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Abstract

Background Resistant hypertension (rHTN) is defined as blood pressure (BP) of ≥ 140/90 mmHg despite treatment with at 

least three antihypertensive medications, including a diuretic. Endovascular ultrasound renal denervation (uRDN) aims to 

control BP alongside conventional BP treatment with antihypertensive medication. This analysis assesses the cost effective-

ness of the addition of the Paradise uRDN System compared with standard of care alone in patients with rHTN from the 

perspective of the United Kingdom (UK) health care system.

Methods Using RADIANCE-HTN TRIO trial data, we developed a state-transition model. Baseline risk was calculated 

using Framingham and Prospective Cardiovascular Münster (PROCAM) risk equations to estimate the long-term cardiovas-

cular risks in patients treated with the Paradise uRDN System, based on the observed systolic BP (SBP) reduction following 

uRDN. Relative risks sourced from a meta-analysis of randomised controlled trials were then used to project cardiovascular 

events in patients with baseline SBP (‘control’ patients); utility and mortality inputs and costs were derived from UK data. 

Costs and outcomes were discounted at 3.5% per annum. Modelled outcomes were validated against trial meta-analyses and 

the QRISK3 algorithm and real-world evidence of RDN effectiveness. One-way and probabilistic sensitivity analyses were 

conducted to assess the uncertainty surrounding the model inputs and sensitivity of the model results to changes in parameter 

inputs. Results were reported as incremental cost-effectiveness ratios (ICERs).

Results A mean reduction in office SBP of 8.5 mmHg with uRDN resulted in an average improvement in both absolute 

life-years (LYs) and quality-adjusted life-years (QALYs) gained compared with standard of care alone (0.73 LYs and 0.67 

QALYs). The overall base-case ICER with uRDN was estimated at £5600 (€6500) per QALY gained (95% confidence inter-

val £5463–£5739 [€6341–€6661]); modelling demonstrated > 99% probability that the ICER is below the £20,000–£30,000 

(€23,214–€34,821) per QALYs gained willingness-to-pay threshold in the UK. Results were consistent across sensitivity 

analyses and validation checks.

Conclusions Endovascular ultrasound RDN with the Paradise system offers patients with rHTN, clinicians, and healthcare 

systems a cost-effective treatment option alongside antihypertensive medication.

1 Introduction

Uncontrolled hypertension leads to higher risk of cardio-

vascular complications and mortality, resulting in a twofold 

increase in cardiovascular morbidity and mortality compared 

with patients responsive to treatment [1–4]. Among uncon-

trolled patients, resistant hypertension (rHTN) is defined 

as an office systolic blood pressure (SBP) of ≥ 140 mmHg 

and/or a diastolic blood pressure (DBP) of ≥ 90 mmHg, 

despite the use of at least three appropriately administered 

antihypertensive medications, including a diuretic [5, 6]. 

rHTN is a clinically important problem affecting 12–15% 

of the treated hypertensive population [7].

Patients with rHTN have a substantial unmet need for 

a safe and durable treatment that does not add to the daily 

burden of adherence to multiple medications and pro-

vides significant clinical benefit without poorly tolerated 

adverse effects. The Paradise endovascular ultrasound 

renal denervation (uRDN) reduces BP alongside con-

ventional antihypertensive treatment by delivering ultra-

sound energy to thermally ablate the renal sympathetic 

nerves that play an important role in the pathophysiology 
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Key Points for Decision Makers 

Our analysis, based on the RADIANCE-HTN TRIO trial 

data, suggests that endovascular ultrasound renal dener-

vation (uRDN) is likely to be a cost-effective option for 

patients with resistant hypertension (rHTN).

Treating rHTN with the addition of endovascular uRDN 

instead of standard-of-care antihypertensive medications 

alone leads to long-term gains in life-years and quality-

adjusted life-years.

The results are robust and show that the cost effective-

ness of endovascular uRDN is most sensitive to the level 

of relative risk of stroke with reduction in systolic blood 

pressure with uRDN and health utility associated with a 

stroke.

of rHTN [8]. The recently published RADIANCE-HTN 

TRIO multicentre, randomised, sham-controlled trial of 

Paradise uRDN in patients with rHTN reported a median 

SBP reduction at 2 months follow-up of 8.0 mmHg (inter-

quartile range [IQR] − 16.4 to 0.0) compared with baseline 

measurements in the intention-to-treat population for the 

primary endpoint of daytime ambulatory SBP [9]. When 

using office-based measurements, a mean SBP reduction 

of 8.5 ± 19.1 mmHg was reported in the intention-to-treat 

population at 2 months [9]. Reductions of this magnitude 

in antihypertensive drug trials have been shown to be clini-

cally relevant, leading to a 15–20% reduction in major 

cardiovascular events [10], and model-based projections 

of major cardiovascular event reductions suggest a reduc-

tion of 26% in relative risk and 2.9% in absolute risk [11].

