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Abstract

Background: Recent trials support the efficacy of renal sympathetic denervation (RDN) to reduce blood
pressure (BP). Nevertheless, about one third of patients are considered non-responders to RDN. Previous
retrospective analyses suggest arterial stiffness could predict BP response to RDN.

Aims: We prospectively assessed the potential of invasive pulse wave velocity (iPWV) to predict BP
response to RDN. Additionally, we aimed to establish non-invasive models based on arterial stiffness to
predict BP response to RDN.

Methods: iPWV magnetic resonance imaging-based markers of arterial stiffness and the carotid-femoral
pulse wave velocity were recorded prior to RDN in patients with treatment resistant hypertension. Changes
in daytime BP after 3 months were analysed according to the prespecified iPWV cut-off (14.4 m/s).
Regression analyses were used to establish models for non-invasive prediction of BP response. Results
were compared to iPWV as reference and were then validated in an external patient cohort.

Results: Eighty patients underwent stiffness assessment before RDN. After 3 months, systolic 24h and
daytime BP were reduced by 13.6+9.8 mmHg and 14.7+10.6 mmHg in patients with low iPWV, versus
6.2+13.3 mmHg and 6.3+12.8 mmHg in those with high iPWV (p<0.001 for both). Upon regression analy-
sis, logarithmic ascending aortic distensibility and systolic baseline BP independently predicted BP change
at follow-up. Both were confirmed in the validation cohort.

Conclusions: iPWV is an independent predictor for BP response after RDN. In addition, BP change pre-
diction following RDN using non-invasive measures is feasible. This could facilitate patient selection for
RDN treatment.

*Corresponding author: Department of Cardiology, Heart Center Leipzig at University of Leipzig, Striimpellstrafie 39,
04289 Leipzig, Germany. E-mail: karl fengler@medizin.uni-leipzig.de

© Europa Digital & Publishing 2022. All rights reserved.



Abbreviations
AUC area under the curve
BBPR  binary blood pressure response

BP blood pressure

MRI magnetic resonance imaging
0ST optimal sensitivity threshold
PP pulse pressure

RDN renal denervation

ROC receiver operator characteristics

cPWV  carotid-femoral pulse wave velocity

iPWV  invasive pulse wave velocity

mAAD  ascending aortic distensibility (magnetic resonance
imaging)

mPWV  pulse wave velocity (magnetic resonance imaging)

mTAC  total arterial compliance (magnetic resonance imaging)

Introduction

Effective treatment of hypertension, the major preventable cause
of mortality worldwide, remains a very significant global pub-
lic health concern'. Depending on the definition used, 5-30% of
patients in whom blood pressure (BP) control, by means of life-
style modification and medical treatment, fails, suffer from resist-
ant hypertension'. In the past decade, an interventional treatment
approach of catheter-based renal sympathetic denervation (RDN)
has emerged as a potential alternative for these patients. Recent
randomised trial results support the efficacy of this treatment in
reducing BP in comparison to sham treatment?>. Nevertheless, all
these trials uniformly report that about one third of patients do
not experience relevant BP reduction following the intervention.
To enhance the efficacy of RDN, reducing the variability of BP
response to the intervention has been suggested to be of utmost
importance®. Therefore, early identification of patients who ben-
efit from RDN (responders) and those who are unlikely to respond
(non-responders) seems crucial.

It has been suggested that an assessment of arterial stiffness
could be useful in predicting response to RDN’. In previous
studies from our group, elevated invasive pulse wave velocity
(iIPWV) as a surrogate for vascular stiffness has been identified
as a predictor of a poor BP response following RDN®!°, As esti-
mation of iPWV requires catheterisation, non-invasive measures
to estimate the success of RDN are desirable. As such, magnetic
resonance imaging (MRI)-derived markers of arterial stiffening,
such as ascending aortic distensibility (mAAD) and total arte-
rial compliance (mTAC), seem to have some predictive value,
but further research is necessary''. Similarly, the carotid-femoral
pulse wave velocity (cPWV), as assessed using bedside tools!>!3,
may be an easy and cost-effective method to estimate arterial
stiffness, but its value in prediction of BP response to RDN is
not well described.

To improve patient selection for RDN, we conducted a trial to
prospectively confirm iPWV as a predictor of RDN response and
to investigate the potential of different non-invasive estimates for
arterial stiffness to predict a BP response to RDN.

Arterial stiffness in renal denervation

Methods

TRIAL DESIGN

We conducted a prospective single-centre clinical trial in patients

undergoing intravascular ultrasound RDN to:

1. confirm the value of a predefined invasive pulse wave velocity
(IPWV) as a predictor of BP response after RDN (primary outcome),

2. develop prediction models for (a) linear and (b) binary
(>5 mmHg) 24h BP response after RDN, using non-invasive
markers of arterial stiffness and clinical characteristics and to
compare them with iPWV (exploratory outcome),

3. validate these models and findings using an external cohort of
patients (validation outcome). Validation was not predefined but
was implemented retrospectively.

The study was approved by the local ethics committee and was
performed in accordance with the Declaration of Helsinki. All par-
ticipants provided written informed consent. The trial is registered
at ClinicalTrials.gov: NCT02772939.

STUDY PARTICIPANTS

Patients were screened if diagnosed with resistant hypertension
(office BP >160 mmHg systolic or >90 mmHg diastolic, despite
treatment with 3 or more different classes of antihypertensive drugs
on at least 50% of maximum dosage for hypertension, including at
least one diuretic, unless intolerant to diuretics). Antihypertensive
medication had to be stable for at least 4 weeks. Patients then under-
went ambulatory blood pressure measurement (ABPM) to assess
baseline ABPM values. Inclusion criteria were resistant hyperten-
sion with systolic daytime BP >135 mmHg on ABPM. Exclusion
criteria were <18 or >75 years old, pregnancy, life expectancy
<6 months, evidence of untreated secondary hypertension, known
renal artery stenosis or anatomy unsuitable for interventional RDN
and any main renal artery diameter <4.0 mm. Further details on
study participants, BP measurement and exclusion of secondary
hypertension can be found in Supplementary Table 1.

INVASIVE MEASUREMENT OF ARTERIAL STIFFNESS

iPWV was determined by invasive measurements prior to RDN
and sedation. A 7 Fr sheath was placed in the right femoral
artery and a 4 Fr pigtail catheter (Cordis) in the ascending aorta.
Simultaneous pressure curves were recorded through the pigtail
and the sheath’s side-port. The foot-to-foot method was used to
determine iPWYV, as previously described’.

MAGNETIC RESONANCE IMAGING-BASED ASSESSMENT OF
STIFFNESS

All patients underwent MRI before RDN to assess mTAC, mAAD
and MRI-based pulse wave velocity (mPWYV). Details of the MRI
protocol as well as estimation of the different markers of vascular
stiffness can be found in the Supplementary Appendix 1.

CAROTID-FEMORAL PULSE WAVE VELOCITY
Non-invasive values for cPWV were measured with a dedicated
piezoelectric device and software (Complior Analyse; Alam Medi-
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cal)'®. Measurements were taken in a supine position after at least
5 minutes of rest in a quiet environment and before RDN. Two
full measurements, consisting of 5-10 heart cycles, were averaged.

