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BACKGROUND: Overactivity of the hepatic and renal sympathetic nerves is associated with chronic cardiovascular 
and metabolic conditions, including hypertension. 

AIMS: We studied the effect of combined renal and hepatic denervation through treatment of the common hepatic 
artery and the renal arteries.

METHODS: Denervation was performed in the common hepatic artery and both renal arteries and their major branch 
vessels in normotensive swine using the same multielectrode radiofrequency (RF) ablation catheter (Symplicity 
Spyral). Renal and liver tissue samples were obtained for histological examination in two cohorts at 7 and 28 days 
post-procedure (n=5 sham, n=10 denervation for each timepoint).

RESULTS: Combined hepatic and renal denervation was successfully achieved in all animals. At 7 days, the mean 
lesion depth was 5.8±1.4 mm in the renal arteries and 4.7±0.7 mm in the hepatic artery. Compared with controls, 
the mean renal cortical norepinephrine (NE) levels were reduced by 88.2% in the 7-day model and by 84.5% in the 
28-day model. Liver NE decreased by 94.6% at 7 days and by 91.1% at 28 days (p<0.0001 for all comparisons
with baseline). No inadvertent injury was detected in the treated arteries or adjacent tissues.

CONCLUSIONS: Combined hepatic and renal denervation using the same multielectrode RF denervation system 
resulted in a  substantial reduction in both renal and hepatic tissue NE levels that was sustained up to 28  days 
without collateral tissue injury. These mechanistic findings may have implications for the treatment of chronic 
diseases impacted by hepatic and renal sympathetic nervous system overactivity. 
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Modulation of the autonomic nervous system 
via percutaneous radiofrequency (RF) renal 
denervation (RDN) has been shown to safely 

and durably lower blood pressure (BP) in patients with 
uncontrolled hypertension and is an approved and guideline-
recommended therapy in multiple countries1-3. However, not 
all patients receiving the procedure experience substantial 
BP reductions, and predictors of treatment response are 
inconsistent. Therefore, a  clinical need exists to safely 
amplify the efficacy of autonomic modulating procedures. 
Similar to the kidneys, the human liver is richly innervated 
by the sympathetic nerves, presenting an additional 
opportunity to attenuate organ-specific sympathetic 
activity4. Preliminary physiological and anatomical studies 
have examined the common hepatic artery (CHA) as 
a  promising target for additional interventions due to its 
dense sympathetic innervation within close proximity to 
the vessel lumen5,6. A  catheter-based approach to CHA 
denervation could provide an opportunity to augment the 
BP response to RDN therapy in hypertensive patients. Many 
hypertensive patients also experience comorbidities that may 
be influenced by autonomic modulation, including those 
with metabolic syndrome, type 2 diabetes, and metabolic 
dysfunction-associated steatotic liver disease (MASLD)7. In 
this preclinical model, we studied the feasibility and safety 
of combined RF treatment of the CHA and the renal arteries 
and its effect on tissue-specific sympathetic activity using the 
same approved multielectrode RF catheter system.

Methods
Predefined studies were performed in accordance with the 
Guide for the Care and Use of Laboratory Animals of the 
National Institutes of Health (Publication Number 85-23, 
revised 1996), in compliance with the Animal Welfare Act and 
the U.S. Food and Drug Administration (FDA) regulations 
and their amendments. 

Yorkshire domestic farm swine (N=30) weighing between 
35 kg and 50 kg were assigned to 2 groups for histological study 
at 7 days (group 1; n=10) and 28 days (group 2; n=10) (Figure 1). 
Two separate groups (each n=5) underwent angiography only 
and served as concomitant controls. All procedures were 
performed during general anaesthesia and via femoral access. 
Arterial dimensions were determined using quantitative vascular 
analysis (QVA). The multielectrode RF catheter (Symplicity 
Spyral [Medtronic]) was advanced through a  guiding catheter 
and sequentially into the right and left renal arteries and into 
the CHA via the coeliac trunk under fluoroscopic guidance 
(Figure 2). Two 60-second RF energy applications were 
sequentially delivered via 4 catheter electrodes to the main renal 
arteries. An additional treatment cycle, including up to 4 lesions, 
was performed in the primary inferior and superior left and right 
renal artery branch vessels. Next, two sequential applications of 

up to 8 lesions in total were delivered to the CHA in the distal 
and proximal locations, respectively. A  single catheter device 
was used for all RF treatments in each animal.

