable segments. The 
summed defect score (Figure 2B-3) was calculated by summa-
tion of regional tracer uptake scores for the late SPECT images 
for each patient.28 The weighted denervation size (Figure 2B-4) 
as percentage of LV myocardium was calculated similar to the 
LGE-CMR analysis12: the summed segments with denervation 
(score 3 and 4; each weighed by the mid of the range of dener-
vation per segment, for example, score 1=13%, score 2=38%, 
score 3=63%, score 4=88%) were divided by all analyzable 
segments.

Statistical Analysis
Continuous variables are reported as mean±SD or median 
(25th–75th interquartile range [IQR]). Categorical data are 
presented as number (percentage). Data were analyzed by 
means of the Student t test or Mann-Whitney U test for con-
tinuous variables and the Fisher exact test for categorical 
variables when appropriate. Survival curves were estimated 
using the Kaplan-Meier method and compared by the log-
rank test. Receiver-operating characteristic curve-analysis 
was performed to determine the optimal cutoff values, defined 
as the value maximizing the sum of sensitivity and specificity. 
Bivariate Cox proportional hazard analysis was performed to 
test the association between the outcome event (sustained 
VA in the follow-up) and baseline parameters. Due to the low 
number of events no multivariable analysis was performed. 
Schoenfeld residuals were used to assess the validity of the 
Cox regression nonproportionality assumption. All tests were 
2-sided, and a value of P<0.05 was considered as statistically 
significant. Statistical analysis was performed using SPSS, 
version 25 (IBM SPSS, Armonk, NY), R for Windows (version 
4.5.0), or GraphPad Prism, version 6.07 (Graphpad, Inc, La 
Jolla, CA).

RESULTS
Baseline Evaluation
From the 152 patients participating in the Leiden NICM 
study, 58 patients did not undergo 123I-MIBG imaging, 
17 had no LGE-CMR imaging, and in 2 patients regional 
analysis of 123I-MIBG imaging was not possible due to 
poor quality (Figure 1). The remaining 75 patients with 
NICM (79% male, 63 years [IQR, 54–68], LVEF 36% 
[IQR, 27–44]) were included in the present study. Base-
line characteristics, results of PES, and imaging studies 
are presented in Tables 1 and 2.

Spontaneous sustained VA had been reported or pre-
mature ventricular complex/VT ablation had been per-
formed in 24% and 9% of patients, respectively. Most 
patients were in New York Heart Association (NYHA) 
functional class I (37%) or II (43%) at baseline. Nonsus-
tained VTs were present on the Holter analyses in 52%. 

After inclusion, substrate mapping and ablation for VT 
were performed in 20% (Figure S1).

Late Gadolinium-Enhanced Cardiac Magnetic 
Resonance Imaging
All 75 patients underwent LGE-CMR, and all 1200 seg-
ments could be analyzed. In 35 patients (47%), no LGE 
was present.

Patients with LGE (n=40, 53%) had a median num-
ber of 3 (2–7) segments containing LGE and a 4.4% 
(2.4–9.6) weighted scar size (percentage of whole LV; 
Table 2). There was no difference in LVEF, NYHA class, 
NT-proBNP (N-terminal prohormone of brain natriuretic 
peptide) levels, devices, or medication at baseline in 
patients with or without LGE (Tables 1 and 2). However, 
fewer patients without LGE had sustained VA in their his-
tory (9% versus 38%; P=0.003), were inducible for VA 
at PES (20% versus 53%; P=0.004), or underwent VT 
ablation (9% versus 30%; P=0.02) during initial admis-
sion (Tables 1 and 2).

123I-MIBG Imaging
On 123I-MIBG imaging a median of 94% (81–100) of 
segments were analyzable. The median global sympa-
thetic denervation (HMR) was 1.7 (1.5–2.0). The median 
number of DS was 4 (1–6), and the median summed 
defect score was 22 (14–30; Table 2). There was no 
difference in global or regional sympathetic denerva-
tion parameters between patients without or with LGE 
(Table 2).

