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	 Background:	 The contribution of local sympathetic nerves to ventricular arrhythmia (VA) originating from the right ventric-
ular outflow tract (RVOT) has not been elucidated. This study used a canine model to investigate the anatom-
ical changes of the RVOT associated with VA, and the distribution of local sympathetic nerves.

	 Material/Methods:	 The RVOT-VA canine model (6 dogs) was induced with a circular catheter and high-frequency stimulation 
(100 Hz) in the middle of the pulmonary artery trunk. Six dogs who were not given stimulation served as the 
control group. The serum levels of neurotransmitters, the extent of myocardial extension, and the sympathet-
ic nerve density of the RVOT were also analyzed.

	 Results:	 Ventricular arrhythmias, including premature ventricular contractions, were induced in the experimental group 
after high-frequency stimulation. Dogs from the RVOT-VA group showed enhanced myocardial extension and 
sympathetic nerve density in the septal wall as compared with those of the free wall of the RVOT. In the RVOT-
VA dogs, serum norepinephrine and neuropeptide Y and the sympathetic nerve density were significantly high-
er compared with the control group.

	 Conclusions:	 Stimulation of the pulmonary artery could activate local sympathetic nerves and enhance myocardial extension, 
which may be the foundation of RVOT-VA. The RVOT voltage transitional zone positively correlated with myo-
cardial extension, which may serve as an important target for the radiofrequency catheter ablation of RVOT-
VA clinically.
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Background

Clinical studies have shown that idiopathic ventricular arrhyth-
mia (VA) originating from the right ventricular outflow tract 
(RVOT), or RVOT-VA, is the most important category of VA, ac-
counting for 70% to 85% of VAs [1]. RVOT-VA is characterized 
in a 12-lead electrocardiography (ECG) as a left bundle branch 
block with an inferior axis in the frontal plane [2–4]. For the 
pharmacological and electrophysiological treatment of arrhyth-
mias, an understanding of the pathogenesis of RVOT-VA is fun-
damental. It has been reported that activation of sympathetic 
tone, and the attenuation of parasympathetic nerve activity, 
may be involved in the pathogenesis of idiopathic VA [5], and 
these changes seem to occur before the onset of the VA [6–8]. 
However, the activities of the sympathetic nerves of the myo-
cardium during the development of RVOT-VA have not been 
comprehensively evaluated.

Studies in animal models have confirmed that high-frequency 
stimulation in the pulmonary artery can induce a left bundle 
branch block with inferior axis premature ventricular contrac-
tions or ventricular tachycardia [9]. This is similar to the devel-
opment of RVOT-VA in human patients. However, aggressive 
conventional stimulation is sometimes not adequate for the in-
duction of VAs [10]. Instead, stimulation of the proximal pulmo-
nary artery can successfully induce VAs, and subsequently lead 
to catheter ablation therapy for the VAs. Moreover, ventricular 
myocardial extensions into the pulmonary artery beyond the 
pulmonary valve have been observed by Hasdemir et al. [11]. 
These anatomic features of incomplete myocardial regression 
may suggest the presence of a myocardial sleeve in the main 
stem of the pulmonary artery that is connected to the rest 
of the related ventricles. However, these myocardial exten-
sions into the pulmonary artery seem to be ubiquitous in hu-
mans [12], and frequently serve as origins of presumed RVOT 
arrhythmias. Possible changes in the activities of local sympa-
thetic nerves during the pathogenesis of VA, originating from 
the RVOT, have not been fully determined.

In this study, we used a canine model of sympathetic nerve-
induced RVOT-VA to evaluate the anatomical characteristics 
of the RVOT and the myocardial distribution of sympathetic 
nerves in RVOT-VA. Also in this model, we investigated an as-
sociation between RVOT myocardial extension and the voltage 
transition zone in the pathogenesis of VA. Results of our study 
may improve the understanding of the role of local sympathetic 
nerves in the pathogenesis of RVOT-VA, and provide some new 
evidence for the ablation target region for RVOT-VA clinically.

Material and Methods

The Institutional Animal Care and Use Committee at Capital 
Medical University reviewed and approved the study protocol 
before the experiment was conducted.

