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Abstract
There is scarce evidence for pulmonary artery denervation (PADN) as a potential treatment for chronic postcapillary pul-
monary hypertension (PH). We aimed to perform a proof-of-concept of PADN in a translational model of chronic PH. 
Nineteen pigs with chronic postcapillary PH (secondary to pulmonary vein banding) were randomized to surgical-PADN 
(using bipolar radiofrequency clamps) or sham procedure. Additionally, 6 healthy animals underwent percutaneous-PADN 
to compare the pulmonary artery (PA) lesion generated with both approaches. In the surgical-PADN arm, hemodynamic 
evaluation and cardiac magnetic resonance (CMR) were performed at baseline and at 2 and 3-month follow-up. Histologi-
cal assessment was carried out at the completion of the protocol. Eighteen pigs (6 following surgical-PADN, 6 sham and 6 
percutaneous-PADN) completed the protocol. A complete transmural PA lesion was demonstrated using surgical clamps, 
whereas only focal damage to adventitial fibers was observed after percutaneous-PADN. In the surgical-PADN arm, the 
hemodynamic profile did not significantly differ between groups neither at baseline [mean pulmonary artery pressure (mPAP) 
median values of 32.0 vs. 27.5 mmHg, P = 0.394 and indexed pulmonary vascular resistance (iPVR) 5.9 vs. 4.7 WU m2, 
P = 0.394 for PADN/sham groups, respectively] nor at any follow-up (mPAP of 35.0 vs. 35.0 mmHg, P = 0.236 and iPVR of 
8.3 vs. 6.7 WU m2, P = 0.477 at third month in PADN/sham groups, respectively). Surgical-PADN was not associated with 
any benefit in RV anatomy or function on CMR/histology. In a large-animal model of chronic postcapillary PH, transmural 
PADN with surgical clamps was associated with a neutral pulmonary hemodynamic effect.
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CT	� Computed tomography
PAP	� Pulmonary arterial pressure
CO	� Cardiac output
LVEDP	� Left ventricular end-diastolic pressure
LV	� Left ventricle

Introduction

Pulmonary hypertension (PH) is a prevalent condition char-
acterized by an increase in pulmonary vascular resistance 
(PVR) and progressive right ventricular (RV) dysfunction 
associated with poor prognosis [7, 21]. Currently, there are 
few therapeutic strategies available for PH [7, 14]. Pulmo-
nary artery (PA) vasodilators have shown a beneficial effect 
in pulmonary arterial hypertension but have failed to dem-
onstrate a consistent benefit in other PH subgroups such as 
PH secondary to left heart disease or hypoxia (groups II and 
III, respectively, the most frequent causes of PH) [14, 26].

The pulmonary vascular bed is regulated by the nervous 
system [25] and patients with chronic PH have increased lev-
els of sympathetic activity [1, 16, 28] that strongly contrib-
utes with the pathogenesis of the disease [27]. Baroreceptors 
and sympathetic nerve fibers are located in or near the bifur-
cation area of the main pulmonary artery. In recent years, 
pulmonary artery denervation (PADN) using a percutaneous 
approach has emerged as a potential therapy for chronic arte-
rial PH by reducing sympathetic stimulation of the pulmo-
nary vasculature based on positive data from experimental 
animal studies. Moreover, in the recent non-randomized 
PADN-1 study the effect of PADN was evaluated [5, 12, 
19, 24, 30] in a heterogeneous group of PH patients [3, 4] 
with promising results, but the methodological limitations 
of this study leave the question whether PADN might be an 
effective therapy for patients with PH unanswered. Several 
randomized clinical trials evaluating the effect of PADN 
in chronic pulmonary arterial hypertension are currently 
ongoing. Despite the scarce preclinical evidence [12] of the 
potential benefit of this therapy in chronic postcapillary PH, 
it has been already applied to patients with PH secondary to 
left heart disease [4, 29].

We aimed to evaluate the effect of PADN using surgical 
bipolar radiofrequency ablation clamps in a large-animal 
model of chronic postcapillary PH. Particularly, we designed 
a translational study using state-of-the-art technology to 
assess the following specific objectives: (1) to evaluate the 
hemodynamic effect of PADN using right heart catheteriza-
tion (RHC); (2) to evaluate the effect of PADN on biventricu-
lar anatomy and function using cardiac magnetic resonance 
(CMR); (3) to analyze the effect of PADN in pulmonary 
vascular and myocardial remodeling; and (4) to quantify 
the myocardial and systemic release of noradrenaline (NA) 
and activation of the renin–angiotensin–aldosterone system 

(RAAS). Additionally, (5) we aimed to characterize the 
lesion caused by the surgical bipolar radiofrequency clamps 
in comparison with the scar produced by percutaneous cath-
eter-based PADN in healthy animals.

Methods

Study design and experimental model

The study was designed in two substudies and included a 
total of 25 castrated male Large-White pigs.

Substudy 1 aimed to assess the effect of PADN in chronic 
postcapillary PH using surgical bipolar radiofrequency 
clamps in terms of hemodynamics, cardiac anatomy and 
function and NA release. It included 19 4-week-old Large-
White pigs which previously underwent surgical pulmonary 
vein (PV) banding (of the inferior pulmonary venous con-
fluent) to generate chronic postcapillary PH as previously 
described [23]. This procedure has been demonstrated to 
generate progressive chronic PH that becomes stable from 
the third month on, associated with advanced PH features 
on histopathology and CMR [10, 23] and has been already 
used to test potential therapies acting through the adrenergic 
system [11]. Two months after the induction of PH, animals 
were randomized to PADN or sham procedure. Hemody-
namic evaluation and cardiac magnetic resonance (CMR) 
were performed at baseline (before randomization) and at 
2- and 3-month follow-up. Hemodynamic evaluation before 
the PV banding surgery was not performed because a previ-
ous study to characterize the PH model demonstrated normal 
PA pressures in all cases [23]. Histological assessment was 
carried out at the completion of the protocol.

