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Abstract
Elevated morning and nighttime blood pressures (BP) are associated with increased risk of cardiovascular events such as
stroke and myocardial infarction. We compared the long-term changes in morning and nighttime BP in patients with
uncontrolled hypertension (office systolic BP between 150 and <180 mmHg/diastolic BP ≥ 90 mmHg; mean ambulatory
systolic BP (SBP) between 140 and <170 mmHg; 1–3 prescribed antihypertensive medications). Eighty patients were
randomized to RDN or sham control. In patients taking at least 3 antihypertensive medications at 36 months (N= 23 RDN
group; N= 23 sham group), the 24 h ambulatory SBP as well as morning (7:00–9:00AM) and nighttime (1:00–6:00AM)
ambulatory SBP were significantly lower for the RDN group compared to sham control (24 h SBP: −20.2 vs. −10.2,
p= 0.0087; morning SBP: −23.9 vs. −8.0 mmHg, p= 0.029; nighttime SBP: −20.8 vs. −7.2 mmHg, p= 0.0011).
At 36 months, 24 h SBP was controlled to <130 mmHg in 40% of RDN patients in the morning compared to 6% for
the sham group; P= 0.021 and in 80% of the RDN patients at night compared to 39% in the sham group; P= 0.019. Major
adverse events through 36 months were rare in both groups, and there were no renal artery re-interventions or vascular
complications. Morning and nighttime SBP were significantly lower in patients prescribed at least 3 antihypertensive
medications at 36 months in the SPYRAL HTN-ON MED trial for RDN compared with sham control. The results suggest
RDN has significant benefit when the risk of cardiovascular events is highest.
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Introduction

Autonomically modulated circadian variability in arterial blood
pressures (BP) is associated with both overall cardiovascular
risk and the timing of adverse clinical events [1–5]. Indeed,
elevated morning [6, 7] and nighttime [8–14] BP are each
independently associated with increased risk of cardiovascular
events including myocardial infarction and stroke. Hence,
morning and nighttime hypertension management is critical to
achieve “ideal 24 h BP control” [15]. Unfortunately, anti-
hypertensive medication blood levels may reach a relative nadir
during the pre-waking period due to once daily (often morning)
dosing schedules and the pharmacokinetics of drug clearance
[16]. Furthermore, those with apparent treatment resistant
hypertension, defined as uncontrolled blood pressure despite
prescription of ≥3 antihypertensive medication, are at increased
risk [17]. Recent studies have demonstrated that true resistant
hypertension including both uncontrolled office BP and out-of-
office BPs detected by ambulatory BP monitoring or home BP
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monitoring, was associated with increased cardiovascular risk
[18–20]. Nighttime BP was especially associated with cardio-
vascular events compared to daytime BP in resistant hyper-
tension patients [18, 19].

Randomized sham-controlled trials have demonstrated
the safety and efficacy of radiofrequency catheter-based
renal denervation (RDN) to lower blood pressure in both the
presence [21, 22] and absence [23, 24] of concomitant drug
therapy. We recently reported favorable long-term safety
and efficacy results at 3 years in the SPYRAL HTN ON-
MED trial [25]. During long-term follow-up, up-titration of
medication guided by office BP may reduce office and
daytime BP but may still be insufficient to reduce nighttime
and morning BP prior to taking morning pills. This report
investigates morning and nighttime BP changes in patients
prescribed ≥3 antihypertensive drugs at 36 months post
randomization in order to determine whether (1) RDN
persistently decreases 24 h BP (including nighttime and
morning) and (2) whether the differences between RDN and
control groups (treated by drug treatment only) will be
greater in resistant hypertensive patients during long-term
follow-up including up-titration of antihypertensive medi-
cation guided by office BP.

Methods

The SPYRAL HTN-ON MED trial is an international,
prospective, randomized, blinded, sham-controlled trial that
has been previously described [22, 25]. Briefly, patients
were enrolled with office systolic BP (SBP) ≥ 150 mmHg
and <180 mmHg, office diastolic BP (DBP) ≥90 mmHg,
mean 24 h SBP ≥140 mmHg and <170 mmHg, and pre-
scribed 1–3 antihypertensive medications at baseline.