In addition to evidence of clinical efficacy, safety, and 

clinical effectiveness, healthcare payers increasingly 

require cost-effectiveness analyses to judge the value of 

health technologies. Previous studies based on results 

from the SYMPLICITY HTN-2 and DENERHTN trials 

demonstrated the cost effectiveness of renal denerva-

tion for rHTN [10, 12, 13]. However, there is a need for 

updated economic modelling based on the results from 

contemporary trials utilising newer RDN technologies and 

rigorous trial designs. The sham-controlled RADIANCE-

HTN TRIO trial was conducted incorporating several trial 

design features addressing the limitations of prior rHTN 

trials [9, 14].

Using SBP reduction data from RADIANCE-HTN TRIO, 

we sought to develop a decision-analytic model to predict 

long-term cardiovascular consequences and to address the 

research question of whether the addition of endovascular 

uRDN to standard of care (SoC) compared with SoC alone 

is a cost-effective option in the long-term for patients with 

rHTN. As a sensitivity analysis, we also modelled the cost 

effectiveness of renal denervation outside of rigorously con-

trolled clinical studies using real-world data analysis of the 

long-term outcomes from the ACHIEVE study [15].

2  Methods

2.1  Study Design

This economic evaluation was undertaken from the perspec-

tive of the United Kingdom (UK) health care system, as this 

is a key reference country for the use of cost-effectiveness 

analyses. The analysis covers direct health and social care 

costs and uses data from the RADIANCE-HTN TRIO trial 

[9], which had Ethics Committee and Institutional Review 

Board approvals from each site participating in the study. 

The evaluation is reported in accordance with the Consoli-

dated Health Economic Evaluation Reporting Standards 

(CHEERS) statement and the UK National Institute for 

Health and Care Excellence (NICE) reference methods [16, 

17]. A state-transition (Markov) model was used to project 

the impact of treatment with the Paradise uRDN system 

(ReCor Medical Inc., Palo Alto, CA, USA) plus SoC com-

pared with SoC alone. A lifetime time horizon was used to 

capture all potential cost and outcome effects of the inter-

vention, and both were discounted at 3.5% per annum [17].

2.2  Patient Population

In the base-case analysis, the rHTN population considered 

in the model was based on RADIANCE-HTN TRIO trial 

inclusion and exclusion criteria [9]. The trial was con-

ducted across 28 tertiary centres in the United States and 

Europe, and included patients aged 18–75 years with office 

BP ≥ 140/90 mmHg despite three or more antihypertensive 

medications, including a diuretic. Eligible patients were 

switched to a once-daily, fixed-dose, single-pill combina-

tion of a calcium channel blocker, an angiotensin receptor 

blocker, and a thiazide diuretic. After 4 weeks of standard-

ised therapy, 136 patients with daytime ambulatory BP of at 

least 135/85 mmHg were randomly assigned (1:1) to uRDN 

(n = 69) or a sham procedure (n = 67).

2.3  Model Structure

The model had a 1-month cycle length with half-cycle 

correction incorporated. The model included 11 mutually 
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exclusive health states to represent disease progression. This 

structure was based on previous economic evaluations and 

uses SBP as a surrogate endpoint to predict cardiovascular 

and renal disease risks (Fig. 1) [10, 12]. The model projected 

six clinical events: angina pectoris/coronary heart disease 

(AP/CHD), end-stage renal disease (ESRD), myocardial 

infarction (MI), heart failure (HF), stroke, and all-cause mor-

tality. All patients start in the hypertension health state and 

move to a different health state (with different health-related 

quality of life [HRQoL] and costs) when an event occurs. 

Death is an absorbing health state and can occur at any time. 

Consistent with previous cost-effectiveness models, we used 

risk equations based on Framingham and the Prospective 

Cardiovascular Münster (PROCAM) study to model how 

patients transition through the different health states [18].

Compared with previous modelling, three major modi-

fications were made to more effectively capture the true 

clinical impact of SBP changes following renal denervation. 

First, and most importantly, we changed the approach to 

modelling the effect of SBP reduction. Risk equations used 

in previous models to predict the downstream effect of a 

change in SBP on long-term cardiovascular risk were based 

on epidemiological observational data (e.g., Framingham 

and PROCAM) and therefore do not accurately reflect the 

change in risk of clinical events resulting from a change in 

SBP due to an intervention to actively reduce blood pressure. 

To address this, we translated the SBP reduction associated 

with uRDN to a reduction of clinical events based on the 

relative risks reported by the meta-analysis of Thomopoulos 

et al. in 2014 (55 randomised controlled trials [RCTs] of 

antihypertensive medication in 195,267 individuals) [19]. 