Substudy 2 was designed to evaluate the feasibility of 
a catheter-based PADN approach and to characterize the 
lesion produced with the catheter in terms of damage to the 
nervous fibers at the PA adventitia, in comparison with the 
lesion generated with the surgical bipolar clamps. It included 
6 healthy Large-White pigs (≈ 60–80 kg weight, similar to 
adult humans).

Our Institutional Animal Research Committee approved 
the study protocol. All animals received care in compliance 
with the Guide for the Care and Use of Laboratory Ani-
mals [22]. Before any procedure, animals were anesthetized 
with an intramuscular injection of ketamine (20 mg/kg), 
xylazine (2 mg/kg), and midazolam (0.5 mg/kg). Buprenor-
phine (0.3 mg/kg) was used for analgesia and animals were 
intubated.

All hemodynamic and imaging studies were performed 
under spontaneous ventilation, anesthesia with intravenous 
midazolam (0.2 mg/kg/h), and continuous electrocardio-
graphic and pulsioxymetric monitoring.
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Description of the PADN procedure using surgical 
bipolar radiofrequency clamps (substudy 1)

Two months after the initial PV banding, animals were 
evaluated with RHC for hemodynamic assessment, CMR 
to measure biventricular volumes and function and cardiac 
computed tomography (CT) to confirm significant PV ste-
nosis. Those animals with a resting mean pulmonary artery 
pressure (mean PAP) ≥ 25 mmHg on RHC and a visible PV 
stenosis on cardiac CT were randomized to either PADN or 
sham procedure (Fig. 1).

PADN was performed through a left lateral thoracotomy, 
24-48 h after the hemodynamic and imaging evaluation, 
using the Cardioblate® (Medtronic, USA) bipolar radi-
ofrequency system at the level of the PA bifurcation and 
proximal portion of the right and left main PA branches (3 
transmural applications in each site, Fig. 2). Tissue imped-
ance was monitored during radiofrequency applications to 
assure transmurality. Control animals underwent a sham 
operation as described above in which the radiofrequency 
was not applied. Blood samples (≈ 20 mL) were obtained 
in all animals from the left atrium through direct puncture, 
immediately before and 20 min after the PADN or sham 
procedure for NA and RAAS quantification. Hemodynamic 
evaluation, CMR and cardiac CT were repeated at 2- and 

3-month follow-up and animals were euthanized thereafter 
(Fig. 1). All analyses (hemodynamic, imaging, laboratory 
and histological) were performed blinded to allocation arm.

Description of the percutaneous PADN procedure 
(substudy 2)

Six healthy Large-White animals were used for the percu-
taneous denervation of the main PA using the Simplicity® 
(Medtronic, USA) catheter. The catheter was inserted 
through the femoral vein and positioned under fluoroscopy 
guidance in the main PA. Four to six monopolar radiofre-
quency applications of up to 120 s were delivered to the 
PA wall beginning at the distal end of the artery and rotat-
ing circumferentially in a helical pattern. This was repeated 
for the other PA branch and for the main PA trunk (Fig. 2). 
The Symplicity® generator uses an algorithm to monitor and 
control temperature, impedance, and power output to assure 
delivery of sufficient energy to obtain transmural lesions on 
each site. Hemodynamic evaluation, CMR and cardiac CT 
were performed 1 month after the ablation and animals were 
euthanized for histological analysis (Fig. 1).

Fig. 1   Overview of study design and flowchart. CMR cardiac magnetic resonance, CT computed tomography, PADN pulmonary artery denerva-
tion, PAP pulmonary artery pressure, PV pulmonary vein, RHC right heart catheterization
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Hemodynamic assessment

Systemic blood pressure was monitored with a femoral 
arterial cannula (Arrow; Reading, PA, USA). RHC was 
performed using a Swan-Ganz catheter (Braun; Kronberg, 
Germany) inserted through the femoral vein and positioned 
under fluoroscopy to measure PAP and cardiac output (CO) 
as assessed by the thermodilution method. A pigtail catheter 
was placed inside the left ventricular cavity to measure left 
ventricular end-diastolic pressure (LVEDP). Additionally, 
a blood sample from the left ventricle (LV, ≈ 20 mL) was 
obtained through the pigtail catheter at the first follow-up 
evaluation (2 months after PADN/sham procedure) in all 
substudy 1 animals for NA and RAAS quantification. PVR 
was calculated as the difference between mean PAP and 
LVEDP divided by the CO in Wood units. Indexed PVR and 
CO by body surface area were estimated using the Brody’s 
formula [2].

CMR studies

All studies were performed on a 3.0-T TX Achieva scanner 
(Philips Medical Systems, the Netherlands), equipped with a 
32-channel cardiac phased-array surface coil and retrospec-
tive electrocardiographic gating during spontaneous ven-
tilation. Steady-state free precession cine sequences were 
acquired in 10–15 contiguous short axis slices covering both 
ventricles from base to apex with 30 cardiac phases each for 
the evaluation of ventricular volumes and function. Two-
dimensional flow imaging (phase-contrast) was performed 
perpendicular to the main PA with a velocity-encoded gradi-
ent echo sequence using the minimum upper velocity limit 
without signal aliasing, as previously described [9].

Analysis of CMR acquisitions was performed using spe-
cialized software (Extended MR Workspace®; Philips, The 
Netherlands) blinded to hemodynamic measurements and 
experimental allocation (PADN/sham). On cine images, 
biventricular endocardial contours were manually traced 

Fig. 2   Representative images showing the placement of the surgical 
radiofrequency ablation clamps at the level of the left (a) and right 
(b) PA branches and main PA trunk (c). Fluoroscopic images from 

the PA angiography (d) and positioning of the percutaneous ablation 
catheter in the PA bifurcation (e)
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in end-diastole and end-systole and Simpson’s method was 
used to calculate volumes and ejection fraction. RV trabecu-
lations were included within the blood pool and the inter-
ventricular septum was adjudicated to the left ventricular 
mass. Wall thickness was measured on CMR cine short axis 
images at the mid-cavity level for the LV (interventricular 
septum and lateral wall) as well as the RV free wall. For 
phase-contrast analysis, the inner contour of the main PA 
was outlined in each cardiac phase to quantify the minimum 
and maximum areas, average velocities and stroke volumes. 
Ventricular volumes and masses and PA areas were adjusted 
to body surface area.