RDN PROCEDURE

Endovascular ultrasound RDN was performed using the Paradise
catheter (ReCor Medical), a balloon-cooled device that cre-
ates a fully circumferential thermal ablation pattern using
acoustic energy. Details of the procedure have been published pre-
viously>*!%. All procedures were performed by experienced inter-
ventional cardiologists with experience in ultrasound RDN.

DEFINITIONS
Binary blood pressure response (BBPR) was defined as reduction
of >5 mmHg in 24h systolic BP on ABPM at 3 months, which
was deemed as clinically relevant in a previous consensus state-
ment on RDN".

Anoptimalsensitivity threshold (OST) was defined as the value with
a90% sensitivity to detect BBPR after 3 months in the study cohort.

FOLLOW-UP AND OUTCOMES

At 3 months, ABPM was repeated to assess the primary end-
point. Medication changes and adherence were assessed at 1 and
3 months through structured interviews with patients.

The trial was designed to address 2 outcomes: the primary
endpoint was the change in systolic daytime BP on ABPM at
3 months between patients above and below the predefined pulse
wave velocity cut-off of 14.4 m/s, derived from prior retrospec-

tive analyses'’. Key secondary outcomes were the areas under the
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receiver operator characteristics (ROC) curves and linear regres-
sion coefficients for non-invasive models to predict BP response
in comparison to iPWV. We: 1) identified independent predictors
and multivariable models for linear 24h BP change, 2) calculated
ROC curves and OSTs for each model, 3) compared ROC curves
and linear regression coefficients, 4) validated the OSTs in an
external validation cohort (Central illustration).

STATISTICAL ANALYSIS

Linear and logistic regression, ROC curves and areas under the
curves (AUC) were calculated for the prediction of linear BP
response and BBPR to RDN. Details on the uni- and multivariable
regression analyses as well as on sample size calculation can be
found in the Supplementary Appendix 1.

G-Power 3.1.9.2 was used for power calculation (University of
Diisseldorf, Germany)'s . All other statistical analyses were calcu-
lated with SPSS 24.0.0.0 and 28.0.0.0 (IBM) and MedCalc 16.4.3
(MedCalc Software).

Results

Between June 2015 and May 2020, 80 patients were enrolled (Figure 1).
All patients underwent bilateral RDN. One patient was lost to fol-
low-up. Survival status for this patient was confirmed by contacting
the treating general practitioner and the subject was excluded from
further analysis. In total, 79 patients were available for final analyses.

BASELINE CHARACTERISTICS AND BP OUTCOME
Clinical baseline characteristics, blood pressure and medication are
shown in Table 1. Details of medication adherence can be found in

Non-invasive BP change prediction
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*0<0.05; n.s.: not significant; ABPM: ambulatory blood pressure monitoring; BP: blood pressure; iPWV: invasive pulse wave velocity,
MRI: magnetic resonance imaging; OST: optimal sensitivity threshold; RDN: renal denervation




102 patients met inclusion
criteria

v

v — 12 MRI not done (unavailable, patients refused

80 patients with full dataset

Arterial stiffness in renal denervation

Table 1. Baseline characteristics and medication (n=80).

enrolled into the study

!

80 patients underwent
ultrasound renal artery ablation

A4

19 patients available for
primary analysis

Figure 1. Study flow. MRI: magnetic resonance imaging;, PWV: pulse
wave velocity

Supplementary Appendix 2. At 3 months, 24h systolic and diastolic
BP values were reduced by 10.0/6.7+12.2/8.0. Corresponding day-
time BP values were reduced by 10.5/7.1+12.4/8.0 mmHg (p<0.001
for all). Forty-seven patients (59%) were classified as having a BBPR.

CONFIRMATION OF iPWV AS A PREDICTOR FOR BP REDUCTION
In comparing patients with low iPWV (<14.4 m/s) and patients
with high baseline iPWV, baseline characteristics were balanced
between the groups, except for age, which was higher in the high
iPWV group (Supplementary Table 1). Patients with low iPWV
had a significantly greater reduction of 24h and daytime systolic
and diastolic BP (p<0.01 for all) (Figure 2).

In a linear regression model, iPWV was confirmed as an inde-
pendent predictor for daytime and 24h BP reduction at follow-up
(Beta=0.242 and 0.232) (Supplementary Table 2).

iPWV was poorly correlated with 24h systolic BP change after
3 months in a linear or logarithmic fashion (1>=0.055 and 0.076,
p=0.04 and 0.01, respectively). AUC for prediction of BBPR was
0.695. BBPR frequencies were 44% in patients with high iPWV and
75% in patients with low iPWV (p=0.001). Upon logistic regres-
sion, iPWV was an independent predictor of BBPR (p=0.019).
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Figure 2. Primary outcome: blood pressure changes in patients with
low (<14.4 m/s) vs high (=14.4 m/s) invasive pulse wave velocity.
Error bars indicate 95% confidence intervals. iPWV: invasive pulse
wave velocity

22 excluded for incomplete data: Age [years] 62.6+8.8
— 6 non-invasive PWV analysis unavailable
— 4 had claustrophobic reaction during MRI Body mass index [kg/m2] 31.8+5.4
or incompatible pacemaker) Female, n (%) 20 (25)
Serum creatinine [pmol/I] 87.3+23.4
eGFR [ml/min] 79.1+18.7
Smoker, n (%) 42 (53)
Diabetes, n (%) 40 (50)
_ [ Tost to follow-up: : ——
”| 1 did not attend follow-up Peripheral arterial disease, n (%) 7 (9)
Coronary artery disease, n (%) 29 (36)
Previous stroke, n (%) 6 (8)
Previous myocardial infarction, n (%) 9(11)
Atrial fibrillation, n (%) 8(10)
Dyslipidaemia, n (%) 63 (79)
24h systolic blood pressure [mmHg] 149.8+12.4
24h diastolic blood pressure [mmHg] 85.1+11.6
Daytime systolic blood pressure [mmHg] 152.7+12.1
Daytime diastolic blood pressure [mmHg] 87.7+11.9
Isolated systolic hypertension, n (%) 32 (40)
Number of antihypertensive drug classes 5.0+1.7
Five or more drug classes, n (%) 49 (61)
Angiotensin converting enzyme inhibitors, n (%) 21 (26)
Angiotensin receptor antagonists, n (%) 56 (70)
Renin antagonists, n (%) 1(1)
Beta blockers, n (%) 70 (88)
Calcium channel blockers, n (%) 61 (76)
Diuretics, n (%) 74 (93)
Second diuretic, n (%) 18 (23)
Aldosterone antagonists, n (%) 19 (24)
Vasodilators, n (%) 6 (8)
Alpha blockers, n (%) 28 (35)
Centrally acting sympatholytics, n (%) 46 (58)
Invasive pulse wave velocity (m/s) 14.3 (7.6; 21.0)
Ascending aortic distensibility (103xmmHg) 1.35(0.4; 2.3)
Total arterial compliance (ml/mmHg) 1.24+3.89
Magnetic resonance imaging pulse wave velocity | 8.5 (5.4; 11.6)
(m/s)
Carotid-femoral pulse wave velocity (m/s) 11.2(7.7; 14.8)