In contrast to the meta-analyses of Rahimi et al. [20] and 

Ettehad et al. [21], Thomopoulos et al. included only RCTs 

with antihypertensive treatment intent. Second, we added a 

recurrent stroke health state to capture the significantly ele-

vated long-term risks of a stroke and the reduced HRQoL for 

patients with recurrent stroke [22, 23]. Third, we incorpo-

rated ‘memory’ functionality for ESRD. The model structure 

already incorporated a memory to track HF status in stroke 

patients, as this significantly impacts HRQoL. Supplement-

ing with a ‘memory’ for ESRD captures the HRQoL-lower-

ing effects and continued high costs of ESRD in subsequent 

events, e.g., an MI or stroke.

Fig. 1  Structure of the cost-effectiveness model. *Death is an absorb-

ing health state that can be entered at any given time. #Memory has 

been incorporated to track ESRD status throughout the model time 

horizon. ^ Memory has been incorporated to track heart failure status 

in stroke patients. AP angina pectoris, CHD coronary heart disease, 

ESRD end-stage renal disease, MI myocardial infarction
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2.4  Clinical and Health‑Related Quality‑of‑Life 
Inputs

Table 1 summarises the key parameters used in the model. A 

full description is provided in the e-Appendix (see the elec-

tronic supplementary material). The model used office-based 

SBP from the RADIANCE-HTN TRIO trial since current 

cardiovascular risk equations [18, 24] and published meta-

analyses of the clinical effect of changes in SBP [19–21] 

are calibrated using office SBP measurements. The baseline 

office SBP across both arms of the trial was 155.3 mmHg, 

with a mean reduction of 8.5 ± 19.1 mmHg in the uRDN arm 

at 2 months. No sham intervention would be performed in 

real-world clinical practice and any placebo effect would be 

part of the overall treatment effect observed for the interven-

tion. Therefore, the base-case analysis assumes that no SBP 

reduction was associated with SoC alone (continued medi-

cal management for rHTN). Similar assumptions have been 

used and were accepted previously for health technology 

assessments in the UK [25, 26]. Other model clinical param-

eters were derived from literature searches and previously 

published models. Utilities for specific health states were 

drawn from a variety of sources, including previous clinical 

trials and economic evaluations of cardiovascular interven-

tions and HRQoL studies (see Table 1). Further details of the 

sources of utilities are provided in eAppendix 1.3 Tables 3 

and 4.

2.5  Cost Inputs

Costs used in the model are also outlined in Table 1 and 

e-Appendix 1. Costs were taken from published sources, 

including the Personal Social Services Research Unit 

(PSSRU) Pay and Prices Index and UK Department of 

Health and Social Care drugs and pharmaceutical electronic 

Market Information Tool (eMIT) [27, 28]. The cost of the 

uRDN procedure is estimated to be £6500 (€7545) [costs 

provided by the manufacturer], including both the costs for 

the catheter and the hospital treatment costs. When required, 

costs were inflated to 2021/2022 GBP/£ levels using NHS 

cost inflation indices [27], and results were converted to 

Euros using the conversion rate by the European Central 

Bank as of 8 August 2023 (£1.0000 = €1.1607).

2.6  Data Analysis

Results were reported as incremental cost-effectiveness 

ratios (ICERs). This was done by calculating the ratio of 

the difference in mean costs and mean change in quality-

adjusted life-years (QALYs) and life-years (LYs) between 

Paradise uRDN plus SoC and SoC alone. To provide full 

insight into the robustness of the results, a 95% confidence 

interval (CI) around the ICER has been calculated. The box 

method was applied as a simplified method to calculate this 

interval to avoid additional complexity [29].

One-way sensitivity analysis (OWSA) and probabilis-

tic sensitivity analysis (PSA) were conducted to assess the 

uncertainty surrounding the model inputs and sensitivity of 

the model results to changes in parameter inputs. OWSA was 

performed using realistic minimum and maximum individ-

ual model inputs (one at a time); for all model parameters, 

the minimum and maximum plausible values for univariate 

analysis were defined as the lower and upper 95% confi-

dence limits (95% CIs). For the PSA, all parameters were 

varied simultaneously and results were recorded for 1000 

iterations, which was enough to provide stable results. Most 

variables were assumed to have a normal distribution, except 

for proportions, probabilities, and utility estimates, which 

were all varied using a beta distribution. Hazard ratios were 

varied using a gamma distribution. An overview of which 

parameters were included in each analysis is provided in the 

e-Appendix.