CT studies

To ensure the PV stenosis caused by the surgical banding, a 
CT study was performed in animals from substudy 1 prior 
to random allocation using a 64-slice scanner (Brilliance 
Philips, USA) with retrospective electrocardiographic gat-
ing. Additionally, in all animals, cardiac CT examinations 
were repeated at all follow-ups to exclude PA stenosis after 
the surgical or percutaneous ablation. Non-ionic iodinated 
contrast agent (30–40 mL; Isovue 300) was injected through 
a peripheral vein at a rate of 4 mL/s with a power injector, 
followed by a 30 mL saline flush. A bolus tracking technique 
was used to appropriately trigger image acquisition once 
attenuation in the RV reached a preset threshold of 100 HU.

Postprocessing of CT images was performed using dedi-
cated software (Extended Brilliance Workspace 3.5; Philips, 
USA) and included multiplanar, volume-rendered, and 
shaded-surface display reconstructions. Short axis double-
oblique dimensions were obtained at end-diastole for the 
main PA (1 cm proximal to the PA bifurcation) and left and 
right branches. Average diameters and areas were calculated 
for each vessel [18].

Histological studies

At the completion of the study, all animals were euthanized 
with a lethal injection of pentobarbital sodium and the heart 
and lung parenchyma were excised for histological evalua-
tion. A macroscopic block containing the PA trunk, bifurca-
tion and both branches was stored for the descriptive analysis 
of the PADN lesions with both approaches (surgical and 
percutaneous) using a Masson’s trichrome stain. The his-
tological study involved: (1) a morphometric study of the 
lung parenchyma vasculature; (2) quantification of biven-
tricular myocardial fibrosis; and (3) analysis of cardiomyo-
cyte hypertrophy.

Pulmonary vascular remodeling was studied by double 
immunohistochemistry with anti-vonWillebrand factor to 
identify endothelial cells (1:200, A0082; Dako, Carpinteria, 
CA) and anti-smooth muscle actin to identify smooth muscle 

cells (1:100, M085101; Dako) antibodies and Verhoeff-van 
Gieson stain to identify elastic fibers. Ten randomly chosen 
arteries (100–300 μm diameter) per histological section from 
the inferior pulmonary lobe were analyzed. Similarly, ten 
randomly chosen small pulmonary arteries (< 100 μm) per 
section from the inferior pulmonary lobe were analyzed to 
study the histopathological changes in the small lung ves-
sels. The quantification of collagen content was performed 
using a picrosirius red stain and ImageJ software to delineate 
the collagen percentage in 10 myocardium samples from 
each ventricle per animal. Cardiomyocyte size was analyzed 
by double immunofluorescence technique using wheat germ 
agglutinin (1:500, W834, Invitrogen, Eugene, OR) and car-
diac troponin I (1:200, sc-15368, Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) as primary antibodies. Three randomly 
chosen zones per histological section and 10 representative 
cardiomyocytes per zone were analyzed. All histological 
analyses were blinded to allocation arm.

NA and RAAS quantification

NA was extracted from plasma by a cis-diol-specific affinity 
gel, acylated and then quantitative levels of NA determined 
by a commercial Enzyme Inmunoassay (ELISA) kit (Labor 
Diagnostika Nord GmbH & Co. KG). Similarly, angioten-
sin II and renin activity were measured using commercial 
ELISA kits (Merck, Millipore, USA). The same kits were 
used for quantification of NA, angiotensin II and renin in 
myocardial samples from the LV and RV.

Statistical analysis

Continuous variables are expressed as median (interquar-
tile range). The Mann–Whitney U test was used to com-
pare baseline continuous variables between groups. The 
effect of the denervation procedure on the hemodynamic 
and CMR variables by subgroups was analyzed using the 
ANCOVA procedure to compare changes adjusted by the 
baseline value, the latter included as a covariate. Assump-
tions for ANCOVA were checked using the following meth-
ods: Normal P–P plots of regression; standardized residu-
als to confirm normally distributed errors; Lavene’s test for 
the homogeneity of variances; lack of interaction between 
experimental group and baseline value; and homogeneity of 
regression slopes. All analyses were performed using SPSS® 
20 (IBM Corp., USA.).
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Results

Substudy 1

Hemodynamic and cardiac performance effect of PADN 
using surgical bipolar radiofrequency clamps on chronic 
postcapillary PH

Nineteen Large-White pigs were required to achieve a 
final cohort of 12 animals with complete follow-up (n = 6 
PADN and n = 6 sham controls). Two animals with a mean 
PAP < 25 mmHg were excluded prior to randomization and 
5 more animals (3 in the PADN arm and 2 controls) died 
before completing the 3 month follow-up (Fig. 1). Although 

not statistically significant, animals in the PADN arm had 
a slightly worse hemodynamic profile (higher indexed PVR 
and lower cardiac index) and RV performance (higher RV 
volumes and lower RV ejection fraction) than sham controls 
at baseline (Table 1).

There were no significant differences between both groups 
in PAP and PVR at 2- and 3-month follow-up (Table 2 and 
Fig. 3). At the first follow-up (2 months after PADN), a sig-
nificant decrease in systemic pressure was observed in den-
ervated animals as compared with sham controls, which was 
maintained at the end of the follow-up. Also, a trend towards 
a decrease in heart rate was observed in denervated individu-
als 2 months after PADN, but this trend disappeared at the 
end of follow-up (3 months after the procedure, Table 2 and 
Fig. 3). No significant differences in any other hemodynamic 

Table 1   Substudy 1. Baseline 
hemodynamic and CMR 
variables

BP blood pressure, CI cardiac index, LV left ventricular, LVEDP left ventricular end-diastolic pressure, 
LVEDV left ventricular end-diastolic volume, LVESV left ventricular end-systolic volume, LVEF left ven-
tricular ejection fraction, PA pulmonary artery, PAP pulmonary arterial pressure, PCWP pulmonary capi-
lar wedge pressure, PVR pulmonary vascular resistance, RAP right atrial pressure, RV right ventricular, 
RVEDV right ventricular end-diastolic volume, RVESV right ventricular end-systolic volume