EXPLORATORY NON-INVASIVE BLOOD PRESSURE OUTCOME
PREDICTION
With ¢cPWV, mAAD, mPWV and mTAC, four different markers
of arterial stiffness were available to establish a prediction model.
Of these, only mAAD and logarithmic mAAD were univariable
predictors of 24h BP reduction. Individually, both were also inde-
pendent predictors of 24h BP reduction at follow-up (Table 2).
Baseline 24h systolic BP, prescription of 5 or more drug classes as
well as female gender were also identified as independent predic-
tors for 24h systolic BP reduction. Serum creatinine and isolated
systolic hypertension (ISH) were significantly associated with 24h
systolic BP reduction upon univariable analysis but did not reach
significance level in multivariable analysis (Table 2).
Logarithmic mAAD had a poor but significant correlation
with 24h systolic BP (1>=0.150, p<0.001) and had an acceptable
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accuracy in predicting 24h BBPR after 3 months (AUC 0.714).
Using an OST (-5.2) to detect 24h BBPR as described above,
a significantly stronger systolic and diastolic BP reduction was
found in patients with mAAD below, in comparison to patients
above, the OST (p<0.05 for both, systolic and diastolic BP).
Resulting 24h BBPR frequencies in the 2 groups were 65% and
31% (Figure 3).

A multivariable model including logarithmic mAAD and all inde-
pendent predictors as stated above, showed a modest correlation with
systolic 24h BP change after 3 months (r>=0.427, p<0.001) and had
an acceptable accuracy in predicting BBPR (AUC 0.791). Using an
OST (-5.0), a significantly stronger systolic and diastolic BP reduc-
tion was observed in patients below versus above OST (p<0.001
for both). BBPR frequencies in the 2 groups were 72% and 24%
(Figure 3). Upon logistic regression, baseline systolic 24h BP, loga-
rithmic mAAD and intake of 5 or more drug classes were independent
predictors of BBPR, while female gender was not (Supplementary
Table 3). Upon penalised regression analysis for systolic 24h BP
reduction, only baseline systolic 24h BP and logarithmic mAAD
contributed significantly to the model (Beta=-0.204 and -0.244,
p=0.05 and 0.006, respectively, regularised r>=0.334) (Table 2).

A bivariable model including 24h systolic baseline BP and loga-
rithmic mAAD was significantly correlated with systolic 24h BP
change (r>=0.270, p<0.001) and yielded an AUC for BBPR predic-
tion of 0.740. Using an OST (-5.0), BP reduction was more pro-
nounced in patients below versus above OST (p<0.001 for both),
and corresponding BBPR rates were 69 and 38% (Figure 3). Upon
logistic regression, logarithmic mAAD was an independent pre-
dictor of BBPR (p=0.002).

The cut-off values for OST as well as regression equations for
each model are presented in Supplementary Table 4. Correlations
between the individual measures of arterial stiffness are presented
in Supplementary Table 5.

COMPARISON WITH iPWV

AUCs for BBPR prediction did not differ significantly between
logarithmic mAAD, the bivariable and the multivariable model in
comparison to iPWV (AUC 0.714, 0.740 and 0.791 vs 0.695, p=n.s.
for all). The bivarible and the multivariable model were signifi-
cantly better correlated with 24h systolic BP change after 3 months
than iPWV alone (r>=0.427 and 0.270 vs 0.055, p<0.001 and p=0.04
respectively), while logarithmic mAAD was not (1>=0.150, p=0.31).

VALIDATION

Fifty-two patients were available for validation. Mean 24h systolic
and diastolic BP were reduced by -5.4+11.0 and -4.4+7.7 mmHg
(p<0.001). 24h BBPR was observed in 33 patients (63%). In the
validation cohort, logarithmic mAAD and 24h systolic baseline
BP were confirmed as independent predictors upon linear regres-
sion analysis, while female gender and prescription of 5 or more
antihypertensive drug classes were not (Supplementary Table 6).
Correlation coefficients did not differ significantly between the
2 study cohorts for logarithmic mAAD and the bivariable model
(r*=0.118 vs 0.150 and 0.304 vs 0.270, p=0.80 and 0.76) but were
significantly lower for the multivariable model in the validation
cohort (r>=0.149 vs 0.427, p=0.04).

Application ofthe OST values for predicted non-response from the
exploratory analysis showed a significant reduction of 24h systolic
BP in patients below versus above OST for logarithmic mAAD and
the bivariable model (p=0.03 and 0.04) (Figure 4) while BP was not
different between the groups when using the multivariable model.

Application of a Youden index-based threshold instead of OST
showed similar results, with significant BP difference between the
groups for mAAD and the bivariable model and no significant dif-
ference for the multivariable model, but the group with a low like-
lihood for BP reduction at follow-up expanded to roughly 50% of
patients with all 3 models.

Table 2. Exploratory outcome — uni- and multivariable linear as well as penalised regression for 24h blood pressure reduction after
3 months. Data presented for non-invasive markers of arterial stiffness as well as for significant (univariable) clinical variables.