Establishment of a model of RVOT-VA mediated by 
sympathetic nerves

Twelve adult beagle dogs were anesthetized using sodium 
pentobarbital. A 20-pole circular catheter (Lasso) (Biosense 
Webster, Diamond Bar, CA, USA) was introduced into the right 
femoral vein in all dogs and then positioned in the pulmonary 
artery with the help of a fluoroscope, until all the ventricular 
ECG waves disappeared. Recordings of myocardial potentials 
were achieved from each of the lasso electrode pairs. All trac-
ings from the electrode catheters were amplified and digital-
ly recorded with an electrophysiology workstation (CardioLab, 
GE, Freiburg, Germany). The surface ECG filter settings were 
0.01–250 Hz, whereas the bipolar electrograms were filtered at 
30–250 Hz. High-frequency stimulation at 100 Hz (2-ms pulse 
duration) was applied to the catheter in 6 dogs randomly as-
signed as the experimental group, while the remaining 6 dogs 
served as the control group without high-frequency stimula-
tion (Figure 1). The successful induction of VA in the canine 
RVOT-VA model was confirmed on ECG by the appearance of 
the following, based on previous animal studies: left bundle 
branch block, right axis deviation, and II, III, and aVF lead R 
one-way wave [9].

Voltage mapping of the RVOT

Voltage mapping was performed in dogs of both groups un-
der the guidance of a 3-dimensional electroanatomical map-
ping CARTO system (Biosense Webster, CA, USA) under sinus 
rhythm. These procedures were achieved by taking about 1000 
points and building a 3-dimensional conformation of the ca-
nine RVOT. Characteristics of the voltage transition zone of the 
RVOT from all the dogs were observed and analyzed.

Serum concentrations of neurotransmitters

Blood samples were taken and collected before and after stim-
ulation of the canine coronary sinus. The serum concentrations 
of norepinephrine, neuropeptide Y, and acetylcholine were de-
termined with enzyme-linked immunosorbent assay (ELISA) in 
accordance with the instructions of the manufacturers.

Canine RVOT muscle extension distribution

After the electrophysiological examination, the dogs were 
killed and the ventricular outflow myocardium was removed 
and stained with hematoxylin-eosin (H&E) for subsequent 
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Figure 1. �Biaxial images of right ventriculography in dogs (A, B). A lasso catheter was introduced into the pulmonary artery (C, D), and 
all the ventricular electrograms disappeared (E). High-frequency stimulation at 100 Hz (2-ms pulse duration) was applied 
to the catheter (E), and ventricular tachycardia exhibiting a left bundle branch block morphology and inferior axis was 
induced (F).
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analyses. The distribution of the sympathetic nerves in differ-
ent parts of the myocardial extension was observed. Five slic-
es were randomly selected in each site and the lengths of the 
myocardial extension were measured.

RVOT sympathetic nerve density distribution

The sympathetic nerve density distribution in the RVOT and 
other parts of the myocardial tissue was detected by tyrosine 
hydroxylase (TH) staining and transmission electron micros-
copy (TEM) (JEM-1400, 830.10U3) [13]. In addition, the forma-
tion of sympathetic nerve endings and features of the RVOT 
myocardium and other parts were observed.

Statistical analysis

Continuous variables are expressed as the mean±standard de-
viation, or median with interquartile range (IQR), depending 
on the normality of the distribution. Mann-Whitney U test for 
non-normal data. Comparisons of continuous variables were 
made using a 2-tailed Student’s t test for normal data or the 
2-tailed Mann-Whitney U test for non-normal data. Comparisons 
of categorical variables were made using Fisher’s exact test. 
Statistical calculations were performed using SPSS 16.0 soft-
ware (SPSS, Chicago, IL). A P-value <0.050 was considered sta-
tistically significant.

Results

Establishment of a model of RVOT-VA mediated by 
sympathetic nerves

Premature ventricular contractions and paroxysmal ventricu-
lar tachycardia were induced in the experimental group after 
high-frequency stimulation as indicated by ECGs, and an as-
sociated pattern of left bundle branch block, right axis devi-
ation, and II, III, and aVF lead R one-way wave was observed. 
The control group had no such premature ventricular contrac-
tions or ventricular tachycardia (Figure 1).

Voltage mapping of the RVOT

Three-dimensional images of the RVOT were taken in the si-
nus under the guidance of a CARTO system (Figure 2). The 
color display for the voltage on bipolar electrograms of the 
myocardium ranged from red (low voltage zone, amplitude 
<0.5 mV) to purple (high voltage zone, amplitude >1.5 mV). 
Intermediate colors indicated a transitional voltage zone (am-
plitudes 0.5–1.5 mV).