Several scenario analyses were used to explore the 

impact of the model’s structural assumptions. For insight 

into the real-world cost effectiveness of uRDN, we used the 

12-month results of the ACHIEVE study, which included 

patients treated with the uRDN system (n = 96) [15]. The 

ACHIEVE study observed the effectiveness of the uRDN 

system in reducing BP, demonstrating a 15.0 mmHg reduc-

tion in mean office SBP. The mean baseline office SBP in 

ACHIEVE was 176 versus 155.3 mmHg in the RADIANCE-

HTN TRIO trial [9, 15]. A scenario was also included that 

uses the estimate of 5 mmHg SBP reduction to test the cost-

effectiveness, in case data from placebo-subtracted sham-

controlled trials were used.

A patient-level simulation component explored the 

impact of modelling a heterogeneous patient population, 

which can cause biased results when there is a non-linear 

relationship between risk factors and cardiovascular event 

risks (Jensen’s inequality) [30]. The simulation model 

uses random sampling to create a virtual patient cohort 

based on defined patient characteristics and the corre-

lation between them, as found in the RADIANCE-HTN 

TRIO trial (e-Appendix 2). Each patient from the cohort 

is then run through the model’s existing Markov struc-

ture. The results are averaged to achieve an overall cohort 

result to compare with the base-case deterministic results. 

Patient-level simulation represents a novel approach in 

hypertension modelling that was not featured in previ-

ously published models [9, 10].

For external validation, modelled relative risks and 

hazard ratios were compared with those presented in 

meta-analyses conducted by Rahimi et al. [20] and Ette-

had et al. [21]. Absolute risks were compared with clini-

cal examples of the QRISK3 algorithm, presented by 

Hippisley-Cox et al. [31].
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Table 1  Key clinical, HRQoL, and cost input parameters

Parameter Base-case numeric value (range) or survival model (covariates)

Age, years [mean (range)] 52.6 (29.0, 72.0)

Sex 20% female

Weight; height; BMI [mean (range)] 99.9 kg (57.0, 174.5); 1.7  m2 (1.5, 2.0); 32.6 kg/m2 (20.4, 53.9)

Health state Event risks

AP/CHD risk Weibull distribution of age, sex, SBP, post-menopausal status, total cholesterol, HDL, triglycerides, interaction 

term for antihypertensive therapy and SBP, diabetes mellitus, smoking, and alcohol use

ESRD risk We fitted a model based on SBP-dependent hazard ratios

HF risk Exponential distribution of age, sex, SBP, left ventricular hypertrophy, vital lung capacity, coronary heart disease, 

valve disease, diabetes mellitus, cardiomegaly, heart rate

Risk of developing heart failure in patients with an MI: 23.1%

Hazard ratio for developing heart failure in patients with (a history of) AP: 1.35

MI risk Exponential distribution of age, SBP, triglycerides, HDL, LDL, gamma-glutamyl transferase, smoker, diabetes, 

family history

Relative risk of MI in AP/CHD patients based on age group; 15–44 years, 0.261; 45–54 years, 0.630; 55–64 years, 

1; 65–74 years, 1.371; 75+ years, 1.826

Stroke risk Initial stroke: Exponential distribution of age, sex, SBP, medication use, CVD, LVH, smoker, atrial fibrillation, 

diabetes mellitus

Relative risk of stroke in ESRD: Ethnicity and sex-adjusted relative risk: female from non-African descent, 9.7; 

female from African descent, 6.2; male from non-African descent, 6.1, male from African descent, 4.4

Recurrent stroke: 0.679% in the first cycle after stroke, slowly decreasing over time

Relative risks RR per 10 mmHg: AP/CHD: 0.78; stroke: 0.63; HF: 0.54

Health state Mortality

Hypertension 2021 UK general population mortality

AP/CHD Annual rate per age group: 35–44 years: 0.46% (male), 0.25% (female); 45–54 years: 1.07% (male), 0.62% 

(female); 55–64 years: 1.84% (male), 1.20% (female); 65–74 years: 3.27% (male), 2.51% (female); 75–84 years: 

10.59% (male), 9.64% (female)

ESRD Mortality estimates are applied based on time since onset and the age of the patient:

20–44 years: 90-day: 0.90%; 1-year: 3.30%; 2-year: 6.60%; 5-year: 19.70%

45–64 years: 90-day: 2.70%; 1-year: 9.20%; 2-year: 16.50%; 5-year: 40.20%

65–74 years: 90-day: 5.20%; 1-year: 15.90%; 2-year: 27.20%; 5-year: 57.70%

75+ years: 90-day: 9.10%; 1-year: 25.10%; 2-year: 41.00%; 5-year: 74.90%

MI For the first month, a rate per age group is applied; 35–44 years: 1.50%; 45–54 years: 3.40%; 55–64 years: 7.30%; 

65–74 years: 15.90%; ≥ 75 years: 29.50%

Beyond the first month, a probability per cycle is applied based on SBP levels:

< 120 mmHg, 0.168%; 120–139 mmHg, 0.195%; 140–159 mmHg, 0.256%; ≥ 160 mmHg, 0.307%