PADN (n = 6) SHAM (n = 6) P

Right heart catheterization variables
 Weight (kg) 33.0 (30.0 to 38.5) 31.0 (27.5 to 36.5) 0.589
 Oxygen saturation (%) 90.0 (84.0 to 96.0) 91.0 (84.0 to 91.0) 0.699
 Heart rate (bpm) 77.5 (71.0 to 90.0) 78.3 (75.0 to 80.0) 0.818
 Mean BP (mmHg) 90.5 (87.0 to 100.0) 104.0 (101.0 to 106.0) 0.310
 Systolic PAP (mmHg) 40.8 (33.0 to 44.0) 38.0 (35.0 to 42.0) 0.589
 Mean PAP (mmHg) 32.0 (26.0 to 35.0) 27.5 (26.0 to 31.5) 0.394
 Diastolic PAP (mmHg) 24.0 (19.0 to 25.5) 20.0 (17.0 to 24.0) 0.132
 RAP (mmHg) 2.0 (0.0 to 3.0) 1.5 (− 1.0 to 2.0) 0.818
 Indexed PVR (WU m2) 5.9 (4.6 to 6.6) 4.7 (4.1 to 6.2) 0.394
 CI (L/min/m2) 3.9 (3.5 to 4.8) 4.7 (3.0 to 5.2) 0.818
 LVEDP (mmHg) 7.0 (5.0 to 9.0) 6.0 (5.0 to 8.0) 0.818
 PCWP (mmHg) 10.5 (9.0 to 15.0) 13.0 (8.0 to 16.0) 0.818

CMR parameters
 Indexed RVEDV (ml/m2) 89.3 (79.8 to 96.0) 81.9 (78.9 to 85.2) 0.240
 Indexed RVESV (ml/m2) 39.1 (37.7 to 43.6) 34.0 (32.9 to 34.7) 0.132
 RVEF (%) 54.9 (52.4 to 57.6) 59.3 (56.3 to 60.4) 0.065
 Indexed RV mass (g/m2) 24.3 (18.9 to 25.7) 23.1 (19.5 to 26.3) 0.699
 Indexed LVEDV (ml/m2) 82.7 (81.2 to 84.0) 89.4 (86.3 to 95.7) 0.132
 Indexed LVESV (ml/m2) 34.7 (32.7 to 39.1) 36.3 (33.8 to 38.1) 0.937
 LVEF (%) 58.2 (56.6 to 59.8) 59.4 (58.0 to 60.1) 0.485
 Indexed LV mass (g/m2) 49.6 (43.3 to 56.5) 56.8 (55.3 to 57.7) 0.485
 PA area (cm2) 7.1 (5.8 to 8.0) 6.4 (5.1 to 7.5) 0.310
 PA elasticity (%) 0.30 (0.19 to 0.38) 0.46 (0.23 to 0.55) 0.180
 PA average velocity (m/s) 9.0 (8.6 to 10.7) 10.1 (9.0 to 12.8) 0.240
 Septal thickness (mm) 8.4 (7.2 to 8.6) 7.3 (7.1 to 7.5) 0.180
 LV free wall thickness (mm) 6.8 (6.3 to 7.4) 6.2 (6.0-6.6) 0.394
 RV free wall thickness (mm) 4.5 (4.1 to 4.6) 3.9 (3.6 to 4.0) 0.093
 LV mass/volume ratio 0.62 (0.53 to 0.70) 0.62 (0.58 to 0.64) 1.000
 RV mass/volume ratio 0.28 (0.21 to 0.29) 0.28 (0.22 to 0.33) 0.394



Basic Research in Cardiology (2019) 114:5	

1 3

Page 7 of 15  5

parameter were observed at either follow-up. Animals on the 
PADN arm had significantly lower weight at the 3-month 
follow-up than controls. Regarding CMR parameters, a 
trend towards larger biventricular volumes and masses was 
observed in the PADN arm after 2 months, and differences 
became statistically significant at the end of the follow-up 
for indexed RV end-diastolic and end-systolic volumes, RV 
mass and LV end-diastolic volume (Table 3 and Fig. 3). To 
discriminate whether heart rate might have influenced these 

results, we performed dedicated sensitivity analyses. After 
adjustment byheart rate in the ANCOVA analysis, only dif-
ferences in indexed RVESV remained statistically significant 
at the third month follow-up between the PADN and sham 
groups (adjusted P values = 0.009 for indexed RVESV, 0.248 
for indexed RVEDV, 0.288 for indexed RV mass and 0.248 
for indexed LVEDV).

The PA average velocity was also significantly reduced 
in PADN animals at the end of the follow-up. CT scans 

Table 2   Substudy 1. Hemodynamic parameters at the first (2-month) and second (3-month) follow-ups

BP blood pressure, CI cardiac index, LVEDP left ventricular end-diastolic pressure, PAP pulmonary arterial pressure, PCWP pulmonary capilar 
wedge pressure, PVR pulmonary vascular resistance
*P value from ANCOVA test to evaluate changes adjusted by the baseline value