Univariable Multivariable Penalised regression
Beta p-value Beta 95% Cl p-value Beta p-value
Ascending aortic distensibility -0.301 0.007 -0.243* | -0.428 to -0.058* 0.011* | -0.244* 0.006*
Logarithmic -0.387 <0.001 -0.306 -0.484 t0 -0.128 0.001 -0.190 0.020
Total arterial compliance -0.058 0.61
Logarithmic -0.072 0.53
Magnetic resonance imaging PWV 0.207 0.07
Logarithmic 0.185 0.10
Carotid-femoral PWV 0.109 0.34
Logarithmic 0.168 0.17
24h systolic blood pressure -0.379 <0.001 -0.444 -0.626 to -0.262 <0.001 -0.204 0.05
Female gender -0.297 0.008 -0.304 -0.486 to -0.122 0.001 n.s.
Five or more antihypertensive drug classes 0.240 0.033 0.212 0.027 to 0.397 0.025 n.s.
ISH 0.229 0.042 n.s.
Creatinine 0.224 0.047 n.s.
*when included instead of logarithmic ascending aortic distensibility. Cl: confidence interval; ISH: isolated systolic hypertension; n.s.: not significant;
PWV: pulse wave velocity
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Figure 3. Exploratory outcome. Accuracy of predicted blood pressure change 3 months after RDN (left column) and prediction of a binary
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model. Systolic (blue) and diastolic (green) blood pressure change and 24 hr binary blood pressure responder frequencies using the
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velocity; mAAD: ascending aortic distensibility; OST: optimal sensitivity threshold; RDN.: renal denervation; ROC: receiver operator
characteristics
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Discussion
This trial is the first to prospectively confirm a predefined, independent
predictor for BP reduction following RDN. Secondly, this is the first
systematic prospective evaluation of a) clinical predictors, b) inva-
sive, and c¢) non-invasive assessment of arterial stiffness as predictors
for RDN success in a single trial. With these analyses, we were able to
develop a validated, non-invasive prediction model for RDN success.
Our findings confirm the key role of arterial stiffening in the
BP response to sympathetic nervous system modulation follow-
ing endovascular RDN. Arterial stiffening has long been thought to
be a major contributor to the endemic clinical problem of arterial
hypertension'. Regarding RDN, it has been suggested as a potential
treatment target!’, but also as a predictor of RDN response. The lat-
ter is important, since an accurate and clinically applicable predictor
of RDN response prior to the procedure is currently an unmet need.
As the accepted reference standard for arterial stiffness estima-
tion, an elevated iPWV is usually associated with advanced vascu-
lar remodelling and loss of elastic cushioning function''3. It is also
associated with increased pulse pressure and age'8'°. In contrast,
renal norepinephrine spillover as a marker for renal sympathetic
activity (the therapeutic target of RDN) is elevated in patients with
essential and resistant hypertension®*?! but seems to reduce with
age”. Thus, in patients with exceedingly high iPWYV, the contribu-
tion of sympathetic activity to BP elevation might be diminished.
Instead, the contribution of biomechanical components to hyper-
tension predominates, which makes BP reduction after RDN less
likely. This concept is supported by our previous studies®!! and var-
ious other trials identifying different markers of vascular stiffening
and ageing as negative predictors for BP reduction after RDN?2,
While accumulating data points towards iPWV as an independ-
ent predictor of RDN success, its invasive nature hinders its prac-
tical application in the general RDN population. We therefore
investigated the potential of 2 non-invasive approaches to estimate
arterial stiffness and consequently response to RDN: estimation of
cPWYV and an MRI-based model. Of all the markers assessed, only
mAAD was independently associated with overall BP changes and
confirmed in the validation study.

Contrasting our results on iPWYV, using cPWV to identify
patients with a low likelihood for BP change was futile. We also
found a low correlation only between iPWV and cPWV. Besides
measurement inaccuracies, this might be explained by the algo-
rithm of the specific device, Complior, which tends to underesti-
mate pulse wave velocity at higher levels of iPWV'2, As mean and
median iPWV were at very high levels in this study, the predictive
accuracy of cPWV might have been hampered. Nevertheless, eval-
uation of other devices for cPWV estimation to predict BP change
might be a worthwhile effort, as the use of a bedside tool could be
more cost effective than MRI.

mPWYV and mTAC also failed to precisely detect non-responders
and to predict the extent of BP reduction at follow-up. This might be
explained by the different methodology used for mPWV, which uses
flow curves instead of pressure waves. Even though flow usually
follows pressure increase, this could lead to a loss of precision in
its accuracy when compared to iPWV. MTAC is only a very broad
estimate of arterial stiffness and was numerically less precise than
mAAD and iPWYV in predicting BP change after RDN in one of our
previous publications'. Altogether, both measures apparently lack
the precision necessary to predict BP reduction after RDN.

The multivariable model was inaccurate in the validation cohort.
This can be explained by a chance finding in our study cohort:
improved BP reduction in women, and a lesser BP reduction in
patients prescribed 5 or more antihypertensive drugs have never
been described for RDN patients before, even in the large-scaled
Global Symplicity Registry*. A device-specific factor for endo-
vascular ultrasound RDN leading to this observation cannot be
excluded here, but pathophysiologic assumptions make this expla-
nation less likely. It might be an option to revalidate this model in
an ultrasound RDN cohort in the future, but until then the multi-
variable model described here is not applicable in practice.

The bivariable mAAD-based model and logarithmic mAAD
alone were the only non-invasive models predictive for RDN
response, which remained significant after multivariable analy-
sis and validation in a second study cohort. MAAD represents the
central cushioning elements of the vasculature, which might give
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a more accurate estimation of vascular and biomechanical contribu-
tion to BP composition than iPWV, even though pulse wave velocity
is regarded as the gold standard for arterial stiffness assessment'.
In our previous study on prediction of BP response after RDN,
mAAD was the only predictor with a numerically higher AUC
than iPWV!' which is in line with the findings presented herein.

Even though MRI is cost-intensive, and its availability is lim-
ited, its use is often indicated or necessary in patients with treat-
ment-resistant hypertension to exclude renovascular hypertension,
as recommended by current guidelines, although this is usually
a domain of duplex sonography'?’. It also facilitates RDN by
identifying accessory arteries and potential access site-related pit-
falls. In this setting, additional sequences to assess vascular stiff-
ness before RDN could be performed with minimal extra cost and
effort but yield important supplementary information.

Overall correlations between the prediction models and systolic
BP changes might seem poor, but their practical implication is
more significant: application of cut-off values for mAAD and the
bivariable model leads to an exclusion of roughly 1/5 (mAAD) and
1/3 (bivariable) of patients with low pretest probability to RDN
and only few potential BP responders among them. This allows
minimisation of futile interventions in these patients who are the
least likely to respond — an important advance in a population of
resistant and refractory hypertensive patients, where prediction of
BP response is often blurred by comorbidities and fluctuations in
medication adherence®?.

Of course, application of these models should not lead to gen-
eral preclusion of patients with low pretest probability for success
from RDN, but it could be a useful tool for shared decision-mak-
ing between patients and practitioners and support a patient-pref-
erence centred treatment strategy.

The bivariable model is somewhat prone to regression to the
mean, as it includes baseline systolic BP as a variable. Elevated
baseline systolic BP repeatedly has been described as a strong pre-
dictor for RDN success®*>?. This could be explained by regression
to the mean, but elevated BP could also represent a higher level
of sympathetic activity and thus explain the improved responsive-

ness in these patients.

Limitations

Several limitations need to be mentioned. First, this is a single-
centre trial in a highly specialised centre, which hinders generalisa-
tion of its results. Second, overall responder rates are lower than in
recently published RDN trials>*. This could be explained by a dif-
ferent trial population with more severe hypertension and inten-
sified medical co-treatment. When compared to patients from the
Global Symplicity Registry, who were on a similar level of anti-
hypertensive treatment and had similar comorbidities, responder
rates are similar®®. Third, we cannot provide drug adherence test-
ing for the patients enrolled. Poor drug adherence is a well-known
problem in patients with treatment resistant hypertension, even in
RDN trials*?. Thus, results might differ when correcting for med-
ication adherence or when conducting a trial in patients without

Arterial stiffness in renal denervation

antihypertensive drug treatment. Fourth, the validation cohort was
small, consisted of patients with radiofrequency RDN treatment
only and had a lower overall BP reduction than the study cohort.
Even though this could also be interpreted in favour of the robust-
ness of our findings for the bivariate model and mAAD, confirm-
ation in larger scaled studies is warranted. Fifth, we did not include
a control group in this trial. Thus, we cannot fully exclude that

similar BP changes would occur without RDN spontaneously.