An HR is applied to correct for age over 60 years: 60–69 years, 1.28; ≥ 70 years, 2.46

HF Rate based on time since onset and sex: 30 days: 6.00% (male), 4.00% (female); Year 1: 21.00% (male), 17.00% 

(female); Year 2 and following: 50.00% (male), 46.00% (female)

Age-dependent HRs are applied to correct for age: < 50 years, 1; 50–54 years, 1.03; 55–59 years, 1.02; 

60–64 years, 1.28; 65–69 years, 1.72; 70–74 years, 2.20; 75–79 years, 2.86; ≥ 80 years, 3.68

Stroke First month: Rate of 12.60%

Long-term stroke: HR vs. background mortality: 2.30

Acute risk post-MI: 2.27

Long-term risk post-MI: 2.99

Relative risk post-HF: 2.189

Health state Utilitiesa

Hypertension 1.00

AP/CHD Unstable: 0.91 (unstable: 85%)/stable: 0.96 (stable: 15%); +ESRD: 0.84

MI Months 0–6: 0.90; +ESRD: 0.83

Months 7+: 1.0; +ESRD: 0.92

HF 0.88; +ESRD: 0.80

Stroke 0.85; +ESRD: 0.78; +HF: 0.85; +ESRD/+HF: 0.78

Subsequent stroke 0.70–0.78; +ESRD: 0.64–0.72
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3  Results

3.1  Base‑Case Results

The base-case analysis indicates uRDN plus SoC results 

in a mean improvement in LYs and QALYs per patient 

compared with SoC alone (15.14 vs. 14.37 Lys, and 

12.12 vs. 11.49 QALYs) over a lifetime horizon. Higher 

mean costs are associated with uRDN plus SoC com-

pared with SoC alone (£34,784 vs. £31,261 per patient 

[€40,374 vs. €36,284]). With mean incremental QALYs 

of 0.629 at £3523 (€4090) incremental costs, the overall 

cost per QALY gained is estimated to be £5600 (95% CI 

£5463–£5739) [€6500; €6341–€6661] (see Table 2). This 

ICER falls well below the UK NICE willingness-to-pay 

(WTP) threshold of £20,000–£30,000 (€23,214–€34,821) 

per QALY [15]. The breakdown of model results around 

specific downstream event rates and averted events, as well 

as costs associated with individual events, are provided 

in Table 3.

3.2  Uncertainty and Scenario Analyses

The OWSA results indicate that the model’s findings are 

relatively insensitive to uncertainty around individual 

parameter estimates. Figure 2 presents a tornado diagram 

of the most influential parameters, which include several of 

the relative risks applied to the intervention arm baseline 

cardiovascular risks as well as the utility of stroke. The PSA, 

based on 1000 iterations (see Fig. 3), shows there is > 99% 

probability of the uRDN system being cost effective at a 

£30,000 (€34,821) and £20,000 (€23,214) WTP threshold.

Scenario 1, where relative risks from the meta-anal-

ysis by Ettehad et al. were applied, results in an ICER 

Table 1  (continued)

Health state Utilitiesa

ESRD 0.92

Health state Costsb

AP/CHD Acute: £2507.22/monthly maintenance: £191.98

ESRD Acute: £1749.28/monthly maintenance: £1656.72

MI Acute: £4356.70/monthly maintenance: £70.82

HF Acute: £2292.70/monthly maintenance: £65.11

Stroke Acute: £11,266.93/monthly maintenance: £664.17

Monitoring Monthly cost: £7.00/cost per GP visit: £42; two visits per year assumed

Antihypertensive medication Monthly cost: Paradise RDN: £33.01/SoC: £33.74

RDN procedure Paradise RDN: £6500.00 (ReCor Medical)/SoC: £0.00 (no procedure)

Parameter Alternative value based on the ACHIEVE study [15]

Mean SBP at baseline (SD) 176 ± 21 mmHg

Mean SBP reduction associated with RDN (SD) 15.0 ± 27.0 mmHg

Mean age (SD) 64 ± 10 years

Sex 41% female

Mean BMI (SD) 30 ± 6 kg/m2

Current smoker 9.4%

Type 2 diabetes mellitus 40%

Cardiovascular disease 26%

Prior myocardial infarction 24%

Atrial fibrillation

AP angina pectoris, BMI body mass index, CHD coronary heart disease, CVD cardiovascular disease, ESRD end-stage renal disease, GP general 

practitioner, HDL high-density lipoprotein cholesterol, HF heart failure, HR hazard ratio, HRQoL health-related quality of life, LDL low-density 

lipoprotein, LVH left ventricular hypertrophy, MI myocardial infarction, RDN renal denervation; SBP systolic blood pressure, SD standard devia-

tion, SoC standard of care
a All utilities are corrected for age
b Costs in British pounds are either in 2021/2022 values or inflated to the 2021/22 price level