VA During Follow-Up
During a mean follow-up period of 4.5±1.6 years, 26 
(35%) patients experienced a sustained VA. Eighteen 
patients had a monomorphic VT, 5 patients had polymor-
phic VT/ventricular fibrillation and 3 patients had both. 
Thirteen patients died; 6 of those patients experienced 
a cardiac death (2 arrhythmic deaths, 4 due to heart 
failure).

Of the 40 patients with LGE, 18 (45%) had sustained 
VA (14/18 only sustained monomorphic VT, 2 of 18 only 
polymorphic VT/ventricular fibrillation, 2 of 18 both; 6 
of 18 had sustained VA after a VT ablation at baseline), 
and of the 35 patients without LGE, 8 (23%) had sus-
tained VA (4/8 only sustained monomorphic VT, 3/8 only 
polymorphic VT/ventricular fibrillation, 1/8 both; 1/8 
had sustained VA after a VT ablation at baseline) during  
follow-up (Table 3 and Table S1).

Among patients with sustained VA during follow-up, 
patients with LGE tended to have more often a history 
of sustained VT (50% versus 13%; P=0.099) and sus-
tained VA inducible at PES (61% versus 25%, P=0.2; 
Table S2) compared with those without LGE. The 
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Table 1.  Baseline Characteristics for All Patients and According to Presence of LGE