Patients were randomized 1:1 to RDN or sham control.
The primary endpoint was the treatment difference in mean
24 h SBP at 6 months between RDN and sham control
groups. Patients and designated trial staff conducting
follow-up assessments were blinded to randomization
through 12 months. All patients provided written informed
consent to participate, and the trial protocol was approved
by the local ethics committee or institutional review board.
The trial was designed in accordance with the Declaration
of Helsinki.

Study procedures

The four-electrode radiofrequency Symplicity Spyral
catheter and the Symplicity G3 radio frequency generator
(Medtronic; Minneapolis, MN, USA) were used to produce
ablations in a spiral pattern in the main renal arteries,
accessory, and branch vessels between 3 and 8 mm in dia-
meter. Eligible patients randomized to the sham procedure
remained on the procedure table for at least 20 min
following the renal angiogram to ensure blinding. Before
initiating 24 h ambulatory blood pressure monitoring at 3, 6,
12, 24, and 36 months (Mobil-O-Graph; IEM; Stolberg,
Germany), all subjects ingested prescribed antihypertensive
medications in the presence of staff. Antihypertensive
medications changes were allowed after the primary
6 months follow up by physician discretion. The study was
originally designed to only collect urine and blood tests at
baseline and 6 months and, in some patients, at 24 and
36 months following a study protocol update. Duplex
ultrasound, CT, or MRI was recommended to be performed
either at 12, 24, or 36 months to assess renal artery anat-
omy. Patients in the sham control group were eligible
for crossover to receive the RDN procedure after their
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Graphical Abstract
Always-on” 24 h blood pressure (BP) lowering effect of renal denervation with sufficient reduction of nighttime and
morning BP that is difficult to control even by office BP-guided intense titration of multiple antihypertensive drugs.
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12-month follow-up visit according to patient and investi-
gator discretion.

Study endpoints

Long-term safety was compared between RDN and sham
control groups through 36 months using a composite
endpoint of major adverse events. Long-term efficacy
was evaluated from baseline to 36 months. Nighttime
(1:00–6:00 AM) and morning (7:00–9:00 AM) BPs were
separately calculated from the average of BPs. Morning BP
parameters were defined as follows: average morning
SBP (average of morning SBPs), moving peak morning
SBP (highest 1 h moving average of 3 consecutive SBPs
over the morning period) and minimum (lowest recorded
value) and maximum (highest recorded value during the
morning interval) morning SBP. Nighttime BP parameters
were similarly defined as follows: average nighttime SBP
(average of nighttime interval SBPs), average peak night-
time SBP (average of the 3 highest measurements over the
nighttime interval) and minimum (lowest recorded value)
and maximum (highest recorded value during the nighttime
interval) nighttime SBP.

Statistical analysis

Statistical analyses were performed on the subgroup of
patients prescribed ≥3 antihypertensive drugs at the time of
the 36-month follow up. Continuous variables are reported
as mean (SD). Categorical variables are reported as counts
and percentages and were compared between treatment
groups using exact binomial tests. Baseline measures were
compared between the groups using t-tests. Follow-up
change measures were compared between the RDN group
and sham control group using ANCOVA, adjusting for
baseline measurements. The last observations of blood
pressure measurements and laboratory values were used to
impute 36-month values for patients who crossed over from
the sham group and received RDN.

Results

Between July 22, 2015, and June 14, 2017, 80 patients were
randomly assigned to undergo RDN (n= 38) or a sham
control (n= 42). Baseline demographic data were similar
for the subgroup of RDN (n= 23), and sham group (n= 23)
patients prescribed at least 3 antihypertensive classes of
antihypertensive medication at 36 months and were also
comparable with the full study cohort (Table 1). The aver-
age number of prescribed medications in the ≥3 medication
group was 3.7 ± 0.7 for the RDN group and 3.9 ± 1.2 in the
control group (p= 0.49; Table 2). Baseline morning