The results indicated that the width of the voltage transition-
al zone in the septal wall (median 10.2 mm; IQR 7.8–14.1) is 

wider than that of the free wall (median 4.5 mm; IQR 2.9–7.4; 
P=0.004). However, the width of the voltage transition zone of 
the experimental and control groups was similar.

Detection of the serum concentrations of 
neurotransmitters

Compared with the control group, the serum concentrations 
of norepinephrine (experimental group: 173.02±17.38 ng/l cf. 
control group 102.84±15.55 ng/l; P<0.001) and neuropeptide 
Y (experimental group: 74.72±12.65 ng/l cf. control group: 
57.95±9.30 ng/l; P=0.026) were significantly increased after 
stimulation. Moreover, the acetylcholine (experimental group: 
1.05±0.90 ug/ml cf. control group: 4.45±2.21 ug/ml; P=0.004) 
concentration was lower in dogs from the experimental group 
compared with that of the control group (Figure 3).

Detection of canine RVOT muscle extension distribution

H&E staining of the myocardium of both groups showed that 
the myocardial extension in the septal wall was significant-
ly longer than that of the free wall (4.6 mm; IQR 2.6 to 6.7 cf. 
1.3 mm; IQR −0.1 to 3.1; P=0.002; Figure 4).

Detection of RVOT sympathetic nerve density distribution

The TH staining density in the septal wall was significantly 
greater than that of the free wall of both groups (Figure 5): 
experimental group (134.52±28.72 vs. 72.38±19.84; P=0.001) 
and control group (82.92±20.81 vs. 50.64±21.92; P=0.025). 
However, if it was compared with the control group, the TH 
staining density at the septal wall of the experimental group 
was significantly greater (Table 1). Results of TEM showed that 
the sympathetic nerves contained electron-dense core gran-
ules. The distribution of sympathetic nerve activities was sig-
nificantly higher at the pulmonary valve level and RVOT sep-
tal wall than in other parts (Figure 6).

Discussion

Muscle extension and voltage transition zone

In a previous report of the distribution of successful catheter 
ablation sites within the RVOT using a 3-dimensional electro-
anatomic mapping system, Yamashina et al. [14] demonstrat-
ed that 88.7% of the successful ablation sites were located in 
the transitional voltage zone. Moreover, previous animal and 
human [11,12] studies showed that myocardial extension 
into the pulmonary artery is ubiquitous. These extensions fre-
quently serve as origins of presumed RVOT arrhythmias. In our 
study, we found that RVOT voltage mapping can provide use-
ful information regarding the extension of the muscle, which 
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positively correlated with the voltage transitional zone. Based 
on the above findings, we propose that the transitional voltage 
zone represents such a heterogeneously distributed arrhyth-
mogenic myocardium around the pulmonary valve, which may 

function as substrate for the pathogenesis of RVOT-VA in some 
patients. These findings may be helpful for the clinical local-
ization of the ablation target region for patients with RVOT-VA

A

C

B

D

Figure 2. �RVOT 3-dimensional conformation was taken in the sinus under the guidance of CARTO system. The color display for the 
voltage on bipolar electrograms of the myocardium ranged from red, representing the “low voltage zone” (amplitude <0.5 
mV), to purple, representing the “high voltage zone” (amplitude >1.5 mV). Intermediate colors represented the “transitional 
voltage zone” (amplitudes between 0.5 and 1.5 mV) (A, B). The results showed that the width of the voltage transitional 
zone in the septal wall (D) is wider than that of the free wall (C).
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Figure 3. �Compared with the control group (CG), the serum concentration of norepinephrine and neuropeptide Y in the experimental 
group (EG) were significantly higher after stimulation, and the acetylcholine concentration was significantly lower. * Indicates 
that the neurotransmitter concentration changed significantly in the experimental group before and after stimulation, 
P<0.05. # Indicates that the neurotransmitter concentration changed significantly, compared with the control group, P<0.05.

A B

Figure 4. �H&E staining showed that the myocardial extension in the septal wall (A) was longer than that in the free wall (B). 
* Indicates the pulmonary artery valve, while the red arrows indicate muscle extension.
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Sample, n Septal wall of RVOT Free wall of RVOT

Control 6 82.92±20.81* 50.64±21.92

Experimental 6 134.52±28.72*,# 72.38±19.84

Table 1. TH density in different parts of the RVOT, μm2/mm2.