Conclusions

This trial confirms the predictive value of iPWV for BP reduc-
tion after RDN. It also supports the use of mAAD and a bivari-
able model, based on mAAD and baseline BP, as predictors for
RDN response. The improvement in responder rates resulting
from these models when applied to patients before RDN could
facilitate trial design and change clinical decision-making in the
future. Consequently, they could enhance the relevance of RDN
as a treatment option in high-risk treatment-resistant hypertension
patients in daily clinical practice.

Acknowledgements
The authors would like to thank Margit Biittner, Martin Petzold
and Kai Trautmann for their support throughout the trial.

Impact on daily practice

For the first time in a prospective study, arterial stiffness is con-
firmed as a predictor of blood pressure reduction after renal
denervation (RDN). Also, non-invasive prediction of this blood
pressure response is feasible. Application of invasive and non-
invasive prediction models for blood pressure outcome after
interventional renal denervation could facilitate patient selec-

tion for future RDN trials as well as clinical decision-making.

Conflict of interest statement
P. Lurz and K. Fengler received modest institutional fees from
ReCor Medical and Medtronic. The other authors have no con-

flicts of interest to declare.

References

1. Williams B, Mancia G, Spiering W, Agabiti Rosei E, Azizi M, Burnier M,
Clement DL, Coca A, de Simone G, Dominiczak A, Kahan T, Mahfoud F, Redon J,
Ruilope L, Zanchetti A, Kerins M, Kjeldsen SE, Kreutz R, Laurent S, Lip GYH,
McManus R, Narkiewicz K, Ruschitzka F, Schmieder RE, Shlyakhto E, Tsioufis C,
Aboyans V, Desormais [; ESC Scientific Document Group. 2018 ESC/ESH Guidelines
for the management of arterial hypertension. Eur Heart J. 2018;39:3021-104.

2.Azizi M, Schmieder RE, Mahfoud F, Weber MA, Daemen J, Davies J, Basile J,
Kirtane AJ, Wang Y, Lobo MD, Saxena M, Feyz L, Rader F, Lurz P, Sayer J, Sapoval M,
Levy T, Sanghvi K, Abraham J, Sharp ASP, Fisher NDL, Bloch MJ, Reeve-Stoffer H,
Coleman L, Mullin C, Mauri L; RADIANCE-HTN Investigators. Endovascular ultrasound
renal denervation to treat hypertension (RADIANCE-HTN SOLO): a multicentre, interna-
tional, single-blind, randomised, sham-controlled trial. Lancet. 2018;391:2335-45.

3. Kandzari DE, B6hm M, Mahfoud F, Townsend RR, Weber MA, Pocock S,
Tsioufis K, Tousoulis D, Choi JW, East C, Brar S, Cohen SA, Fahy M, Pilcher G,
Kario K; SPYRAL HTN-ON MED Trial Investigators. Effect of renal denervation on
blood pressure in the presence of antihypertensive drugs: 6-month efficacy and safety
results from the SPYRAL HTN-ON MED proof-of-concept randomised trial. Lancet.
2018;391:2346-55.

™
c
S
2
S
=
@
]
P
)
=1
=
o
=
NS
o
o
S
-
2
o
o
o
S
o
o
©
i




=
c
=
e
S
=
@
=
<
@
-
=
o
=
N
o
)
)
)
0
o
o
©
&
o
o
©
g

4. Townsend RR, Mahfoud F, Kandzari DE, Kario K, Pocock S, Weber MA, Ewen S,
Tsioufis K, Tousoulis D, Sharp ASP, Watkinson AF, Schmieder RE, Schmid A,
Choi JW, East C, Walton A, Hopper I, Cohen DL, Wilensky R, Lee DP, Ma A,
Devireddy CM, Lea JP, Lurz PC, Fengler K, Davies J, Chapman N, Cohen SA,
DeBruin V, Fahy M, Jones DE, Rothman M, Bohm M; SPYRAL HTN-OFF MED trial
investigators*. Catheter-based renal denervation in patients with uncontrolled hyper-
tension in the absence of antihypertensive medications (SPYRAL HTN-OFF MED):
a randomised, sham-controlled, proof-of-concept trial. Lancet. 2017;390:2160-70.

5. Bohm M, Kario K, Kandzari DE, Mahfoud F, Weber MA, Schmieder RE, Tsioufis K,
Pocock S, Konstantinidis D, Choi JW, East C, Lee DP, Ma A, Ewen S, Cohen DL,
Wilensky R, Devireddy CM, Lea J, Schmid A, Weil J, Agdirlioglu T, Reedus D,
Jefferson BK, Reyes D, D'Souza R, Sharp ASP, Sharif F, Fahy M, DeBruin V,
Cohen SA, Brar S, Townsend RR; SPYRAL HTN-OFF MED Pivotal Investigators.
Efficacy of catheter-based renal denervation in the absence of antihypertensive medi-
cations (SPYRAL HTN-OFF MED Pivotal): a multicentre, randomised, sham-con-
trolled trial. Lancet. 2020;395:1444-51.

6. Kiuchi MG, Esler MD, Fink GD, Osborn JW, Banek CT, Bohm M, Denton KM,
DiBona GF, Everett TH 4th, Grassi G, Katholi RE, Knuepfer MM, Kopp UC, Lefer DJ,
Lohmeier TE, May CN, Mahfoud F, Paton JFR, Schmieder RE, Pellegrino PR, Sharabi Y,
Schlaich MP. Renal Denervation Update From the International Sympathetic Nervous
System Summit: JACC State-of-the-Art Review. J Am Coll Cardiol. 2019;73:3006-17.
7. Mahfoud F, Bohm M, Azizi M, Pathak A, Durand Zaleski I, Ewen S, Tsioufis K,
Andersson B, Blankestijn PJ, Burnier M, Chatellier G, Gafoor S, Grassi G, Joner M,
Kjeldsen SE, Luscher TF, Lobo MD, Lotan C, Parati G, Redon J, Ruilope L, Sudano I,
Ukena C, van Leeuwen E, Volpe M, Windecker S, Witkowski A, Wijns W, Zeller T,
Schmieder RE. Proceedings from the European clinical consensus conference for renal
denervation: considerations on future clinical trial design. Eur Heart J. 2015;36:
2219-27.

8. Fengler K, Rommel KP, Blazek S, von Roeder M, Besler C, Hartung P, Desch S,
Thiele H, Lurz P. Predictors for profound blood pressure response in patients undergo-
ing renal sympathetic denervation. J Hypertens. 2018;36:1578-84.

9. Fengler K, Rommel KP, Hoellriegel R, Blazek S, Besler C, Desch S, Schuler G,
Linke A, Lurz P. Pulse Wave Velocity Predicts Response to Renal Denervation in
Isolated Systolic Hypertension. J Am Heart Assoc. 2017;6:¢005879.

10. Okon T, Réhnert K, Stiermaier T, Rommel KP, Miiller U, Fengler K, Schuler G,
Desch S, Lurz P. Invasive aortic pulse wave velocity as a marker for arterial stiffness
predicts outcome of renal sympathetic denervation. Eurolntervention. 2016;12:¢684-92.
11. Fengler K, Rommel KP, Blazek S, Von Roeder M, Besler C, Liicke C, Gutberlet M,
Steeden J, Quail M, Desch S, Thiele H, Muthurangu V, Lurz P. Cardiac magnetic reso-
nance assessment of central and peripheral vascular function in patients undergoing
renal sympathetic denervation as predictor for blood pressure response. Clin Res
Cardiol. 2018;107:945-55.