(7:00–9:00 AM) and nighttime (1:00–6:00 AM) ambulatory
SBP measurements for the subgroup were similar between
RDN and sham control. Similar to the overall results,
reductions in 24 h SBP in patients on at least 3 anti-
hypertensive meds was significantly greater for RDN when
compared to sham (−20.2 vs. −10.2, p= 0.0087). Both
morning and nighttime SBP were significantly reduced
from baseline in the RDN group compared with sham
control (morning SBP: −23.9 vs. −8.0 mmHg, p= 0.029;
nighttime SBP: −20.8 vs. −7.2 mmHg, p= 0.0011; Fig. 1).
At 36 months, 24 h SBP was controlled to <130 mmHg in
40% (8/20) of RDN patients in the morning compared to
6% (1/18) for the sham group; p= 0.021 and in 80% of the
RDN (16/20) group patients at night as compared to 39%
(7/18) in the sham group; p= 0.019. Office SBP decreased
from baseline by −21.3 ± 14.7 mmHg in the RDN group
and by −12.2 ± 26.7 mmHg in the control group (between
group difference −5.9 (95% CI:−19.0,7.0; p= 0.367).

The circadian systolic and diastolic 24 h blood pressure
curves decreased significantly in both groups from ran-
domization to 36 months (Fig. 2). However, the decrease
in circadian BP was greater throughout the day and night
in the RDN group compared to control. Similarly, the
proportion of patients achieving various lower blood
pressure levels during the morning and nighttime periods
increased in both groups at 36 months, but the proportions
were more favorable in the RDN group (Fig. 3 and sup-
plementary Fig. 1).

Reductions in morning and nighttime minimum and
moving peak blood pressure from baseline to 36 months
were significantly greater in the RDN group compared to
control (Fig. 4). The 36-month maximum nighttime SBP
change was also significantly greater in the RDN group
while morning maximum changes also trended lower for in
the RDN group (Fig. 4).

As previously reported, major adverse events through
36 months were rare in both groups, and no renal artery re-
interventions or vascular complications were observed [26].

Discussion

This is the first report to show significant and persistent
nighttime and morning BP reduction following radio-
frequency RDN compared to a sham control group at 3
years. These outcomes were consistent irrespective of the
number of medications that were prescribed, including
high risk patients on 3 or more antihypertensive medica-
tions. Whereas control group patients had somewhat
variable long-term BP reductions over 24 h, presumably
due to increased drug usage guided by office BP, RDN
group patients had more consistent BP reductions across
the night and morning periods. This indicates that long
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term up-titration of medication reduced office and daytime
BPs, but it’s BP lowering effect appears insufficient to
achieve nighttime and morning BP control. However,
RDN significantly and persistently reduced 24 h BPs
including nighttime and morning BP, providing more
uniform BP control over a 24 h period.

Ambulatory blood pressure, particularly nighttime and
morning surge blood pressure predict cardiovascular

outcomes including heart failure, stroke, and mortality better
than clinic blood pressure [2, 3, 8, 10, 14]. Recently, the
JAMP trial (Japan Ambulatory Blood Pressure Monitoring
Prospective) showed that higher nighttime blood pressure was
strongly associated with increased cardiovascular risk, and
especially heart failure, within a population of over 6500
elderly patients with 24 h BP monitoring [4]. Also, a recent
analysis of the real world Global SYMPLICITY registry,

Table 2 Prescribed antihypertensive drug classes and medication burden for SPYRAL HTN ON-MED patients prescribed ≥ 3 antihypertensive
drugs at 36 months

RDN ± SD (n= 23) control ± SD (n= 23) ANCOVA difference (95% CI) p value

Number of AH medications at 36 months 3.7 ± 0.7 3.9 ± 1.2 −0.2 (−0.8,0.4) 0.49

AH medication burden at 36 months 10.5 ± 5.6 15.9 ± 18.6 −5.2 (−13.3,2.8) 0.20

Antihypertensive medication burden is a composite index based on the doses of medications but multiplies this result by the number of prescribed
medications. Antihypertension medication burden is calculated for all antihypertensive medication prescribed at study specified follow-up visits for
each patient and added to yield a single, summative score. All classes of drug are considered equivalent in potency so the “class weight” is set a “1”
for all antihypertensive medications