Following euthanasia, a  complete necropsy was performed 
on all animals and any gross abnormalities were recorded. The 
bilateral renal arteries were harvested en bloc along with the 
surrounding tissues, including the adrenal glands, psoas muscles, 
ureters, lymph nodes, and kidneys. The common hepatic artery 
was similarly collected en bloc with adjacent tissues, including 
the coeliac trunk, lymph nodes, pancreas, portal veins, bile 
duct, and adjacent liver. All specimens were fixed in 10% 
neutral buffered formalin (NBF). In addition, the left lateral, left 
medial, right lateral, and right medial lobes of the liver, as well 
as any gross lesions identified during necropsy or tissue removal 
not included in the en bloc samples, were separately collected 
and fixed in 10% NBF. Serial histological tissue samples of 
the common hepatic and both renal arteries and surrounding 
tissues were obtained for each group at 7 and 28  days post-
procedure, as previously described8. Briefly, the arterial tree was 
serially sectioned every 3-4 mm along the longitudinal axis to 
generate up to 28 individual tissue sections per vessel in the 
renal arteries and up to 18 levels per hepatic artery. Each tissue 
slice was subclassified according to its relative position in the 
vessel including proximal, main, branch, and distal sections to 
account for variability in the length of the individual vessels 
between animals. Renal arteries were treated in the main and 
first order branches, whereas the hepatic artery was treated only 
in the main CHA between the splenic and gastroduodenal artery 
branching points. Each slide was stained with haematoxylin 
and eosin. Necrosis was identified by obliteration of nerve 
structure, presence of nerve cell debris, hypercellularity, loss 
of blood vessels, and transformation to phagocytic Schwann 
cell phenotype. Fibrosis was characterised by disruption of 
normal nerve structure, visible fibrosis, and hypercellularity. 
A  pathologist blinded to the gross tissue-sectioning process 
assessed the presence of vascular endothelialisation, tissue 
necrosis, fibrosis and distal nerve bundle atrophy (axonal loss) 
for each tissue section using an established9-11 semiquantitative 
scale of 0-4 including both ablated and non-ablated regions 
(Supplementary Table 1). Each section was scored individually 

Impact on daily practice
Renal denervation is a  guideline-recommended therapy 
for patients with uncontrolled hypertension. Expansion 
of denervation beyond the renal arteries to the common 
hepatic artery may improve blood pressure response as 
well as impact other cardiometabolic disorders. The present 
preclinical results demonstrate that multiorgan denervation 
is feasible using the same system within the same procedure 
and establish a pathway to first-in-human clinical trials. 

Abbreviations
BP	 blood pressure

CHA	 common hepatic artery

MASLD	� metabolic dysfunction-associated steatotic liver disease

NBF	 neutral buffered formalin

NE	 norepinephrine

QVA	 quantitative vascular analysis

RDN	 renal denervation

RF	 radiofrequency
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and scores within each were averaged according to the relative 
positioning of the section. Norepinephrine (NE) content was 
determined on treated and untreated kidney and liver tissue 
samples using high-performance liquid chromatography as 
described previously8,9,12.

The lesion depth for each histological section was defined 
as the maximal perpendicular distance from the outer edge 
of the vessel wall to the furthest border of detectable tissue 
damage. The “mean lesion depth” was calculated as the 
average of all depth measurements from all histological 
samples for a  single vessel. The maximum lesion depth was 
determined as the greatest mean lesion depth for each vessel 
averaged across all vessels. The maximum circumferential 
extension of perivascular ablation was defined as the highest 
relative circumferential proportion of extravascular tissue 
damage of any sample of the treated vessel (Supplementary 
Figure 1). The mean circumferential extension of perivascular 
ablation was defined as the average of all circumferential 
proportions for all samples in a single vessel. 