12. Salvi P, Scalise F, Rovina M, Moretti F, Salvi L, Grillo A, Gao L, Baldi C, Faini A,
Furlanis G, Sorropago A, Millasseau SC, Sorropago G, Carretta R, Avolio AP,
Parati G. Noninvasive Estimation of Aortic Stiffness Through Different Approaches.
Hypertension. 2019;74:117-29.

13. Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannattasio C, Hayoz D,
Pannier B, Vlachopoulos C, Wilkinson L, Struijker-Boudier H; European Network for
Non-invasive Investigation of Large Arteries. Expert consensus document on arterial stiff-
ness: methodological issues and clinical applications. Eur Heart J. 2006;27:2588-605.
14. Fengler K, Rommel KP, Blazek S, Besler C, Hartung P, von Roeder M, Petzold M,
Winkler S, Hollriegel R, Desch S, Thiele H, Lurz P. A Three-Arm Randomized Trial of
Different Renal Denervation Devices and Techniques in Patients With Resistant
Hypertension (RADIOSOUND-HTN). Circulation. 2019;139:590-600.

15. Faul F, Erdfelder E, Lang AG, Buchner A. G¥Power 3: a flexible statistical power
analysis program for the social, behavioral, and biomedical sciences. Behav Res
Methods. 2007;39:175-91.

16. O'Rourke MF, Nichols WW. Aortic diameter, aortic stiffness, and wave reflection
increase with age and isolated systolic hypertension. Hypertension. 2005;45:652-8.
17. Brandt MC, Reda S, Mahfoud F, Lenski M, Bohm M, Hoppe UC. Effects of renal
sympathetic denervation on arterial stiffness and central hemodynamics in patients
with resistant hypertension. J Am Coll Cardiol. 2012;60:1956-65.

18. McEniery CM, Yasmin, Hall IR, Qasem A, Wilkinson IB, Cockcroft JR; ACCT
Investigators. Normal vascular aging: differential effects on wave reflection and aortic
pulse wave velocity: the Anglo-Cardiff Collaborative Trial (ACCT). J Am Coll
Cardiol. 2005;46:1753-60.

19. Hickler RB. Aortic and large artery stiffness: current methodology and clinical cor-
relations. Clin Cardiol. 1990;13:317-22.

20. Esler M. Renal denervation for treatment of drug-resistant hypertension. Trends
Cardiovasc Med. 2015;25:107-15.

21. Schlaich MP, Lambert E, Kaye DM, Krozowski Z, Campbell DJ, Lambert G,
Hastings J, Aggarwal A, Esler MD. Sympathetic augmentation in hypertension: role of
nerve firing, norepinephrine reuptake, and Angiotensin neuromodulation. Hypertension.
2004;43:169-75.

22. Parati G, Esler M. The human sympathetic nervous system: its relevance in hyper-
tension and heart failure. Eur Heart J. 2012;33:1058-66.

23. Courand PY, Pereira H, Del Giudice C, Gosse P, Monge M, Bobrie G, Delsart P,
Mounier-Vehier C, Lantelme P, Denolle T, Dourmap C, Halimi JM, Girerd X,
Rossignol P, Zannad F, Ormezzano O, Vaisse B, Herpin D, Ribstein J, Bouhanick B,
Mourad JJ, Ferrari E, Chatellier G, Sapoval M, Azarine A, Azizi M; DENERHTN
Investigators. Abdominal Aortic Calcifications Influences the Systemic and Renal
Hemodynamic Response to Renal Denervation in the DENERHTN (Renal Denervation
for Hypertension) Trial. J Am Heart Assoc. 2017;6:¢007062.

24. Mahfoud F, Bakris G, Bhatt DL, Esler M, Ewen S, Fahy M, Kandzari D, Kario K,
Mancia G, Weber M, Bohm M. Reduced blood pressure-lowering effect of catheter-
based renal denervation in patients with isolated systolic hypertension: data from
SYMPLICITY HTN-3 and the Global SYMPLICITY Registry. Eur Heart J. 2017,
38:93-100.

25. Sata Y, Hering D, Head GA, Walton AS, Peter K, Marusic P, Duval J, Lee R,
Hammond LJ, Lambert EA, Lambert GW, Esler MD, Schlaich MP. Ambulatory arte-
rial stiffness index as a predictor of blood pressure response to renal denervation.
J Hypertens. 2018;36:1414-22.

26. Bohm M, Mahfoud F, Ukena C, Hoppe UC, Narkiewicz K, Negoita M, Ruilope L,
Schlaich MP, Schmieder RE, Whitbourn R, Williams B, Zeymer U, Zirlik A, Mancia G;
GSR Investigators. First report of the Global SYMPLICITY Registry on the effect of
renal artery denervation in patients with uncontrolled hypertension. Hypertension.
2015;65:766-74.

27. Whelton PK, Carey RM, Aronow WS, Casey DE Jr, Collins KJ, Dennison
Himmelfarb C, DePalma SM, Gidding S, Jamerson KA, Jones DW, MacLaughlin EJ,
Muntner P, Ovbiagele B, Smith SC Jr, Spencer CC, Stafford RS, Taler SJ, Thomas RJ,
Williams KA Sr, Williamson JD, Wright JT Jr. 2017 ACC/AHA/AAPA/ABC/ACPM/
AGS/APhA/ASH/ASPC/NMA/PCNA  Guideline for the Prevention, Detection,
Evaluation, and Management of High Blood Pressure in Adults: A Report of the
American College of Cardiology/American Heart Association Task Force on Clinical
Practice Guidelines. Hypertension. 2018;71:e13-115.

28. Brinker S, Pandey A, Ayers C, Price A, Raheja P, Arbique D, Das SR, Halm EA,
Kaplan NM, Vongpatanasin W. Therapeutic drug monitoring facilitates blood pressure
control in resistant hypertension. J Am Coll Cardiol. 2014;63:834-5.

Supplementary data

Supplementary Appendix 1. Methods: study participants, valida-
tion cohort, blood pressure measurement, measurement of inva-
sive pulse wave velocity, anatomic assessment and exclusion of
secondary hypertension, MRI specifications, sample size, regres-
sion models and other statistics.

Supplementary Appendix 2. Results: medication adherence.
Supplementary Table 1. Baseline characteristics in patients below
the prespecified iPWV cut-off or above.

Supplementary Table 2. Primary outcome — multivariable linear
regression for (A) daytime blood pressure reduction after 3 months
and (B) 24h blood pressure reduction after 3 months.
Supplementary Table 3. Logistic regression analysis for the mul-
tivariate model.

Supplementary Table 4. Regression equations and optimal sensi-
tivity thresholds.

Supplementary Table 5. Linear correlation coefficients (Pearson)
between different markers of vascular stiffness.