MedIndex2 ¼ no:of meds
P

AH Meds class weight prescribed dosestandard dose

� �

Class weight= 1

Standard dose= JNC 7 max daily recommended dose

SD standard deviation, CI confidence interval, AH antihypertensive

Table 1 Baseline characteristics for SPYRAL HTN ON-MED patients prescribed ≥ 3 antihypertensive drugs at 36 months

Patient demographics RDN CONTROL P VALUE

Age (years) 55.1 ± 8.8 (23) 51.0 ± 10.2 (23) 0.1456

Female 4.3% (1/23) 17.4% (4/23) 0.3463

Male 95.7% (22/23) 82.6% (19/23) 0.3463

Race

White 39.1% (9/23) 34.8% (8/23) 1.0000

Black or African American 8.7% (2/23) 17.4% (4/23) 0.6652

BMI (kg/m2) 32.3 ± 5.4 (23) 33.8 ± 4.5 (23) 0.3258

Estimated glomerular filtration rate (ml/min/1·73 m²) 80.1 ± 15.1 (23) 81.0 ± 19.1 (23) 0.8605

Type 2 Diabetes 8.7% (2/23) 30.4% (7/23) 0.1346

Current Smoker 21.7% (5/23) 26.1% (6/23) 1.0000

History of Sleep Apnea 17.4% (4/23) 39.1% (9/23) 0.1894

History of Coronary Artery Disease 0.0% (0/23) 4.3% (1/23) 1.0000

History of Peripheral Artery Disease 0.0% (0/23) 0.0% (0/23) NA

History of Stroke 0.0% (0/23) 0.0% (0/23) NA

Blood Pressure

Office systolic blood pressure 166.0 ± 5.9 (23) 162.1 ± 7.5 (23) 0.0595

Office diastolic blood pressure 99.6 ± 7.1 (23) 102.0 ± 7.4 (23) 0.2831

Mean 24 h systolic blood pressure 151.8 ± 6.1 (23) 152.4 ± 6.9 (22) 0.7512

Mean 24 h diastolic blood pressure 96.7 ± 7.4 (23) 98.9 ± 7.1 (22) 0.3296

Morning systolic blood pressure 156.6 ± 13.7 (23) 155.0 ± 16.9 (22) 0.7342

Morning diastolic blood pressure 102.4 ± 10.9 (23) 102.0 ± 14.7 (22) 0.9082

Nighttime systolic blood pressure 141.7 ± 13.8 (23) 142.8 ± 9.2 (22) 0.7457

Nighttime diastolic blood pressure 89.1 ± 14.1 (23) 91.4 ± 9.4 (22) 0.5368

P values from exact binomial tests for categorical data or t-tests for continuous data
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including over 3000 patients showed that radiofrequency
RDN-induced reductions in blood pressure “time in target
range” were associated with fewer strokes and other adverse
cardiovascular events within 3 years [27]. We also previously
reported consistently lower BP at night and throughout the
morning surge period 3 months following RDN in patients off
antihypertensive drug therapy in the SPYRAL HTN OFF-
MED trial [28].

The definition for morning blood pressure applied in the
present analysis was restricted (6:00–8:59 AM) since early

morning SBP is the strongest predictor of cardiovascular
events [12, 29]. Likewise, nighttime BP was also restricted
(1:00–5:59 AM), based on recent European Society of
Hypertension practice guidelines for ambulatory blood
pressure monitoring [30]. These restrictions are intended to
reduce the variability introduced by individual patient sleep-
time behavior patterns and thus may better define sleep
ambulatory BP. Twenty-four-hour clock-defined nighttime
BP has been found to be slightly higher than sleep ambu-
latory BP [31] and might provide inaccurate representation

Fig. 2 Hourly plots comparing
night-time and morning (A)
systolic and (B) diastolic BP at
baseline and 36 months post-
procedure between patients
prescribed ≥3 medications from
the RDN and sham control
group. RDN: blue; control:
salmon. Error bars represent
standard error. Nighttime is
defined as between 01:00 h and
06:00 h, morning is defined as
between 07:00 h and 09:00 h.
36-month sham control blood
pressures include 7 imputed
values from crossover patients