STATISTICAL ANALYSIS 
Each animal contributed two kidneys for analysis since 
RDN was performed bilaterally. Data are reported as 

mean±standard deviation (SD) or 95% confidence interval 
and range as indicated. Differences in NE concentration 
were evaluated using unpaired Student’s t-tests with Welch’s 
correction. Variability in tissue NE between the kidney and 
liver samples was compared via the F-test. All p-values were 
two-sided, and values obtained from different tissues of the 
same animal were considered independent. A  p-value of 
<0.05 was considered significant.

Results
Combined hepatic and bilateral renal denervation were 
successfully achieved in all test animals in the 7-day and 
28-day groups (n=5 control, n=10 denervation for both 
groups). The average times from procedure to termination 
were 7±1  days and 28±2  days, respectively. Renal main 
and branch and hepatic artery dimensions (QVA) are 
shown in Table 1. The mean renal artery diameter including 
both studies was 6.6±0.7  mm and 6.5±0.6  mm for the 
left and right renal arteries, respectively, while the mean 
diameter of the common hepatic artery was 5.3±0.4 mm. 
The depth of RF tissue damage was significantly greater 
at 7  days than at 28  days in the renal arteries but not 
in the CHA (Table 2). The maximal perivascular ablation 

Control
n=5

Denervation
n=10

Hepatic + 
renal arteries Termination

Termination

Control
n=5

Denervation
n=10

7 days

28 days
Hepatic + 

renal arteries Termination

Termination

Figure 1. Study block diagram. Normotensive swine were treated with both renal and common hepatic denervation. Tissue 
samples were analysed in separate cohorts at 7 and 28 days post-procedure. Control animals received angiography only. 
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Figure 2. Fluoroscopy images of the renal and hepatic denervation procedure. Example fluoroscopic images of the multielectrode 
radiofrequency Symplicity Spyral catheter in the right (A) and left (B) renal arteries as well as in the common hepatic artery (C). 
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circumferential extension was ≥59% in both renal and 
hepatic samples. 

Compared to control, the mean renal cortical NE levels 
decreased after combined denervation by 88.2% at 7  days 
and by 84.5% at 28 days. Liver NE decreased by 94.6% at 
7 days and by 91.1% at 28 days (p<0.0001 for all) (Figure 3, 
Central illustration). The variability in tissue NE samples was 
similar between the kidney and liver at both 7 days (p=0.16; 
F-test) and 28 days (p=0.15). 

Vascular changes attributable to the procedure were 
morphologically consistent among renal and hepatic artery 
samples and characterised by segmental media and adventitial 
fibrosis. An anatomical classification of the number of tissue 
samples according to their relative location is summarised 
in Supplementary Table 2. The endothelial injury score was 

0±0 in the hepatic and the left and right renal arteries at 
7 and 28  days, indicating complete re-endothelialisation 
(Figure 4). No thromboembolism or liver or renal infarct was 
observed in any tissue in either group. Hyalinisation (thermal 
denaturation) of collagen fibres was present around both 
the renal and hepatic arteries. Necrosis was minimal and 
restricted to the treated regions of the vessel at 7  days and 
was not observable at 28 days in either the renal or hepatic 
samples (Figure 5). Fibrosis was apparent at both timepoints 
but was also restricted to the ablated regions of the vessel. 
Axonal loss (nerve atrophy) was present and extended distally 
beyond the treatment site at 7 and 28 days.

There was no evidence of significant thermal damage 
or injury to other renal or hepatic perivascular tissues, 
including the pancreas, duodenum, liver, bile duct, and 

Table 1. Renal and hepatic arteries’ diameter and length.

 
Left renal artery Right renal artery Common 

hepatic arteryMain Inferior Superior Main Inferior Superior

Diameter, mm 6.6±0.7 4.3±0.5 4.5±0.8 6.5±0.6 4.3±0.6 4.5±0.7 5.3±0.4

Length, mm 20.0±5.9 23.6±6.4 19.7±6.0 33.7±5.6 22.6±6.9 18.0±6.4 51.0±8.5

Data are mean±standard deviation. N=20. Branch artery length is determined from main bifurcation to kidney shadow. 

Table 2. Radiofrequency lesion depth and circumferential extension in renal and common hepatic arteries.