* Indicates that the sympathetic nerve density in the septal wall was significantly higher than that of the free wall, P<0.05; # Indicates 
that the sympathetic nerve density in the experimental group was significantly higher than that of the control group, P<0.05.

Sympathetic nerve and myocardial extension

It has been suggested that RVOT-VA may be caused by a trig-
gered activity, possibly via cyclic adenosine monophosphate-
mediated mechanisms [15–18]. However, this hypothesis was 
not adequate for explaining why RVOT-VA usually arises from 
a small discrete focus. Our H&E staining results showed that 
myocardial extension in the septal wall was longer than that 
in the free wall. Interestingly, a clinical trial also found that 
myocardial extension into the pulmonary artery in humans is 
ubiquitous [12]. These extensions frequently serve as origins of 
presumed RVOT arrhythmias. Therefore, it could be imagined 

that changes in sympathetic nerves may affect the activity of 
myocardial extension and subsequently induce VA.

VA and sympathetic nerves

Previous findings from a number of studies have also shown 
that the development of idiopathic VA may be associated 
with sympathetic nerve activation [6–8]. The middle cervical 
ganglia and the stellate ganglia have been shown to regulate 
the sympathetic aspect of cardiac physiology. One of the ma-
jor sympathetic nerves (the ventromedial cardiac nerve) from 
the middle cervical and stellate ganglia traverses over the left 

A

C
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D

Figure 5. �TH staining showed that the sympathetic nerve density in the septal wall (C, D) was higher than that in the free wall (A, B) of 
the RVOT; the brown-stained fibers indicate the sympathetic nerve (black arrows).
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Figure 6. �TEM of the different parts of the RVOT. No concomitant nerves beneath the pulmonary artery valve were detected (A, B). The 
black arrow indicates a capillary (B). The white arrow shows collagen fibers in the middle of the pulmonary artery (C). At the 
pulmonary valve level (D, E), the red arrows indicate sympathetic nerve terminals and a synaptic vesicle bubble.

A CB

D E

pulmonary artery before innervating the proximal pulmonary 
artery and the RVOT [19]. According to the TH staining results 
of the present study, sympathetic nerve terminals were most-
ly distributed at the level of the pulmonary valve. In addition, 
the sympathetic nerve density in the septal wall was much 
higher than that of the free wall. Correspondingly, results of 
some clinical studies have also shown that 80% of idiopath-
ic RVOT-VA originates from the septal wall. In this regard, it is 
possible that a hyperactive state of local sympathetic nerves 
may induce idiopathic VA in patients. In fact, it has been pro-
posed that sympathetic nerve sprouting may be associated 
with the occurrence and prognosis of idiopathic arrhythmia. 
In our study, the sympathetic nerve density at the septal wall 
of the experimental group was significantly higher than that 
of the control group. These findings indicate that VA may in-
duce local sympathetic nerve remodeling, which may be an im-
portant mechanism that triggers arrhythmia and maintains it.

Study limitations

First, in the present study, mapping of the origin of the ectopy 
and tachycardia was not performed. Although we induced VA, 
which exhibited a left bundle branch block morphology and in-
ferior axis, the exact site where the ectopy or tachycardia arose 

was not investigated. Therefore, additional studies are required 
to confirm the origin of the VAs. Moreover, although we found 
that changes of the sympathetic nerves affected the activity of 
muscle extension and induced VA, it remains unclear how sym-
pathetic nerve terminals affect muscle extension activity and in-
duce VA. Since changes in calcium channel signaling and ryano-
dine receptor systems have been shown to be involved in the 
pathogenesis of many arrhythmias [20,21], we will evaluate calci-
um signaling and levels of the ryanodine receptor in the RVOT in 
future studies. Moreover, at this stage, we hypothesize that sym-
pathetic nerve remodeling may result in increased calcium sig-
naling events in myocardial extension and induce idiopathic VA.

Conclusions

In this study, we established a canine model of VA originat-
ing from the RVOT mediated by sympathetic nerves. We found 
that stimulation of the pulmonary artery could activate local 
sympathetic nerves and enhance myocardial extension, which 
may be the foundation of RVOT-VA. Particularly, the RVOT volt-
age transitional zone was positively correlated with myocardi-
al extension, which may serve as an important target for the 
catheter ablation of RVOT-VA clinically.
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