Fig. 1 Reduction in 24 h mean, night-time, and morning ambulatory
(A) systolic and (B) diastolic BP at 36 months from baseline
comparing patients prescribed ≥3 more medications from the RDN
and sham control group. Blood pressure treatment differences
from baseline comparisons between RDN and control patients are

ANCOVA adjusted for baseline BP. Morning is defined as
01:00–06:00 h, and nighttime is defined as 07:00–09:00 h. 36-month
sham control blood pressures include 7 imputed values from
crossover patients

284 K. Kario et al.



of sleeping BP when the time interval is too long. The
present analysis demonstrated a distinct pattern of circadian
BP reduction associated with radiofrequency RDN (Fig. 3)
including significant improvement in morning and night-
time minimum and mean moving peak SBP as well as
maximum nighttime SBP, compared with control patients
(Fig. 4). Taken together, these observations highlight the
importance of antihypertensive strategies targeting night-
time SBP and might broaden the benefit of RDN across the
spectrum of hypertensive populations.

The magnitude of BP reduction following RDN may be
more apparent at nighttime or in the early morning hours.
Notably, the between-group SBP changes were numerically
lower for daytime but not nighttime SBP in the SPYRAL
HTN OFF MED pivotal trial [28]. In the present analysis,
the magnitude of the difference between RDN and control
was nominally greater for nighttime and morning BP
compared to daytime and 24 h SBP (Fig. 1), primarily due
to greater variability in BP in the sham vs. RDN group.
Note also in Fig. 1 the smaller range of mean SBP reduction
in the RDN group between morning and nighttime
(−19.6 to −23.9 mmHg) as compared to the sham group
(−7.2 to −13.7 mmHg). This wider range observed in the
sham group seems consistent with common once-daily
morning dosing of antihypertensive drugs and these might
be less effective during sleeping hours when plasma
levels of drug concentrations are the lowest. Thus, radio-
frequency RDN addresses critical challenges associated

with antihypertensive drugs pharmacokinetics, even when
patients are adherent to prescribed dosing regimens sug-
gesting that RDN is “always-on” at times when it’s
needed most.

The present results supporting RDN efficacy to at least 3
years of follow-up confirm and extend recent pre-clinical
[32, 33] and clinical trial [25, 34–37] reports of long-term
safety and efficacy of radiofrequency RDN. Note that no
repeat procedures have been performed to date in the
SPYRAL HTN trials.

The present analysis has limitations. Non-adherence to
prescribed antihypertensive drug therapy was objectively
assessed at discrete timepoints but adherence over an
extended period is uncertain. BP control worsened in the
US during the COVID-19 pandemic which may have
impacted BP results [38]. However, in-person follow-up
visits were performed despite pandemic restrictions. The
applied definitions of morning and nighttime periods were
restricted to ensure a greater likelihood that nighttime was
specific to sleeping hours and were based on prior pub-
lications in which these specific time periods were more
predictive of impact of treatment on cardiovascular risk
[31]. Also, the SPYRAL HTN trials had more rigorous
requirements for acquisition of 24 h BP data and only
records with at least 21 daytime and 12 valid nighttime
measurements were accepted.

In summary, morning and nighttime SBPwere significantly
reduced in patients prescribed at least 3 antihypertensive

Fig. 3 Distribution of morning and nighttime 24 h ambulatory systolic
BP at baseline and 36 months in A and C RDN patients prescribed ≥3
medications, and B and D control patients prescribed ≥3 medications.

36-month sham control blood pressures include 7 imputed values from
crossover patients
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medications at 36 months in the SPYRAL HTN-ON MED
trial after RDN compared to sham control. The results during
these times of high sympathetic tone suggest that radio-
frequency RDN has significant long-term benefit when the
plasma levels of drug concentrations are the lowest and the
risk of cardiovascular events is highest.
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Fig. 4 Changes in maximum,
minimum and moving peak
systolic blood pressure between
baseline and 36 months follow
up during the morning (A) and
Nighttime (B) for RDN (blue)
and control (red) patients
prescribed ≥3 medications
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