All (n=75) No LGE (n=35) LGE (n=40) P value

General

 � Male 59 (79) 25 (71) 34 (85) 0.15

 � Age, y 63 (54–68) 63 (57–68) 63 (53–69) 0.72

 � BMI, kg/m2 27 (25–28) 27 (25–28) 27 (24–29) 0.69

Comorbidities

 � Arterial hypertension 26 (35) 14 (40) 12 (30) 0.36

 � Diabetes type II 12 (16) 8 (23) 4 (10) 0.13

History of

 � Atrial fibrillation/flutter 20 (27) 8 (23) 12 (30) 0.49

 � Sustained VA 18 (24) 3 (9) 15 (38) 0.003

 � VT ablation 7 (9) 1 (3) 6 (15) 0.11

 � OHCA 7 (9) 5 (14) 2 (5) 0.24

NYHA 2 (1–2) 2 (1–2) 2 (1–3) 0.32

 � I 28 (37) 14 (40) 14 (35) 0.66

 � II 32 (43) 12 (34) 20 (50) 0.17

 � III 15 (20) 9 (26) 6 (15) 0.25

 � IV 0 (0) 0 (0) 0 (0) /

Genetic testing

 � Pathogenic or likely pathogenic variant 23 (31) 10 (29) 13 (33) 0.71

Holter analysis

 � Presence of nsVTs 33 (52)* 14 (47)* 19 (56)* 0.46

ECG

 � QRS duration, ms 116 (103–158) 133 (104–166) 111 (101–137) 0.11

 � QTc, ms 437±32 439±33 434±32 0.53

Performed ablation at baseline

 � VT ablation 15 (20) 3 (9) 12 (30) 0.02

 � PVC ablation 6 (8) 4 (11) 2 (5) 0.41

 � Any VA ablation 21 (28) 7 (20) 14 (35) 0.15

Device at discharge

 � Any device (ICD or CRT) 64 (85) 29 (83) 35 (88) 0.34

 � CRT 27 (36) 15 (43) 12 (30) 0.25

Laboratory parameters

 � eGFR, mL/min per 1.73 m² 84 (72–96) 83 (70–92) 85 (73–97) 0.40

 � NT-proBNP, ng/mL 621 (148–1500) 481 (172–1642) 629 (148–1204) 0.86

Medication at discharge

 � Heart failure medication

  �  β-Blocker 63 (84) 29 (83) 34 (85) 0.80

  �  ACE inhibitors/ARBs 63 (84) 32 (91) 31 (78) 0.10

  �  Aldosterone antagonist 29 (39) 16 (46) 13 (33) 0.24

  �  Loop diuretics 36 (48) 20 (57) 16 (40) 0.14

 � Antiarrhythmic drugs

  �  Class I antiarrhythmics 2 (3) 1 (3) 1 (3) 1.0

  �  Sotalol 8 (11) 4 (11) 4 (10) 1.0

  �  Amiodarone 6 (8) 1 (3) 5 (13) 0.21

  �  Calcium-channel blocker 3 (4) 1 (3) 2 (5) 1.0

  �  Digoxin 6 (8) 3 (9) 3 (8) 1.0

ACE indicates angiotensin-converting enzyme; ARB, angiotensin receptor blocker; BMI, body mass index; CRT, cardiac 
resynchronization therapy; eGFR, estimated glomerular filtration rate;  ICD, implantable cardioverter defibrillator; LGE, 
late gadolinium enhancement; NT-proBNP, N-terminal prohormone of brain natriuretic peptide; NYHA, New York Heart 
Association; OHCA, out-of-hospital cardiac arrest; PVC, premature ventricular complex; VA, ventricular arrhythmia; and VT, 
ventricular tachycardia.

*Holter data were available in 64 patients (30 in the No LGE group, 34 in the LGE group). The numbers are presented 
as n (percentage), mean±SD or median (25th–75th percentile). P value for the discrimination between patients with or 
without LGE: a P value <0.05 is shown in bold.
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number of VA episodes and response to ICD therapy 
were not different between those with and without LGE 
(number of VA episodes: 3.0 [IQR, 2.0–6.5] versus 2.0 
[IQR, 1.0–3.0], P=0.24; successful ATP: 44% versus 
50%, P=1.0; appropriate ICD shock: 44% versus 63%, 
P=0.67; Table S2). Information for patients without sus-
tained VA during follow-up is presented in Table S3.

VA and Sympathetic Denervation
In patients without LGE, global sympathetic denerva-
tion parameters (HMR, wash-out rate) did not differ 
between patients with or without sustained VA during 
follow-up (1.6 [IQR, 1.4–2.0] versus 1.7 [IQR, 1.5–2.0], 
P=0.55; Table 3). However, the extent of regional 
sympathetic denervation was significantly greater in 
patients with sustained VA compared with those with-
out sustained VA (Table 3), including the number of DS 
(8 [IQR, 7–10] versus 2 [IQR, 1–5]; P=0.004), ratio 
of DS (0.5 [IQR, 0.5–0.7] versus 0.2 [IQR, 0.1–0.4]; 
P=0.007), the summed defect score (36 [IQR, 30–41] 

versus 18 [IQR, 14–24]; P=0.01), and the weighted 
denervation size (47% [IQR, 38–54] versus 22% [IQR, 
14–30]; P=0.01). Using receiver-operating character-
istic analysis, a cutoff of ≥7 denervated 123I-MIBG seg-
ments identifies those with sustained VA occurrence 
during follow-up (area under the curve, 0.83; sensitivity, 
88%; specificity, 89%; Figure 3). Only 1 patient with <7 
DS and 7 of 8 patients with ≥7 DS had sustained VA 
during follow-up (P=0.001; Figure 3 and Table S2). In 
bivariate analysis only the number of DS was associ-
ated with an increased risk of a sustained VA during 
follow-up in patients without LGE (hazard ratio [HR], 
1.25 [95% CI, 1.06–1.46]; P=0.006; Table 4). No sta-
tistically significant tests for nonproportionality were 
observed from the Schoenfeld residuals test for the 
parameters in Table 4.