More information on these inputs is available in the e-Appendix
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of £10,554 (€12,250). Scenario 2, with hazard ratios by 

Rahimi et al., resulted in an ICER of £13,616 (€15,804) 

(Table 4). The model results are also robust when mak-

ing alternative assumptions around the model’s struc-

ture (Scenarios 3–5), with ICERs ranging from £5342 to 

£5624 (€6201 to €6527). When the inputs observed in the 

real-world ACHIEVE study were inputted to the model 

(Scenario 6), a similar result was found, resulting in an 

ICER of £371 (€431). Results of the patient-level simu-

lation (Scenario 7) show consistency with the base-case 

Table 2  Base-case cost-

effectiveness results

£ British pound, ICER incremental cost-effectiveness ratio, LY life-year, QALY quality-adjusted life-year, 

SoC standard of care, uRDN ultrasound renal nerve denervation, Δ indicates the difference between uRDN 

plus SoC vs. SoC alone

QALYs and LYs are discounted at 3.5% annually

Treatment LYs QALYs Costs ΔLYs ΔQALYs ΔCosts ICER (£/LY) ICER (£/QALY)

uRDN plus SoC 14.37 11.49 £31,261 0.77 0.63 £3523 £4578 £5600

SoC alone 15.14 12.12 £34,784

Table 3   Lifetime cardiovascular events per arm as calculated by the model

£ British pound, ESRD end-stage renal disease, CHD coronary heart disease, AP angina pectoris, MI myocardial infarction, HF heart failure, LY 

life-years, QALYs quality-adjusted life-years, SoC standard of care, uRDN ultrasound renal nerve denervation

Event uRDN plus SoC (%) SoC alone (%) Incremental 

impact (%)

(a) Cardiovascular events occurring over a lifetime horizon

 ESRD 0.79 0.72 − 0.07

 CHD/AP 28.15 26.33 − 1.82

 MI 26.21 24.29 − 1.92

 HF 18.91 23.12 4.22

Stroke 42.12 49.81 7.69

Recurrent stroke 10.72 12.93 2.22

Mortality 99.27 99.45 0.18

Event uRDN plus SoC SoC alone

LYs QALYs LYs QALYs

(b) Life-years and quality-adjusted life-years per health state

 Hypertension 11.494 9.503 10.510 8.725

 ESRD 0.019 0.014 0.016 0.012

 AP 1.340 0.991 1.117 0.832

 MI 0.551 0.427 0.499 0.391

 HF 0.442 0.307 0.588 0.412

 Stroke 1.045 0.688 1.323 0.878

 Recurrent stroke 0.252 0.188 0.320 0.238

Total 15.142 12.116 14.372 11.487

Event uRDN plus SoC SoC alone

(c) Costs accrued per health state

 Hypertension £13,771 £7026

 ESRD £393 £326

 AP £4264 £3623

 MI £1362 £1286

 HF £814 £1081

 Stroke £11,518 £14,540

 Recurrent stroke £2662 £3380

 Total £34,784 £31,261
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deterministic results, with an ICER of £6087 (€7065) and 

placebo-subtracted SBP reduction of − 5 mmHg (Scenario 

8) resulting in an ICER of £12,853 (€14,919). Detailed 

results are presented in e-Appendix 2.

3.3  Validation

While the base-case ICER of the current model was higher 

than reported in the previously published models, this 

difference reflects the difference in effect size measured 

in the RADIANCE-HTN TRIO trial compared with the 

SYMPLICITY HTN-2 trial published many years ago and 

investigating a more severe hypertensive population/cohort. 

External validation indicates the model results are concord-

ant with absolute risk estimates as per  QRISK3® as well as 

with relative risk estimates from Thomopoulos et al. and 

Rahimi et al. [19, 20]. Detailed validation results are pre-

sented in e-Appendix 3.

Fig. 2  Tornado diagram for Paradise RDN plus SoC vs. SoC alone. HF heart failure, ICER incremental cost-effectiveness ratio, MI myocardial 

infarction, RR relative risk, SBP systolic blood pressure, SoC standard of care

Fig. 3  Probabilistic sensitivity 

analysis with 1000 iterations of 

Paradise RDN plus SoC vs. SoC 

alone. QALY quality-adjusted 

life-year, SoC standard of care, 

WTP willingness-to-pay
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4  Discussion

Our results show that addition of uRDN to SoC is a cost-

effective treatment strategy for patients with rHTN, with an 

ICER of £5600 (€6500), provided that the effects of uRDN 

as observed in the RADIANCE-HTN TRIO trial are shown 

to be durable and safe with longer-term follow-up [9]. Mod-

elling demonstrated a > 99% probability that this is cost 

effective in the UK based on a WTP threshold of £20,000 

(€23,214) [17]. This conclusion was robust to our various 

sensitivity and scenario analyses that produced ICERs that 

all remained below this threshold. Model validity was veri-

fied against previous economic models [10, 12, 13].