Two-month follow-up Three-month follow-up

PADN (n = 6) SHAM (n = 6) P* PADN (n = 6) SHAM (n = 6) P*

Weight (kg) 50.5 (47.0–54.0) 52.0 (45.5–61.5) 0.167 63.3 (61.0–68.5) 73.5 (65.0–76.0) 0.010
Oxygen saturation (%) 91.0 (88.0–94.0) 95.5 (90.0–98.0) 0.897 91.0 (87.0–95.0) 90.5 (88.0–94.0) 0.876
Heart rate (bpm) 55.0 (45.0–63.0) 69.0 (62.0–80.0) 0.072 56.5 (52.0–70.0) 66.0 (61.0–71.0) 0.270
Mean BP (mmHg) 86.5 (85.0–87.0) 108.0 (105.0–112.0) 0.034 82.0 (80.0–96.0) 105.0 (101.0–109.0) 0.035
Systolic PAP (mmHg) 53.5 (45.0–62.0) 47.0 (41.0–50.0) 0.635 47.5 (39.0–63.0) 47.5 (43.0–53.0) 0.528
Mean PAP (mmHg) 36.0 (30.0–41.0) 37.0 (30.0–39.0) 0.850 35.0 (31.0–43.0) 35.0 (33.0–39.0) 0.236
Diastolic PAP (mmHg) 24.5 (22.0–29.0) 28.0 (22.0–28.0) 0.617 26.0 (24.0–29.0) 27.5 (24.0–30.0) 0.287
Indexed PVR (WU*m2) 8.8 (5.5–12.8) 6.8 (6.2–7.5) 0.249 8.3 (6.0–10.0) 6.7 (5.5–7.8) 0.477
CI (L/min/m2) 3.7 (3.0–4.2) 4.5 (3.6–5.0) 0.166 3.8 (3.1–4.2) 3.9 (3.7–4.5) 0.194
LVEDP (mmHg) 7.0 (6.0–9.0) 5.5 (5.0–9.0) 0.715 6.5 (6.0–7.0) 7.0 (6.0–9.0) 0.961
PCWP (mmHg) 15.5 (14.0–25.0) 16.5 (12.0–19.0) 0.478 15.0 (11.0–18.0) 17.0 (17.0–18.0) 0.150
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shifted to facilitate visualization. PAP pulmonary arterial pressure, 
PVR pulmonary vascular resistance, RV right ventricular, LV left ven-
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performed at every follow-up demonstrated normal anatomy 
of the PA and both branches thus excluding postprocedural 
PA stenosis. At the end of the follow-up, main PA diameter 
and areas were 3.0 (2.7–3.1) cm and 6.8 (5.5–7.3) cm2 for 
PADN animals and 2.9 (2.8–3.0) cm and 6.0 (5.8–6.5) cm2 
for sham controls (P = 0.762 and 0.610, respectively). Simi-
larly, no significant differences were observed in left or right 
PA dimensions (data not shown).

Microscopic histological analysis

1.	 Morphometric study of the lung parenchyma vascula-
ture: There were no differences between groups in terms 
of pulmonary vascular remodeling in small (< 100 μm) 
or intermediate (100–300  μm) pulmonary vessels. 
In small pulmonary arteries, the areas (expressed as 
a percentage of the total vessel area) in the PADN/
sham groups were respectively: 76.4% (74.2–77.3) 
vs. 77.3% (74.0–83.7), P = 0.937 for the arterial wall 
(medial + intima layers); and 23.6% (22.7–25.8) vs. 
22.7% (16.3–26.0) for the lumen. In intermediate pul-
monary arteries, the areas in the PADN/sham groups 
were, respectively: 53.45% (48.60–59.52) vs. 52.70% 
(46.94–58.68), P = 0.699 for the medial layer; 13.18% 
(11.59–13.81) vs. 14.83% (11.29–15.25), P = 0.240 for 
the intimal layer; and 32.67% (27.60–38.88) vs. 32.51% 
(30.35–37.81), P = 0.937 for the lumen.

2.	 Quantification of biventricular myocardial fibrosis: We 
found no statistically significant differences between 
groups in the amount of collagen content in both ventri-
cles. The percentage of collagen in the PADN and sham 
groups was, respectively: 4.50% (3.77–4.67) vs. 4.86% 
(4.36–4.94), P = 0.310 in the RV; and 4.10% (3.09–6.02) 
vs. 3.34% (2.95–4.21), P = 0.485 in the LV (Fig. 4).

3.	 Analysis of cardiomyocyte hypertrophy: We observed 
a greater degree of cardiomyocyte hypertrophy in den-
ervated animals compared to the sham controls. This 
difference was statistically significant for the RV and did 
not reach statistical significance in the LV. The median 
cardiomyocyte perimeters for the PADN group and sham 
controls were, respectively: 52.7 µm (50.9–55.8) vs. 
47.4 µm (45.8–49.7), P = 0.041 for the RV, and 51.9 µm 
(46.3–56.8) vs. 48.6 µm (48.4–48.9), P = 0.394 for the 
LV (Fig. 4). There was a significant correlation between 
indexed RVESV [R (Spearman-Rho) = 0.63, P = 0.028] 
and histological cross-sectional area of the RV cardio-
myocytes. Correlation between LV volumes and LV car-
diomyocyte size did not reach statistical significance.

NA and RAAS quantification

There were no statistically significant differences in plas-
matic NA, angiotensin II and renin absolute concentration or 
fold change (log2-transformed relative to the baseline levels) 
between both groups at any time-point (Table 4). We found 

Table 3   Substudy 1. CMR parameters at the first (two-month) and second (three-month) follow-ups

LV left ventricular, LVEDV left ventricular end-diastolic volume, LVESV left ventricular end-systolic volume, LVEF left ventricular ejection 
fraction, PA pulmonary artery, RV right ventricular, RVEDV right ventricular end-diastolic volume, RVESV right ventricular end-systolic volume
*P value from ANCOVA test to evaluate changes adjusted by the baseline value