Among patients with LGE, global and regional sym-
pathetic denervation was not different for those with 
or without sustained VA (Table 3). In patients with LGE 
the occurrence of sustained VA during the follow-up 
was associated with a history of diabetes (HR, 4.73 

Table 2.  Results of Programmed Electrical Stimulation (PES) and Imaging Studies

All (n=75) No LGE (n=35) LGE (n=40) P value

PES

 � Any sustained VA inducible 28 (37) 7 (20) 21 (53) 0.004

 � SMVT 21 (28) 4 (11) 17 (43) 0.003

 � PVT/VF 7 (9) 3 (9) 4 (10) 1.0

CMR cine

 � LVEF, % 36 (27–44) 32 (24–41) 39 (28–47) 0.39

 � LVEF ≥35% 39 (52) 17 (49) 22 (55) 0.58

 � LVEDV index, mL/m2 126±39 124±37 127±41 0.79

 � LVESV index, mL/m2 87±40 87±40 86±41 0.98

 � LV mass, g 125±34 119±32 130±35 0.15

CE-CMR imaging

 � No. of segments with LGE 1 (0–4) … 3 (2–7) …

 � Summed scar score 1.0 (0.0–5.0) … 4.5 (3–9) …

 � Weighted scar size (% of whole LV) 0.8 (0.0–4.8) … 4.4 (2.4–9.6) …

123I-MIBG imaging

 � Global innervation

  �  HMR 1.7 (1.5–2.0) 1.7 (1.4–2.0) 1.7 (1.5–2.0) 0.98

  �  Wash-out rate, % 29 (18–42) 30 (20–42) 28 (17–43) 0.63

 � Regional innervation

  �  No. of denervated segments 4 (1–6) 4 (1–8) 4 (2–6) 0.92

  �  Ratio denervated segments 0.3 (0.1–0.5) 0.3 (0.1–0.5) 0.3 (0.1–0.4) 0.96

  �  Summed defect score 22 (14–30) 20 (14–31) 23 (14–29) 0.95

  �  Weighted denervation size (% of whole LV) 28 (17–37) 25 (17–39) 28 (16–37) 0.94

The numbers are presented as n (percentage), mean±SD or median (IQR). 123I-MIBG indicates 123-iodine meta-
iodobenzylguanidine; CE-CMR, contrast-enhanced cardiac magnetic resonance imaging; HMR, heart-to-mediastinum ratio; 
LGE, late gadolinium enhancement; LV, left ventricular; LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection 
fraction; LVESV, left ventricular end-systolic volume; nSVT, nonsustained ventricular tachycardia; PES, programmed electrical 
stimulation; PVC, premature ventricular complex; PVT/VF, polymorphic ventricular tachycardia or ventricular fibrillation; SMVT, 
sustained monomorphic ventricular tachycardia; VA, ventricular arrhythmia; and VT, ventricular tachycardia.

P value for the discrimination between patients with or without LGE: a P value <0.05 is shown in bold.
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[95% CI, 1.27–17.58]; P=0.02), a history of out-of- 
hospital cardiac arrest (HR, 6.20 [95% CI, 1.25–30.84]; 
P=0.03), nonsustained VTs on 24-hour Holter (HR, 
6.60 [95% CI, 1.49–29.17]; P=0.01) and the number 
of affected segments with any LGE (HR, 1.15 [95% 
CI, 1.03–1.28]; P=0.02) in bivariate analysis (Table S4). 
Both global and regional innervation parameters were 
not associated with sustained VA in patients with LGE 
(Table S4).

All results concerning innervation and VA occur-
rence remained similar when excluding the patients who 
underwent VT ablation from the analysis (Tables S5 and 
S6).

DISCUSSION
Main Findings
The present study is the first to analyze regional sympa-
thetic denervation in relation to the occurrence of sus-
tained VA in a prospective cohort of patients with NICM 
with a dilated or hypokinetic nondilated cardiomyopa-
thy phenotype, excluding patients with an inflammatory 
cause such as cardiac sarcoidosis. In patients with NICM 
without LGE on CMR, the extent of regional sympathetic 
denervation was associated with sustained VA occur-
rence during follow-up. Denervation of ≥7 segments 
identified patients at high risk for VA during follow-up. In 

Table 3.  Sustained Ventricular Arrhythmia (VA) During Follow-Up According to Presence of Late Gadolinium Enhancement

No LGE (n=35)

P value

LGE (n=40)

P valueNo SVA (n=27) SVA (nA=8) No SVA (n=22) SVA (n=18)