Previously published cost-effectiveness analyses have 

shown the Symplicity radiofrequency renal denervation 

system to be a cost-effective use of resources [10, 12, 32]. 

An example is the trial-based French economic analysis, 

undertaken alongside the DENERHTN clinical trial [32]. 

This study modelled a 6-month time horizon and estimates 

the cost per mmHg reduction in daytime ambulatory SBP. 

The study uses an SBP reduction of 5.9 mmHg with radiof-

requency RDN and explores the use of relative risks derived 

from a meta-analysis. However, in contrast to the present 

study, these previous economic evaluations have not been 

based on latest generation renal denervation trial data of 

uRDN.

Our model included several significant updates com-

pared with previously published decision analytic models 

of cost effectiveness of renal denervation. Knowledge and 

understanding of the role of cardiovascular risk factors has 

increased over the last decade since previous models were 

published, and there are now several meta-analyses of long-

term data available that investigate the effect of actively 

lowering SBP on cardiovascular outcomes [19–21]. These 

analyses move from examining the association of SBP with 

the occurrence of cardiovascular events to the association of 

reduction in SBP to changes in event rates, reflecting more 

faithfully the likely effects of clinical interventions. Given 

that the meta-analyses are based on multiple interventional 

studies, while risk equations are based on epidemiologi-

cal data, the former are more appropriate for modelling the 

effect of an intervention on long-term clinical outcomes. 

As a result, we drew upon the use of the meta-analysis by 

Thomopoulos et al. [19] for the base-case analysis rather 

than calculating risks in the intervention arm directly using 

risk equations, as has been done in previous cost-effective-

ness models [9, 10, 24]. That these data are more clinically 

relevant to assess the effects of a therapeutic intervention 

for rHTN is discussed in a recent editorial from Böhm and 

Lauder [33]. Other enhancements in the model’s structure 

included the addition of a health state for a recurrent stroke 

as well as the addition of ‘memory function’ to better cap-

ture the impact of ESRD through a lifetime. While these 

two modifications had a lesser impact on the results versus 

previous renal denervation economic models, we believe that 

they contribute to making the model more reflective of real-

world clinical practice.

The base case for this model used the 8.5 mmHg reduc-

tion in mean office SBP observed in the RADIANCE-HTN 

TRIO study after 2 months [9]. However, the results from 

the ACHIEVE study show a larger intervention effect that 

is related to the higher baseline BP [34]. Of note, the BP-

lowering effect is maintained after 1 year in the ACHIEVE 

trial, and there is now evidence of durability with catheter 

based RDN through to 9 years [35, 36]. The expected use 

of uRDN in clinical practice could be in patients more simi-

lar to published real-world clinical studies and individuals 

presenting at screening for the RADIANCE-HTN TRIO 

cohort than at baseline. In which case, the real-world out-

comes scenarios might be closer to clinical practice than the 

base-case analysis presented here [8]. Nonetheless, we used 

these in sensitivity analyses, selecting the more conservative 

Table 4  Cost-effectiveness results of scenario analyses for uRDN plus SoC vs. SoC alone

£ British pound, ACHIEVE TrAnsCatHeter Intravascular Ultrasound Energy deliVery for rEnal Denervation, BPLTCC  Blood Pressure Lowering 

Treatment Trialists Collaboration, ESRD end-stage renal disease, HRs hazard ratios, ICER incremental cost-effectiveness ratio, LYs life-years, 

QALYs quality-adjusted life-years, RRs relative risks, SoC standard of care, uRDN ultrasound renal nerve denervation, Δ indicates the difference 

between uRDN plus SoC vs. SoC alone

QALYs and LYs are discounted at 3.5% annually

Scenario Δ LYs Δ QALYs Δ Costs ICER (£/LY) ICER (£/QALY)

1 Applying RRs from Ettehad et al. [21] 0.49 0.40 £4249 £8648 £10,554

2 Applying HRs from Rahimi et al. (BPLTTC) [20] 0.41 0.34 £4608 £11,251 £13,616

3 Heart failure baseline risk based on Khan et al. [41] 0.70 0.57 £3062 £4381 £5342

4 Recurrent stroke excluded 0.74 0.62 £3432 £4607 £5548

5 ESRD memory excluded 0.77 0.63 £3538 £4597 £5624

6 Using 12-month data from the ACHIEVE study [15] 1.062 0.843 £313 £295 £371

7 Patient-level simulation 0.73 0.60 £3678 £5012 £6087

9 Sham-subtracted effect size (− 5 mmHg) [9] 0.45 0.36 £4669 £10,502 £12,853
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RADIANCE-HTN TRIO findings for our base case. Given 