Supplementary Table 6. Validation — uni- and multivariable linear
regression for 24h blood pressure reduction after 3 months in the
validation cohort.

Supplementary Table 7. Blood pressure and heart rate during
assessment of vascular stiffness.

The supplementary data are published online at:
https://eurointervention.pcronline.com/

doi/10.4244/E1J-D-21-01036



https://eurointervention.pcronline.com/doi/10.4244/EIJ-D-21-01036

Supplementary data

Supplementary Appendix 1. Methods
Study participants

To provide optimal adherence, the patients’ general practitioners were contacted and asked whether trial
participation was supported and whether the patient was considered adherent to medication. Patients without

sufficient medication adherence, by general practitioner report, were excluded.

Only patients with data from all 3 methods for arterial stiffness estimation (invasive, MRI and bedside pulse

wave velocity) were included in the study. Patients were blinded to all results related to vascular stiffness testing.

Validation cohort

The external validation cohort consisted of patients from a prospective trial on different RDN techniques, which
used comparable in- and exclusion parameters and in which patients underwent the same assessment of arterial
stiffness. Only patients with full MRI and clinical dataset were included in the validation cohort. Altogether, 52

patients were available for validation.

Blood pressure measurement

Screening office BP was measured with automated BP monitors (Omron M300; Omron Healthcare and Boso
medicus uno; Boso) from a single measurement in sitting position after 5 min. of rest (attended BP
measurement). ABPM was acquired with a cuff-based oscillometric device (Spacelabs model 90207; Spacelabs
Healthcare), adapted to patient’s arm circumference. BP recordings were registered every 15 minutes during
daytime (7:00 AM-10:00 PM) and every 30 minutes during night-time (10:00 PM-7:00 AM).

Measurement of invasive pulse wave velocity

IPWV was calculated according to the following equation: v=pigtail-length [m]/(foot-to-foot distance
[m]/recording speed [m/sec]), Pigtail-length measured between the first hole of the distal part and its entry into
the distal end of the sheath.

Anatomic assessment and exclusion of secondary hypertension

Patients underwent MRI for the assessment of renal artery anatomy and exclusion of renal artery stenosis. All
patients were screened for hyperaldosteronism prior to study inclusion (by lab testing for aldosterone-to-renin
ratio) and if pathological results were detected, were precluded from the study and referred to an endocrinologist.
Screening for obstructive sleep apnoea was prompted if patient’s history was suspicious for sleep apnoea
(excessive tiredness during the daytime, snoring or observed apnoea by partners) or if ABPM showed an inverse

dipping pattern. Other secondary causes of arterial hypertension were excluded as appropriate.



MRI specifications

Scans were performed on Siemens 3T scanners (Verio; Siemens Healthineers,). MRI analyses were performed by

investigators blinded to patient’s baseline characteristics and outcome.

Aortic area measurements were performed using OsiriX open-source software (OsiriX 5.7). Aortic flow
measurements were acquired from phase contrast imaging and left ventricular stroke volume (SV) determined by
integrating the aortic forward flow. Aortic flow and aortic pulse wave velocity were assessed using Segment 4.5.0
(Medviso AB).

Simultaneous non-invasive BP measurements during flow measurements (conventional automated arm-cuff based
measurement, average from three single recordings) were used to calculate total arterial compliance (mTAC) and

ascending aortic distensibility (mAAD).

Total arterial compliance

mTAC was calculated using stroke volume (SV) derived from forward flow and simultaneous measurements of

non-invasive pulse pressure (PP) according to the formula mTAC=SV/PP.

Ascending aortic distensibility

Minimum and maximum ascending aortic cross-sectional areas were acquired distal to the aortic bulbus at
pulmonary artery bifurcation level, perpendicular to the course of the ascending aorta, in cine steady state

imaging.

mMAAD was calculated as follows (Aomin=minimal cross-sectional aortic area, Aomax=maximum cross-

sectional area, PP=non-invasive pulse pressure): mMAAD=(Aomax—Aomin)/(PPxAomin).

Magnetic resonance imaging pulse wave velocity

MRI-based pulse wave velocity (mPWV) was measured using forward flow from the ascending aorta at the level

of pulmonary artery bifurcation and from the descending aorta at diaphragm level.

Sample size



We hypothesised a mean BP change of 12 mmHg in a power systolic daytime BP on ABPM after 3 months in

patients with low iPWV (<14.4 m/s) and a change of 4 mmHg in patients with high iPWV (>=14.4 m/s) as well as
a standard deviation of 10 mmHg in both groups. To achieve of 90% at a two-sided alpha level of 0.05, a sample
size of 34 patients per group was required. To compensate for a potential loss to follow-up, total enrolment of 80

patients was planned.

Regression models

To confirm our previous finding on IPWV, univariable and stepwise multivariable linear regression analyses
with systolic daytime BP reduction after 3 months as the dependent variable were performed including the
following independent variables: IPWV, baseline systolic, diastolic and mean daytime BP, resting heart rate,
presence of isolated systolic hypertension, age, sex, smoking status, diabetes, peripheral arterial disease,
coronary artery disease, previous stroke or transient ischaemic attack, previous myocardial infarction, presence
of heart failure symptoms, body mass index, baseline serum creatinine, all different classes of antihypertensive
drugs, number of antihypertensive drug classes and intake of five or more drug classes. Only variables below a
p-value of 0.05 in univariable analysis were included in the multivariable model by stepwise-forward selection.
To address the prediction of general 24h BP reduction, an additional analysis was calculated, which included the
same independent variables but systolic 24h BP instead of daytime BP as dependent variable. Linearity was
tested using residuals vs fitted plots. Multicollinearity was tested by variance influence factor (with values <10

for all included variables, multicollinearity was refused).

To investigate the predictive value of the different non-invasive markers of arterial stiffness, univariable and
stepwise multivariable linear regression analyses for prediction of systolic 24h BP change were calculated. The
uni- and multivariable analyses included the same clinical variables as described above in addition with cPWV,
MAAD, mTAC and mPWYV instead of iPWV. MRI-based stiffness parameters and cPWV were analysed as
absolute numbers as well as in a logarithmic form. Only variables below a p-value of 0.05 in univariable analysis
were included in the multivariable model by stepwise-forward selection. To assess for overfitting, all confirmed
independent predictors from this multivariable model were included into a penalised regression model (Elastic

net) in an additional step with 24h BP change as the dependent variable.

In a last step, a bivariable linear regression model was calculated using baseline 24h systolic BP and logarithmic
mAAD only.

To predict binary blood pressure response (BBPR), logistic regression analyses with BBPR as a dependent
variable were conducted using only independent variables from the linear 24h BP change models. The models
contained in detail: 1) baseline iPWV, baseline 24h systolic BP, intake of five or more drug classes as well as

female gender for the invasive model; 2) logarithmic mAAD baseline 24h systolic BP, intake of five or more



drug classes as well as female gender for the multivariable model; and 3) logarithmic mMAAD and baseline 24h
systolic BP for the bivariable model.