Two-month follow-up Three-month follow-up

PADN (n = 6) SHAM (n = 6) P* PADN (n = 6) SHAM (n = 6) P*

iRVEDV (ml/m2) 116.3 (93.7–126.2) 85.6 (83.5–95.4) 0.084 111.0 (92.8–114.0) 88.5 (85.1–92.4) 0.039
iRVESV (ml/m2) 49.0 (39.8–57.7) 34.5 (30.9–36.8) 0.061 43.0 (38.6–44.6) 32.4 (30.5–33.8) 0.002
RVEF (%) 55.2 (51.2–64.8) 59.7 (59.4–64.0) 0.150 60.3 (55.5–62.8) 62.8 (61.6–63.7) 0.064
iRV mass (g/m2) 33.7 (27.6–38.1) 27.9 (25.6–30.7) 0.115 33.3 (30.0–33.7) 25.9 (23.7–27.2) 0.043
iLVEDV (ml/m2) 96.2 (85.7–112.3) 85.9 (83.5–95.4) 0.157 103.4 (88.6–112.6) 90.2 (86.8–93.4) 0.012
iLVESV (ml/m2) 37.1 (31.3–38.5) 35.6 (30.2–37.5) 0.600 38.3 (33.2–39.4) 33.4 (29.5–36.9) 0.184
LVEF (%) 62.6 (61.1–66.7) 62.4 (57.6–63.6) 0.478 63.3 (60.6–66.6) 61.9 (59.6–65.1) 0.833
iLV mass (g/m2) 65.7 (63.1–70.8) 62.6 (56.7–65.0) 0.436 67.0 (63.6–70.3) 60.6 (59.7–64.5) 0.119
PA average velocity (m/s) 8.6 (7.9–9.7) 10.7 (9.3–12.1) 0.101 8.5 (7.4–9.7) 11.4 (10.3–12.1) 0.016
PA area 8.4 (7.6–8.8) 9.3 (8.3–9.8) 0.159 9.5 (9.4–10.5) 9.6 (9.5–9.7) 0.966
PA elasticity (%) 0.36 (0.29–0.49) 0.40 (0.23–0.51) 0.871 0.42 (0.32–0.56) 0.41 (0.36–0.42) 0.864
Septal thickness (mm) 8.9 (8.2–9–9) 8.8 (8.3–9.4) 0.267 9.7 (8.4–10.6) 9.2 (9.0–9.6) 0.318
LV free wall thickness (mm) 8.0 (7.4–8.9) 7.0 (6.3–7.9) 0.255 8.3 (7.1–8.9) 7.7 (7.3–8.1) 0.942
RV free wall thickness (mm) 5.3 (4.7–5.9) 4.9 (4.3–5.5) 0.439 5.7 (5.5–6.4) 5.3 (4.5–5.8) 0.435
LV mass/volume ratio 0.67 (0.63–0.71) 0.67 (0.66–0.76) 0.201 0.63 (0.62–0.76) 0.69 (0.66–0.75) 0.650
RV mass/volume ratio 0.30 (0.27–0.32) 0.33 (0.31–0.34) 0.507 0.29 (0.29–0.32) 0.30 (0.29–0.32) 0.186
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a significant reduction in local NA levels at the RV (but not 
at the LV) 3 months after PADN. There were no significant 
differences in the myocardial expression of angiotensin II 
or renin (Table 5).

Substudy 2 Feasibility of percutaneous PADN 
and comparison of the lesion produced 
with a catheter‑based PADN strategy vs. surgical 
bipolar radiofrequency clamps

Six healthy Large-White animals underwent percutaneous 
PADN of the main PA and both proximal PA branches using 
a commercialized catheter. In all cases, according to the 
measurements of the navigation system, transmurality was 
met. There were no intra or postprocedural complications, 
demonstrating the technical feasibility of this approach.

The RHC performed 4 weeks later showed a normal 
hemodynamic profile in all cases [mean systolic pressure: 
91.5 (91.0–94.0) mmHg, mean pulmonary artery pressure: 

16.0 (16.0–16.0) mmHg and cardiac output: 3.5 (3.0–3.9) 
L/min]. CMR demonstrated normal biventricular anat-
omy and function [indexed RV end-diastolic volume: 55.8 
(416–68.9) mL/m2, indexed RV end-systolic volume: 19.3 
(16.2–21.2) mL/m2, indexed RV mass: 18.6 (17.0–20.2) g/
m2 and RV ejection fraction: 63.0 (60.0–66.0)%]. A small 
pericardial effusion was noted in 5 of the 6 animals. Normal 
PA anatomy and dimensions were found on the cardiac CT 
scans [main PA diameter: 2.2 (2.0–2.6) cm and area: 3.5 
(3.0–5.0) cm2; left PA diameter: 1.6 (1.4–1.7) cm and area: 
2.0 (1.5–2.3) cm2; and right PA diameter: 1.4 (1.3–1.4) cm 
and area: 1.5 (1.3–1.5) cm2].

The descriptive histological analysis of the lesions pro-
duced with the surgical bipolar radiofrequency clamps 
revealed fibrotic nerve fibers within the adventitia of the 
PA without visible axons (Fig. 5b). In contrast, in animals 
treated with the percutaneous catheter we found only focal 
damage to adventitial nerve fibers (coincident with the areas 
of radiofrequency application) coexisting with other healthy 

Fig. 4   Representative images of the histopathological analysis: Mor-
phometric study of the lung parenchyma vasculature; a double immu-
nohistochemistry with anti-vonWillebrand factor (endothelial cells) 
and anti-smooth muscle actin (smooth muscle cells) antibodies to 
demonstrate the intimal thickening composed of SMA-positive cells, 
20 ×; b, c Verhoeff-van Gieson stain (elastic fibers in black) in inter-
mediate (100–300 μm, 20 ×) (b) and small vessels (< 100 μm, 20 ×) 

(c); d, e Picrosirius red staining for the quantification of collagen con-
tent as a marker of interstitial fibrosis in the right (d) and left (e) ven-
tricle, 10 ×; f double immunofluorescence technique with agglutinin 
(green), troponin I (red) and nuclei counterstained with DAPI in blue, 
for the evaluation of cardiomyocyte hypertrophy in the RV myocar-
dium
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areas containing intact nerve fibers in the same arterial slice, 
thus confirming that denervation achieved with a catheter-
based approach is not complete (Fig. 5c, d).

Discussion

The main results of this study are: (1) In a translational 
porcine model of chronic postcapillary PH, PADN using 
surgical bipolar radiofrequency clamps was not associated 
with any improvement in hemodynamic parameters at fol-
low-up; (2) In the same experimental setting, PADN was 
associated with significantly larger biventricular volumes 
and RV mass that could be partially explained by a trend 
towards decreased in heart rate; (3) There was no significant 
difference in terms of pulmonary vascular remodeling or 
myocardial fibrosis between the PADN and sham groups. 
Denervated animals displayed a greater degree of cardio-
myocyte hypertrophy in the RV; (4) We found a significant 
decrease in myocardial NA levels at the RV 3 months after 
PADN but no changes in circulating NA levels or in RAAS 
activation; (5) A catheter-based approach for PADN is fea-
sible; however, lesions in the PA wall originated with this 
strategy are focal compared with those produced with sur-
gical bipolar radiofrequency clamps and thus a complete 
stop in the innervation to the pulmonary vasculature is not 
achieved with currently available percutaneous PADN.