that the technology assessed is a medical device, it can be 

relevant to consider the impact of operator skills on treat-

ment effect and applicability of outcome results of trial 

results. However, in the case of RDN, there is no evidence to 

indicate an impact of operator experience. Prior uRDN expe-

rience was not an inclusion criteria of the RADIANCE-HTN 

study programme (including the TRIO [8] and SOLO [37] 

trials) and was applicable to a small fraction of procedural-

ists included in these trials. The consensus statement of the 

European Society of Cardiology Council on Hypertension 

and Association of Percutaneous Cardiovascular Interven-

tions recommend RDN should be overseen by a multidis-

ciplinary team and should include experts in hypertension 

and percutaneous cardiovascular interventions [38]. There 

are some potential limitations to this analysis. First, day-

time ambulatory BP was the primary outcome of the RADI-

ANCE-HTN TRIO trial. Daytime ambulatory BP measure-

ment is considered the standard method of BP measurement, 

providing the average of repeated automatic BP readings 

over a defined period, usually 24 h. They are usually lower 

than office BP readings, where the ‘white coat effect’ can 

result in higher BP readings [9]. However, all validated risk 

equations estimating the relationships between BP and long-

term clinical effects used in the current study are based on 

office-based BP measurements, which has historically been 

the BP endpoint captured in clinical trials [19–21]. As a 

result, we used the office BP results for this analysis.

Second, measuring the unbiased impact of renal dener-

vation on BP in patients with rHTN can be challenging as 

it depends not only on the procedure but also on the effect 

of potential changes in concomitant antihypertensive medi-

cation over time. This is another reason why we chose to 

use data from RADIANCE-HTN TRIO to model treatment 

effects; the study design optimised the ability to hold back-

ground medications constant. Nonetheless, we must recog-

nise that changes in medication adherence over the course 

of clinical studies may affect these estimates.

Third, HRQoL utility values used in the economic model 

came from a range of sources and were therefore based on 

different collection methods (e.g., EQ-5D vs. time trade-off) 

and included non-UK population sources.

Fourth, our model assumed no effect on SBP for patients 

receiving SoC only. In clinical practice, patients would 

remain on treatment as they are, or alternative therapies 

could be tested. We did not undertake an evaluation of alter-

native therapies such as other pharmaceutical options (e.g., 

spironolactone) or other device-based treatments for hyper-

tension. However, patients included in RADIANCE-HTN 

TRIO were considered to be resistant to pharmaceutical 

treatment, having previously attempted and exhausted mul-

tiple drug options, and as such, in routine clinical practice, 

no sham procedure would be performed. We therefore felt 

that it was not appropriate to consider the sham arm of the 

RADIANCE-HTN TRIO trial as equivalent to clinical SoC 

[39]. This issue has been previously discussed and accepted 

by NICE in the UK for two health technology appraisals 

considering data from sham-controlled trials [25, 26].

Fifth, the meta-analyses used in this study to translate the 

BP-lowering effect of uRDN into a reduction in long-term 

cardiovascular complications are based on RCT data from a 

basket of antihypertensive drug interventions [19–21]. The 

question therefore remains as to whether the treatment effect 

on SBP is transferable outside this treatment class and to 

other BP-reducing approaches, including uRDN.

Finally, as with previous economic models, long-term 

treatment effect assumptions must be made concerning the 

durability of the therapeutic effect of uRDN. Supported by 

recent data showing a reduction in SBP with RDN out to 

9 years follow-up, our model-based analysis assumes no 

waning of treatment effect [36]. The base-case analysis of 

this model is based on the intervention arm of a tightly con-

trolled sham-controlled trial. In general, tightly monitored 

sham-controlled trials of renal denervation have shown 

more modest BP reductions as compared with real-world 

registries such as the ACHIEVE study [15]. Estimates of 

treatment effect sizes of renal denervation in rHTN patients 

range from as high as 20 mmHg in real-world registries to 

as low as 5 mmHg in placebo-subtracted, sham-controlled 

trials, which may be less standardised to real-world practice 

where sham procedures are not offered. Using this range of 

effect sizes, scenario analyses confirm uRDN would be cost 

effective at the accepted threshold of £20,000 per QALY.

5  Conclusions

Endovascular ultrasound RDN with the Paradise System in 

addition to SoC offers patients, clinicians, and healthcare 

systems a cost-effective alternative to traditional antihyper-

tensive drug therapy alone in resistant HTN. This conclusion 

was robust to our various sensitivity and scenario analy-

ses, which all produced ICERs below the WTP threshold of 

£20,000 per QALY from NICE in UK. While our analysis 

shows uRDN to be an important addition to the treatment 

armamentarium for resistant HTN, the scale of uncontrolled 

HTN in the population requires the continued need for opti-

misation of lifestyle and pharmaceutical interventions [40].
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