 
 

Lesion depth Circumferential extension

N Mean, mm Max, mm Mean, % Max, %

Renal
7 days 20 5.8±1.4 10.6±3.0 33.0±7.2 59.0±18.7

28 days 20 4.1±1.4* 7.7±3.0* 35.3±11.3 67.3±19.7

Hepatic
7 days 10 4.7±0.7 7.1±1.3 37.0±15.6 59.5±22.9

28 days 10 4.4±0.6 6.9±1.1 43.2±7.3 73.0±7.5

Data are mean±standard deviation. *p<0.01 vs 7 days
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Figure 3. NE concentrations in control and denervation cohorts. Renal cortical (A) and liver (B) tissue NE concentrations in 
combined renal and hepatic denervation and in untreated control cohorts of normotensive swine. Error bars: 95% confidence 
interval; grey boxes: range; horizontal bars: mean. *p<0.0001. NE: norepinephrine
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kidneys, in either the 7-day or 28-day model (Supplementary 
Table 3, Supplementary Table 4). Necrosis, thrombosis, and 
haemorrhage were minimally apparent in perivascular tissue 
at 7 days but not at 28 days, indicating normal progression 
of tissue healing. The mean inflammation and fibrosis scores 
specific to the ureter and pancreas tissue, respectively, were 
both minimal at 7 and 28  days despite their proximity to 
multiple ablation locations (Supplementary Table 4). All 
untreated control perivascular tissues were morphologically 
normal.

Discussion
The main finding of this study was that combined ablation 
of both the renal and hepatic arteries was feasible, and safe 
in the short term, using an established RF RDN catheter 
system in this normotensive porcine model. The anatomical 
dimensions of the hepatic and renal arteries were comparable 
and compatible with the current U.S. FDA-approved RF 
RDN multielectrode catheter system13. However, the common 
hepatic periarterial nerves form a  consistent multilayered 
plexus with less surrounding adipose tissue compared to 
that along the renal artery. Tissue NE reductions following 
RF denervation were substantial, consistent, and sustained 
at both 7 and 28  days post-procedure in the kidneys and 
the liver. Notably, the presently observed NE reductions 
were nominally greater in magnitude than those observed 
previously using the same model and the same ablation 
system after treatment of only the renal arteries9. Hence, 
the combination of renal and hepatic denervation may 

present an incremental and synergistic opportunity to reduce 
sympathetic nerve activity, although this hypothesis requires 
additional investigation5. 

Notably, collateral tissue damage was minimal and 
re-endothelialisation was complete by 7  days in the hepatic 
vessels, similar to the renal arteries. Tissue necrosis was 
limited to the treatment sites in both the hepatic and renal 
artery vessels and was fully resolved by day 28. However, 
fibrosis persisted and was confined to the treated vessel 
segments. In contrast, axonal loss extended distally beyond 
the treated vessel segments and persisted at 28 days. Together 
with sustained NE reductions, these data indicate a  lack 
of functional nerve recovery in the short term and confirm 
a previous report of RF ablation in renal arteries9.

It has previously been shown that coeliac gangliectomy 
resulted in greater BP reductions compared to surgical RDN 
in a  hypertensive rat model14. In addition, percutaneous RF 
denervation systems have been shown to be safe and effective 
in lowering BP in patients with uncontrolled hypertension 
with or without concomitant antihypertensive drug therapy 
up to 3 years of follow-up15,16. Observational studies through 
10  years of follow-up after catheter-based RDN showed 
a  durable effect without safety concerns17-19. The current 
study extends this knowledge, suggesting that an available RF 
system may be safely applied in both the renal and hepatic 
arteries, enabling multiorgan sympathetic denervation with 
one device. 

The relative timing of histological analysis following 
treatment is important when considering these results. 

EuroIntervention	 Central Illustration

Combined bilateral renal denervation and common hepatic artery denervation using the multielectrode 
Symplicity Spyral catheter system. 
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Combined common hepatic and bilateral renal denervation in a
normotensive swine model (n=30)
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Both main vessel and primary branch renal arteries were treated. One catheter was used to treat all the vessels in each animal, 
and there was no evidence of significant thermal damage or injury to other renal or hepatic perivascular tissues. *p<0.0001
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For example, we observed that the depth of RF tissue 
damage in the renal artery was significantly greater at 
7  days than at 28  days. This is likely due to the ability 
of adipose tissue to gradually recover from thermal 
damage over several weeks following ablation, resulting in 
a decreased measured lesion depth over time. Interestingly, 
the presently reported renal artery lesion depths agree 
closely with two prior independent reports using the same 
ablation system in a  similar porcine model at 7  days and 
28  days, respectively8,20. In contrast to the renal arteries, 