The pulmonary circulation has sympathetic innervation 
from neurons arising from the cervical and thoracic ganglia 
[1, 16]. Sympathetic activation causes an increase in PVR 
and a decrease in pulmonary vascular compliance, thereby 
increasing PAP. Both responses are believed to be primarily 
mediated by α1-adrenoreceptors [1]. Patients with PAH have 
been demonstrated to have both systemic and cardiac sympa-
thetic activation [20, 28]. The neurohormonal axis has been 
therefore identified as a potential therapeutic target in PH. 
In experimental studies performed in the 80s, an increase 
in mean PAP and PVR was observed in response to balloon 
distension of the main pulmonary artery and this increase 
was abolished by surgical denervation of the PA bifurcation 
as well as by chemical sympathectomy, thus indicating that 
the efferent branch of this neural reflex is predominantly 
mediated by the sympathetic nervous system [15].

The first report on PADN as a potential therapy for PH 
was made by Chen et al. [5]. In their experimental model 
of acute PH, generated by a balloon occlusion of the left 
pulmonary interlobar artery in dogs, they demonstrated 
that radiofrequency ablation at the level of the PA bifur-
cation using a dedicated catheter was able to abolish this 
rise in pulmonary pressure. In a different porcine model of 
acute PH (generated by intravenous infusion of a throm-
boxane A2 analog) [24], Rothman et al. found a blunted 
response in hemodynamic parameters to the thromboxane Ta
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A2 infusion when compared to controls after percutaneous 
PADN. Although PH in this particular model was induced 
by acute vasoconstriction and not by progressive pulmo-
nary vascular remodeling as in the human disease, the acute 
reduction in PAP achieved after PADN reinforced the idea 
that the sympathetic contribution to vasoconstriction might 
play a role in acute PH. In addition, the authors provided 
histologic characterization of the ablation lesions but they 
did not report whether they also found undamaged nerve 
fibers in the PADN-treated animals, as we have. In the 2 
experimental studies that have tested catheter-based PADN 
in chronic PH (induced by monocrotaline injection in dogs) 
[19, 30], a significant decrease in hemodynamic (PAP and 
PVR), RV remodeling parameters (Fulton index) and pul-
monary vascular remodeling was observed. Particularly, in 
the study by Liu et al. [19], the authors reported a decrease 
in local RAAS activity at the level of the right heart and 
lung in denervated animals. Furthermore, Zhou et al. [30] 
showed a progressive and significant reduction in the sympa-
thetic nerve conduction velocity together with axon loss and 
demyelinization in the PADN group. However, the mono-
crotaline injection itself in animals that did not develop PH 
and did not undergo PADN was also associated with altered 
sympathetic nerve conduction and ultrastructural nervous 
abnormalities when compared to healthy animals, suggesting 
that it could reflect monocrotaline-related toxicity. Finally, 
in a very recent study [12], a combined surgical [15] and 
chemical approach was used to produce PADN in rats with 
PH induced by banding of the ascending aorta. The authors 
reported a significant improvement in PA muscularization, 
hemodynamics and RV function as assessed by echocardi-
ography. However, the low efficacy and high mortality rate 
of the animal model used to generate PH (78 animals were 
needed for a final number of 18 evaluated) may have biased 
the study outcomes.

Regarding the clinical studies, in 2013, Chen et al. pub-
lished the initial results of PADN-1, a non-randomized clini-
cal trial that compared the evolution of 21 patients with idi-
opathic PH not responding to medical therapy, of which 13 
decided to undergo percutaneous PADN plus withdrawal of 
PH oral treatment vs. 8 controls in which prior medications 
were maintained. A significant decrease in mean PAP and 

an improvement in functional capacity and RV performance 
3 months after percutaneous PADN was encountered [3]. 
Similar results were reported at the 1-year follow-up for 66 
patients with PH of varied etiology in the Phase-II PADN-1 
study [4]. Even though these results were promising, they 
were taken with caution by the PH community given the 
limitations of the study design (reduced number of patients, 
lack of randomization, absence of control group, withdrawal 
of targeted therapies in PADN patients, unusual baseline 
characteristics of the patient population not matching most 
idiopathic PH series and short-term follow-up) [8, 17] and 
the need for a controlled trial was internationally recognized 
[13]. Finally, in the very recent study by Zhang et al. [12], 
a series of 10 cases with PH secondary to HF treated with 
percutaneous PADN was reported. A global improvement 
in hemodynamics was found 6 months after the intervention 
but the heterogeneity of the group, concomitant treatment 
with sildenafil in 8 of the 10 cases and high variability in the 
hemodynamic and echocardiographic profile of the patients 
makes the response to PADN difficult to interpret. Moreover, 
some hemodynamic and echocardiographic responses are 
particularly controversial, like the decrease in LVEDP and 
pulmonary capillary wedge pressure reported.

Group 2 PH, characterized by increased pulmonary 
arterial wedge pressure, is the most prevalent and specific-
treatment orphan PH type. Since very recently [12], there 
was no preclinical evidence regarding the potential benefi-
cial effect of PADN in postcapillary PH. This is why we 
decided to perform a proof-of-concept experimental study 
using a well-established translational porcine model of 
chronic postcapillary PH [10, 23]. Unlike all prior PADN 
studies, we used surgical bipolar radiofrequency clamps for 
the PADN procedures to ensure a complete and reproduc-
ible nervous isolation of the pulmonary vasculature instead 
of using the percutaneous approach that has been applied 
so far. In fact, on the basis of our histological analyses, the 
catheter-based approach generates focal adventitial damage 
without complete disruption of the innervation as opposed 
to the injury produced by the clamps. We found a signifi-
cant reduction in NA levels at the RV in denervated animals 
3 months after the procedure; this supports the efficacy of 
the surgical-PADN approach.