Genetic testing

 � Pathogenic or likely pathogenic variant 8 (30) 2 (25) 1.0 7 (32) 6 (33) 0.9

Holter analysis

 � Presence of nsVTs 9 (39)* 5 (71)* 0.2 5 (28)* 14 (88)* <0.001

EP study

 � SVA inducible 5 (19) 2 (25) 0.65 10 (46) 11 (61) 0.32

 � SMVT 2 (7) 2 (25) 0.22 7 (32) 10 (56) 0.13

 � PVTVF 3 (11) 0 (0) 1.0 3 (14) 1 (6) 0.40

Ablation at admission

 � VT ablation 2 (7) 1 (13) 0.55 6 (27) 6 (33) 0.68

CMR cine

 � LVEF, % 32 (24–42) 39 (25–41) 0.80 37 (28–48) 39 (27–45) 0.80

 � LVEF ≥35% 12 (44) 5 (63) 0.44 11 (50) 11 (61) 0.48

 � LVEDV index, mL/m2 125±41 122±23 0.79 120±39 136±42 0.23

 � LVESV index, mL/m2 87±43 87±30 0.95 83±40 91±44 0.55

 � LV mass, g 119±34 119±25 0.98 131±32 129±39 0.80

CE-CMR imaging

 � No. of segments with LGE … … 3.0 (2–5) 4.5 (3–8) 0.16

 � Summed scar score … … 4.0 (2–7) 5.5 (3–10) 0.27

 � Weighted scar size (% of whole LV) … … 4.4 (2.2–7.7) 5.6 (2.4–9.6) 0.33

123I-MIBG imaging

 � Global innervation

  �  HMR 1.7 (1.5–2.0) 1.6 (1.4–2.0) 0.55 1.7 (1.4–2.0) 1.8 (1.5–2.1) 0.55

  �  Wash-out rate, % 27 (20–43) 33 (26–39) 0.63 32 (16–47) 23 (17–39) 0.43

 � Regional innervation

  �  No. of denervated segments 2 (1–5) 8 (7–10) 0.004 4 (2–6) 3 (1–5) 0.21

  �  Ratio denervated segments 0.2 (0.1–0.4) 0.5 (0.5–0.7) 0.007 0.32 (0.13–0.5) 0.19 (0.08–0.36) 0.14

  �  Summed defect score 18 (14–24) 36 (30–41) 0.01 24 (15–29) 18 (13–29) 0.31

  �  Weighted denervation size (% of whole LV) 22 (14–30) 47 (38–54) 0.01 30 (16–37) 20 (15–36) 0.26

The numbers are presented as n (percentage), mean±SD or median (IQR). 123I-MIBG indicates 123-iodine meta-iodobenzylguanidine; CE-CMR, contrast-enhanced 
cardiac magnetic resonance imaging; EP, electrophysiological study; HMR, heart-to-mediastinum ratio; LGE, late gadolinium enhancement; LV, left ventricular; LVEDV, 
left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; LVESV, left ventricular end-systolic volume; nsVT, nonsustained ventricular tachycardia; PVC, 
premature ventricular complexes; PVTVF, polymorphic ventricular tachycardia or ventricular fibrillation; SMVT, sustained monomorphic ventricular tachycardia; SVA, 
sustained ventricular arrhythmia; and VT, ventricular tachycardia.

*Holter data were available in patients (no LGE, no SVA group: 23 patients, no LGE, SVA group: 7 patients, LGE, no SVA group: 18 patients, no LGE, no SVA group: 
16 patients). P value for the discrimination between patients with or without SVA: a P value <0.05 is shown in bold.
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contrast, in patients with LGE global and regional dener-
vation was not associated with sustained VA.