the average lesion depth was similar at 7 and 28  days in 
the hepatic artery. This is likely due to less adipose tissue 
and more nerve tissue surrounding the hepatic artery than 
the renal arteries, which may result in a  lesser influence 
of adipose healing on lesion depth in the hepatic arteries. 
Whether these anatomical differences in perivascular fat 
content translate into human vessels requires prospective 
investigation.

The mean circumferential extension of the ablated region 
around the vessel resulting from a  single electrode was 
≥33%, and the maximum extension was ≥59% in both the 
renal and hepatic arteries. Variability in the circumferential 
extension of the lesion is likely partly due to the presence 
and location of extravascular structures, such as lymph 
nodes and veins, acting as heat sinks and tanks relative to 
the lesion location5. Previous studies have shown that these 
tissues are distributed differently along the axis of the main 
renal artery10 and the hepatic artery5, respectively. Because 
of this variability, ablation along the entire axis of the CHA 
may also result in the most complete and least variable 
nerve destruction.

The clinical potential for multiorgan denervation might 
extend beyond lowering BP into other morbidities associated 
with overactivity of the sympathetic nervous system, such 
as cardiometabolic disease21. A  qualitative comparison of 
renal and common hepatic artery tissue samples consistently 
showed more densely packed nerves surrounding the 
common hepatic artery. A recent preclinical study in a similar 
porcine model demonstrated substantial reductions in tissue 
NE in the kidney, liver, duodenum, and pancreas following 
combined renal and hepatic denervation using a  dedicated 
balloon-based RF device in normotensive pigs6. Our results 
corroborate previous findings of human and porcine vessels 
showing that over 90% of nerves are within 5  mm of the 
hepatic artery lumen21. That study reported that the nerves 
were predominantly sympathetic efferent fibres, although 
some afferent fibres were also present. Therefore, combined 
renal and hepatic denervation may have effects beyond 
renal and hepatic function. Quantification of these potential 
benefits will require prospective clinical investigation. Tissue 
NE reduction is a  well-established indicator of decreased 
sympathetic nerve activity. The histological results were 
limited to 28 days of follow-up. However, prior reports of 
RDN in the same model have shown durability to at least 
180 days9. 

Limitations
The results of this study should be interpreted within the 
context of important limitations. The present analysis was 
conducted using a  normotensive porcine model. Therefore, 
the impact on BP changes was not assessed. However, 
large animal models for induced hypertension are complex 
and differ from human hypertension and thus may not be 
suitable to meaningfully evaluate BP reductions. Likewise, 
human hepatic artery anatomy may vary compared to 
porcine anatomy22. Therefore, the effect of this combined 
sympathetic denervation on hypertensive patients must be 
evaluated in subsequent human trials such as the ongoing 
prospective SPYRAL GEMINI trial (ClinicalTrials.gov: 
NCT06907147). 
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Figure 4. Histological examples of nerve damage following 
renal and hepatic denervation. Histological examples of nerve 
damage following renal and hepatic denervation at 7 days 
including the main renal (A) and hepatic (B) arteries. 
RF-induced nerve necrosis at the site of ablation in the left renal 
artery (C) and common hepatic artery (D). Nerve atrophy distal 
to the site of renal (E) and hepatic (H) ablation. Site of electrode 
placement showing complete endothelialisation in the renal (G) 
and hepatic (H) arteries. Black arrowheads: media 
hyalinisation; nerves to the left of the dotted line show changes 
consistent with direct damage. Nerves to the right of the dotted 
line show changes consistent with atrophy. Arrows indicate 
direct nerve damage. RF: radiofrequency
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Conclusions
In summary, combined hepatic and RDN using a  single 
arterial access point, single device and generator, and the same 
energy level and treatment algorithm resulted in substantial 
reductions in both renal and hepatic tissue NE content that 
were sustained up to 28 days without collateral tissue damage. 
These mechanistic findings may have implications for the 
treatment of chronic diseases associated with hepatic and 
renal sympathetic nervous system overactivity. The ongoing 
SPYRAL GEMINI clinical programme will help determine 
the additional potential benefits of multiorgan denervation 
for BP lowering in patients with uncontrolled hypertension.
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Supplementary data 

Supplementary Table 1. Semiquantitative scoring scales. 