Table 5   Local NA and RAAS activity

AngII angiotensin II, NA noradrenaline

Right ventricle Left ventricle

PADN (n = 6) SHAM (n = 6) P PADN (n = 6) SHAM (n = 6) P

NA (nmol/L) 60.3 (38.3–93,3) 137.7 (88.4–170.6) 0.041 90.4 (74.2–141.7) 86.8 (68.5–135.4) 0.699
AngII (pg/mL) 6.4 (2.7–22.1) 4.7 (4.3–6.8) 0.699 7.9 (5.4–8.0) 11.4 (3.5–11.8) 0.240
Renin (relative fluo-

rescence at MaxV)
1083.9 (469.1–1403.8) 1078.3 (827.9–1311.7) 0.937 982.4 (912.2–1264.7) 1053.6 (844.8–1302.5) 1.000



	 Basic Research in Cardiology (2019) 114:5

1 3

5  Page 12 of 15

Our study shows a neutral hemodynamic effect after com-
plete PADN at 2- and 3-month follow-up. Moreover, in terms 
of biventricular remodeling we observed higher ventricular 
volumes and masses in denervated animals at follow-up, and 
greater cardiomyocyte hypertrophy on the RV. The presence 
of a slightly (non-significant) worse hemodynamic baseline 
profile in the animals that were subsequently randomized to 
PADN might explain a more unfavorable remodeling in this 
subgroup. Besides, although non-statistically significant at 
the third month follow-up, lower heart rate in PADN animals 
might have partially accounted for larger biventricular end-
diastolic volumes. However, the increase in indexed RVESV 
in the PADN group was heart rate independent and associ-
ated with RV cardiomyocyte hypertrophy on histology.

The heart is innervated by both parasympathetic and sym-
pathetic fibers. Whereas the parasympathetic fibers cause a 

decrease in chronotropy and inotropy via cholinergic action 
on cardiac M2 receptors, the sympathetic fibers act on 
β1-adrenergic receptors increasing chronotropy and inotropy 
of the heart [27]. There is evidence regarding the relation-
ship between impaired parasympathetic activity and RV dys-
function in pulmonary hypertension [6]. Therefore, whereas 
sympathetic denervation might have a beneficial effect over 
the heart, parasympathetic denervation could have the 
opposite effect. In our experimental study, we performed a 
complete transmural PA denervation using radiofrequency 
clamps. A disbalanced sympathetic/parasympathetic dener-
vation favouring the latter might have a deleterious effect 
on RV remodeling. However, we acknowledge that further 
research on translational models is needed to confirm the 
potential deleterious effect of PADN on RV performance.

Fig. 5   Representative images of the descriptive histological analysis 
of the pulmonary artery using Masson´s trichrome stain in a sham 
control (a), an animal who underwent PADN using surgical bipolar 
radiofrequency clamps (b) and an animal treated with percutaneous 
catheter denervation (c, d). In the sham control (a), the autonomic 
nerve fibers are observed within the adventitial layer with healthy 
axons (arrows). At the medial layer, the smooth muscle fibers are nor-
mally organized. In an animal denervated using the surgical bipolar 
radiofrequency clamps (b), the nerve fibers in the adventitial layer 
are fibrotic and there are no visible axons (arrows). In this section, 
there is also a vegetative ganglion with altered neurons (arrowhead). 

In the medial layer, smooth muscle fibers are denatured and replaced 
by connective tissue. The intimal layer is structurally normal. In an 
animal treated with the percutaneous catheter (c, d), there are hem-
orrhagic areas in the medial layer (asterisk) with disarray of the sur-
rounding smooth muscular fibers and an altered adventitial connec-
tive tissue matrix where the autonomic nerve fibers lay (arrows). 
However, these areas are localized (coincident with the zones of radi-
ofrequency application) and in the same arterial slice healthy areas 
containing intact nerve fibers (arrowheads) are found. The intima 
layer is structurally normal
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The PA average velocity was also significantly lower at 
3-month follow-up in PADN animals, which may be related 
to abnormal PA flow dynamics in the absence of macro-
scopic PA stenosis. We did not find significant differences 
between the groups in the amount of myocardial fibrosis or 
the degree of pulmonary vascular remodeling. Given the 
difference with previous reports, it remains to be elucidated 
whether a partial and more indirect denervation caused 
by a catheter-based approach (since the radiofrequency is 
delivered from the inside to the outside of the PA) could 
somehow be more effective than a complete nervous iso-
lation generated by the surgical clamps applied directly at 
the external surface of the PA. In fact, complete PADN in 
this specific model with high postcapillary pressure could 
hypothetically have worsened pulmonary congestion thus 
resulting in negative effects as previously observed with 
other pulmonary vasodilators when applied to group 2 PH 
patients. We did not find differences in LV filling pressures, 
oxygen saturation or degree of pulmonary congestion on CT 
between the groups. Nonetheless, this possibility cannot be 
fully excluded.

Several limitations of this study should be addressed. 
First, sample sizes were small and, therefore, randomiza-
tion did not completely balance all baseline characteristics. 
Second, our pig model of postcapillary PH does not repre-
sent the full spectrum of patients with group 2 PH because 
systolic function of the LV remains conserved. Histologi-
cal comparison regarding the PA lesion generated with 
both approaches was performed at a different time-point 
(3 months after surgical PADN and 1 month after percutane-
ous PADN) although it is very unlikely that the percutaneous 
PA lesion could be greater later on follow-up.

Conclusion

The present study shows that in a large-animal model of 
chronic postcapillary PH, PADN with surgical bipolar radi-
ofrequency clamps was associated with a neutral effect in 
terms of pulmonary hemodynamics. Moreover, surgical-
PADN was not associated with any benefit in RV anatomy 
or function on CMR or histology. A catheter-based PADN 
approach is feasible but produces incomplete PADN. Fur-
ther studies evaluating the effect of incomplete percutaneous 
PADN in postcapillary PH would be desirable.
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