Other statistics

Continuous variables are presented as mean and standard deviation, dichotomous variables as number and
percentage unless indicated otherwise. Normal distribution was tested using Kolmogorov-Smirnov tests.
Student’s t-tests or Mann-Whitney U tests were used to compare continuous variables. Chi-square tests were

used to compare dichotomous variables.

Linear correlation coefficients were compared using Fisher’s z-transformation. The underlying assumptions of

the statistical tests were evaluated. Statistical significance was inferred when p<0.05.

Supplementary Appendix 2. Results: medication adherence

Medication was changed in 13 patients between RDN and follow-up (reduced in 10, increased in 3 patients). When
analysing patients on stable medication only, results for the primary outcome remained significant (p<0.05) and
correlations to blood pressure change for the different prediction models were similar to the results for the full
cohort (r? for logarithmic iPWV, mAAD. the multivariable and the bivariable model=0.04, 0.10, 0.58 and 0.33,

respectively).



Supplementary Table 1. Baseline characteristics in patients below the prespecified iPWV cut-off or above.

All iPWV <14.4 m/s iPWV >14.4 m/s p-value

(n=80) (n=41) (n=39)
Age [years] 62.6 +8.8 58.3 +7.8 67.0 7.7 <0.001
Body mass index [kg/m?] 31.8 54 325 £5.6 31.1 5.0 0.26
Female, n (%) 20 (25) 13 (31) 7 (18) 0.16
Serum creatinine [umol/I] 87.3 1234 86.6 £22.0 88.0 £24.7 0.88
eGFR [ml/min] 79.1 *18.7 80.9 +16.4 75.0 £214 0.48
Smoker, n (%) 42 (53) 25 (61) 17 (44) 0.12
Diabetes, n (%) 40 (50) 17 (41) 23 (59) 0.12
Peripheral arterial disease, n (%) 7 (9 2 (5 5 (13) 0.21
Coronary artery disease, n (%) 29 (36) 12 (29) 17 (44) 0.18
Previous stroke, n (%) 6 (8) 3 (M) 3 (8) 0.95
Previous myocardial infarction, n (%) 9 (11) 5 (12) 4 (10) 0.78
Atrial fibrillation, n (%) 8 (10) 3 (M 5 (13) 0.41
Dyslipidaemia, n (%) 63 (79) 34 (83) 29 (74) 0.35
24h systolic blood pressure [mmHg] 149.8 +12.4 147.4 +10.1 152.4 +14.2 0.07
24h diastolic blood pressure [mmHg] 85.1 +11.6 86.6 +10.8 83.6 +12.4 0.18
Daytime systolic blood pressure [mmHQ] 152.7 +12.1 150.6 +10.9 155.0 £12.9 0.08
Daytime diastolic blood pressure [mmHg] 87.7 +11.9 89.4 #11.3 85.8 +12.5 0.18

Isolated systolic hypertension, n (%) 32 (40) 13 (32) 19 (49) 0.12



Supplementary Table 2. Primary outcome — multivariable linear regression for (A) daytime blood

pressure reduction after 3 months and (B) 24h blood pressure reduction after 3 months.

Univariable Multivariable

Beta p-value Beta 95% ClI p-value
(A)
iPWV 0.235 0.023 0.242 0.054 to 0.430 0.012
Daytime systolic blood pressure -0.386 <0.001 -0.504 -0.693t0-0.314 <0.001
Five or more antihypertensive drug 0.232 0.040 0.223 0.030t0 0.416 0.024
classes
Female gender -0.258 0.022 -0.256  -0.4491t0-0.063 0.010
ISH 0.253 0.025 n.s.
(B)
iPWV -0.379 0.037 0.232 0.046 t0 0.419 0.015
24h systolic blood pressure -0.297 <0.001 -0.508 -0.695t0-0.320 <0.001
Five or more antihypertensive drug 0.240 0.008 0.232 0.042 to0 0.422 0.018
classes
Female gender 0.229 0.033 -0.286  -0.476t0-0.096 0.004
ISH 0.224 0.042 n.s.
Creatinine -0.379 0.047 n.s.

CI: confidence interval; iPWV: invasive pulse wave velocity; ISH: isolated systolic hypertension; n.s: not

significant.



Supplementary Table 3. Logistic regression analysis for the multivariate_model.

Odds 95% Confidence p-value
ratio interval
Logarithmic ascending aortic 5.04 1.66 to 15.31 0.004
distensibility
24h systolic blood pressure 1.06 1.00to1.11 0.033
Female gender 2.87 0.71t0 11.68 n.s.
Five or more antihypertensive drug  0.23 0.07t0 0.74 0.014

classes



Supplementary Table 4. Regression equations and optimal sensitivity thresholds.

Equation Threshold
Ascending aortic distensibility y=-63.311-(Ln[mAAD] x 8.041) -5.245
Bivariable y=-7.854—(Ln[mAAD] x 7.19)-24h SBPx0.342 -5.008
Multivariable y=12.281—-(Ln[mAAD] x 6.357)-24h SBPx0.436 — -5.042

8.463xfemale+5.230xdrugs

24h SBP: 24h ambulatory systolic blood pressure; drugs: prescription of 5 or more antihypertensive drug classes

(yes=1, no=0); female: female gender (yes=1, no=0); mAAD: ascending aortic distensibility.



Supplementary Table 5. Linear correlation coefficients (Pearson) between different markers of vascular

stiffness.
Invasive Ascending Transformed Total arterial Magnetic- Carotid-
PWV aortic PWV from compliance  resonance-  femoral
distensibility  distensibility imaging PWV
PWV
Invasive PWV X -0.419 0.436 -0.303 0.214 0.221
Ascending aortic 0.419 X -0.801 0.401 -0.274 -0.255
distensibility
Transformed PWV  0.436 -0.801 X -0.469 0.392 0.331
from distensibility
Total arterial -0.303 0.401 -0.469 X -0.411 -0.219
compliance
Magnetic- 0.214 -0.274 0.392 -0.411 X 0.169
resonance-imaging
PWV
Carotid-femoral 0.221 -0.255 0.331 -0.219 0.169 X

PWV



Supplementary Table 6. Validation — uni- and multivariable linear regression for 24h blood pressure

reduction after 3 months in the validation cohort.

Univariable Multivariable
Beta p-value Beta 95% CI p-value
Ascending aortic distensibility -0.299 0.008 -0.414* -0.657 to -0.171* 0.001*
logarithmic -0.344 <0.001 -0.422 -0.659 to -0.185 <0.001
24h systolic blood pressure -0.403 <0.001 -0.472 -0.709 to -0.235 <0.001
Female gender 0.130 n.s. n.s.
Five or more antihypertensive drug  -0.097 n.s. n.s.

classes

*: when included instead of logarithmic ascending aortic distensibility.

Cl: confidence interval; n.s: not significant.



Supplementary Table 7. Blood pressure and heart rate during assessment of vascular stiffness.

Invasive assessment ~ Magnetic resonance  Carotid-femoral

imaging pulse wave velocity
Heart rate [min™] X 67+13 67+12
Systolic blood pressure [mmHg] 169+26 139+21 162+20

Diastolic blood pressure [mmHg] 82+14 79+15 90+14