Endothelialization: 
0: All endothelial cells are present 
1: 75-95% of endothelial cells are present 
2: 50-75% of endothelial cells are present 
3: 25-50% of endothelial cells are present 
4:  <25% of endothelial cells are present 

Necrosis and Fibrosis: 
0: Not present 
1: Present, minimal to mild 
2: Mild to moderate 
3: Moderate to severe 

Atrophy (Score % affected): 
0: No nerve atrophy identified 
1: ~0-25% of nerve fascicles affected 
2: ~25-50% of nerve fascicles affected 
3: ~50-75% of nerve fascicles affected 
4: ~75-100% of nerve fascicles affected 

  



Supplementary Table 2. Total number of tissue samples analysed for necrosis, fibrosis, atrophy 
(axonal loss), and endothelialisation in all denervated animals.    

Artery Time Proximal Main Branch Distal 

Left Renal 7 days 5 62 40 25 
28 days 11 60 43 41 

Right Renal 7 days 6 90 33 23 
28 days 11 109 28 52 

Common Hepatic 7 days 0 88 17 15 
28 days 12 106 1 17 

 
Tissues were sectioned every 3-4 mm and sorted according to relative location.  Proximal: near aorta; 
main:  main treated vessel; branch: branch vessels including treated renal branches (Hepatic treatment 
was confined to the common hepatic artery only).  
 

 

Supplementary Table 3. Summary of damage to other perivascular tissues. 

 Inflammation Necrosis Fibrosis Thrombus Hemorrhage 
Renal      

Day 7 (n=20) 1.1±0.1 1.0±0.2 1.0±0.2 0.5±0.2 0.8±0.2 
Day 28 (n=20) 0.9±0.1 0.0±0.0 1.0±0.2 0.0±0.0 0.0±0.0 
Hepatic      

Day 7 (n=10) 1.2±0.2 0.6±0.3 1.3±0.3 0.3±0.1 0.5±0.2 
Day 28 (n=10) 1.4±0.2 0.0±0.0 1.6±0.2 0.0±0.0 0.0±0.0 

 

Evidence of previous direct damage to perivascular tissues, including the ureter, lymph nodes 
and kidneys, or liver and pancreas, was characterized by fibrosis/fibrovascular tissue deposition 
and inflammation using semi-quantitative scoring (Supplemental table S1). Fibrosis with residual 
inflammation is the expected outcome after injury occurs to living tissue and it is part of nominal 
healing where there were no added complications (i.e., infection, abscesses, extensive tissue 
loss). Acute pancreatic necrosis was noted in animals from both treated and control groups. The 
acute nature of the change is consistent with perimortem autolysis, interpreted as non-treatment 
related (post-mortem artifact). All untreated control perivascular tissues were morphologically 
normal. (Data are mean ± SD). 

  



Supplementary Table 4. Summary of damage to ureter and pancreas.  

 Inflammation Necrosis/Fibrosis RF Treatments within examined section (n) 
Ureter    

Day 7 (n=20) 0.0±0.0 0.0±0.0 3.2±0.8 
Day 28 (n=20) 0.0±0.1 0.0±0.0 2.6±0.8 
Pancreas    

Day 7 (n=10) 0.1±0.1 0.1±0.1 3.7±1.5 
Day 28 (n=10) 0.0±0.1 0.1±0.1 3.2±1.0 

 

Evidence of previous direct damage to the ureter and pancreas in the treated groups using semi-
quantitative scoring (Supplemental table S1).  All untreated control perivascular tissues were 
morphologically normal. (Data are mean ± SD; RF: radiofrequency) 

  



 

 

Supplementary Figure 1. Determination of circumferential lesion extension. 

Circumferential extension within the perivascular space (green arrow) for this example renal 
artery was calculated as the percentage of the vessel circumference encompassed by the RF 
lesion (dashed line).   