Arrhythmic Risk Prediction and LGE in Patients 
With NICM
In addition to the LVEF, LGE on CMR imaging has been 
identified as an important predictor of ventricular arrhyth-
mia events in patients with NICM.29–31 Interestingly, the 
location and pattern of LGE may further refine the risk 
prediction for arrhythmic events.11,32,33

Other reported risk factors for life-threatening VA in 
patients with NICM include younger age, hypertension, 
LV dilatation, history of sustained VA and out-of-hospital 
cardiac arrest, and the presence of pathogenic or likely 
pathogenic variants in genes associated with VA.2 How-
ever, patients with NICM form a heterogeneous group 
with different potential VA substrates, not all related to 
areas of replacement fibrosis, identifiable by LGE-CMR.34

The present study found that 45% of patients with 
LGE, but also 23% without LGE experienced a sustained 
VA during follow-up. These data support the association 
between LGE and sustained VA but also show that the 
absence of LGE does not exclude sustained VA during 
follow-up. In patients without LGE, there appeared to be 
no association between VA inducibility, nonsustained 
VTs on Holter monitoring, LVEF, and VA occurrence. This 
emphasizes the particularly challenging risk stratification 
in this subgroup of patients with NICM.

Arrhythmic Risk Prediction and Sympathetic 
Innervation in Patients With NICM
The present study has used different parameters to ana-
lyze the impact of regional sympathetic innervation of 
the left ventricle in patients with NICM. The number of 
DS and specifically, the presence of >7 DS (of 17 seg-
ments), which is easily to determine in clinical practice, 

could identify a patient at risk for sustained VA in patients 
without LGE. Other parameters, such as the ratio of 
DS, summed defect score, and weighted denervation 
size, also provided comparable but not superior results 
(based on receiver-operating characteristic and bivariate 

Figure 3. Association between the 
number of denervated segments 
in regional 123-iodine meta-
iodobenzylguanidine (123I-MIBG) 
imaging and sustained ventricular 
arrhythmias (VA) during follow-up 
in patients without late gadolinium 
enhancement (LGE).
A regional sympathetic denervation of ≥7 
segments was associated with sustained 
VA during a mean follow-up period of 
4.5±1.6 years. AUC indicates area under 
the curve.

Table 4.  Parameters Associated With Sustained VA in 
Patients Without Late Gadolinium Enhancement

Any sustained ventricular 
arrhythmia

HR (95% CI) P value

Bivariate analysis

 � Male 2.35 (0.28–19.51) 0.43

 � Age, per 1 y 1.07 (0.96–1.20) 0.22

 � History of sustained VT 3.53 (0.39–31.67) 0.26

 � History of OHCA 2.41 (0.49–12.00) 0.28

 � QRS, per 1 ms 0.99 (0.97–1.01) 0.30

 � QTc, per 1 ms 1.00 (0.98–1.02) 0.77

 � eGFR MDRD, per 1 mL/min 1.01 (1.00–1.01) 0.16

 � LVEF, per 1% 1.00 (0.95–1.05) 1.00

 � NT-proBNP, per 1 ng/mL 1.00 (1.00–1.00) 0.89

 � nSVT on Holter 3.27 (0.63–16.96) 0.16

 � Pathogenic mutation (class IV/V) 0.83 (0.17–4.13) 0.82

 � EP study at baseline: sustained VA 
inducible

1.93 (0.39–9.69) 0.42

 � 123I-MIBG imaging global: HMR >1.8 1.05 (0.25–4.47) 0.95

 � 123I-MIBG imaging regional: no. of 
denervated segments, per 1 segment

1.25 (1.06–1.46) 0.006

 � 123I-MIBG imaging regional: ≥7 
denervated segments

25.4 (3.10–208.45) 0.003

123I-MIBG indicates123-iodine meta-iodobenzylguanidine; eGFR, estimated 
glomerular filtration rate calculated using the modification of diet in renal disease 
(MDRD)-formula; EP, electrophysiological study; HMR, heart-to-mediastinum 
ratio; HR, hazard ratio; LGE, late gadolinium enhancement; LVEF, left ventricular 
ejection fraction; nSVT, nonsustained ventricular tachycardia; NT-proBNP, 
N-terminal prohormone of brain natriuretic peptide; OHCA, out-of-hospital 
cardiac arrest; VA, ventricular arrhythmia; VT, ventricular tachycardia. A P value 
<0.05 is shown in bold.
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analyses [data not shown]) and require more detailed 
analysis. The underlying mechanisms leading to denerva-
tion in patients with NICM have not been described and 
are currently unknown. Previous studies on sympathetic 
innervation and arrhythmic risk prediction were mainly 
conducted in patients with ischemic cardiomyopathy 
or in a mixed group of patients with ischemic cardio-
myopathy and NICM.35 In studies investigating patients 
with NICM, global denervation has been associated with 
adverse outcomes (combined end points including car-
diac deaths, rehospitalization for heart failure, implanta-
tion of a left ventricular assist device, and arrhythmias) 
or with sudden death when combining global denerva-
tion with late ventricular potentials.19,20,36 However, in the 
present study, global sympathetic denervation did not 
predict sustained VA in NICM.

This is in line with a prior study in which HMR was 
also not correlated with global denervation.16 Studies that 
did report an association between global denervation 
and combined cardiac end points have mainly included 
patients with severe LV dysfunction.20,37 The impact 
of global denervation on VA occurrence may differ in 
patients with mild or moderate LV dysfunction, which was 
a majority in our study. Two prior studies have described 
an association between the extent of regional denerva-
tion and cardiac death21 or a combined end point of car-
diac death or hospitalization and admission to hospital 
due to heart failure or arrhythmia.22 Regional denervation 
as a predictor of sustained VA has not been reported 
before. The most important mechanism of VT in patients 
with LGE is scar-related reentry. Compact replacement 
fibrosis detectable by LGE-CMR may serve as 1 VT 
substrate. In ischemic cardiomyopathy denervation has 
been observed within the infarct core and adjacent viable 
myocardium.38–41 Regional extent of LGE was a signifi-
cant and independent predictor of regional sympathetic 
denervation in a cohort of patients with nonischemic 
heart failure and relatively preserved function,24 sug-
gesting that denervation may coincide with replacement 
fibrosis in subgroups of patients with NICM. In this con-
text, it is interesting to speculate that in patients without 
LGE, the mechanism for VT may be fundamentally differ-
ent. Nonhomogeneous innervation may result in regional 
differences in depolarization and repolarization gradients, 
contributing to arrhythmogenicity.42–44 The numbers are 
small, but the trend toward faster VT, close to the ven-
tricular refractory period responding to ATP, in patients 
without LGE compared with those with LGE, may sup-
port functional reentry as the underlying mechanism. It 
has recently been shown that heterogeneous cardiac 
sympathetic innervation gradients together with spatially 
inhomogeneous innervation promote arrhythmogen-
esis in murine dilated cardiomyopathy.45 However, the 
underlying pathophysiologic mechanisms leading to the 
regional differences, their relevance for arrhythmogen-
esis in humans, and the potential underlying mechanism 

for VA with implications for treatment are not well under-
stood yet.

Limitations
This hypothesis-generating study was performed in a 
tertiary referral center with a large interventional program 
for VA and a potential selection bias toward patients with 
LGE and prior VA. The study describes a relatively small 
cohort with a low number of events (sustained VA) dur-
ing the follow-up period, particularly in the group without 
LGE. Further studies in larger patient cohorts are needed 
to determine the relevance of sympathetic innervation 
imaging on arrhythmic outcomes in patients with NICM. 
At baseline, catheter ablation for VA was performed in 
30% of the patients with LGE, so the occurrence of VA, 
and possible relation with regional denervation may be 
underestimated in the LGE group. However, as VT abla-
tion was performed more often in those with LGE, it is 
not likely that VT ablation changes our results in patients 
without LGE.

Conclusions
In patients with NICM without LGE, arrhythmic risk 
prediction is challenging. In this study, regional sympa-
thetic denervation was found to be associated with sus-
tained VA occurrence in patients without LGE, but not 
in patients with LGE. Larger, prospective studies are 
required to evaluate whether this parameter contributes 
to arrhythmic risk stratification.
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