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Abstract
Objectives Renal denervation (RDN) is a promising therapy for
resistant hypertension. RDN is assumed to decrease sympathetic
activity. Consequently, RDN can potentially increase renal oxy-
genation. Blood oxygen level-dependent MRI (BOLD-MRI)
provides a non-invasive tool to determine renal oxygenation in
humans. The aim of the current studywas to investigate the effect
of RDN on renal oxygenation as determined by BOLD-MRI.
Methods Patients with resistant hypertension or the inability
to follow a stable drug regimen due to unacceptable side ef-
fects were included. BOLD-MRI was performed before and
12 months after RDN. Twenty-seven patients were imaged on
3 T and 19 on 1.5 T clinical MRI systems.
Results Fifty-four patients were included, 46 patients (23 men,
mean age 57 years) completed the study.Mean 24-h BP changed
from 163(±20)/98(±14)mmHg to 154(±22)/92(±13)mmHg (p=
0.001 and p<0.001). eGFR did not change after RDN [77(±18)
vs. 79(±20) mL/min/1.73 m2

; p=0.13]. RDN did not affect renal
oxygenation [1.5 T: cortical R2*: 12.5(±0.9) vs. 12.5(±0.9), p=

0.94; medullary R2*: 19.6(±1.7) vs. 19.3(1.4), p=0.40; 3 T: cor-
tical R2*: 18.1(±0.8) vs. 17.8(±1.2), p=0.47; medullary R2*:
27.4(±1.9) vs. 26.7(±1.8), p=0.19].
Conclusion The current study shows that RDN does not lead to
changes in renal oxygenation 1 year after RDN as determined by
BOLD-MRI.
Key Points
• Renal denervation significantly decreased ambulatory blood
pressure.

• Renal denervation did not change renal oxygenation as de-
termined by BOLD-MRI.

• Absence of a change in renal oxygenation might be ex-
plained by autoregulation.
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Abbreviations
ABPM Ambulatory BP monitoring
BOLD-MRI Blood oxygen level dependent
BP Blood pressure
CCT Captopril challenge test
DBP diastolic blood pressure
eGFR Estimated glomerular filtration rate
ICC Intra-class correlation coefficient
RAAS Renin angiotensin aldosterone system
RDN Renal denervation
R2* Apparent relaxation rate
SBP Systolic blood pressure

Introduction

Renal hypoxia is thought to be both a result as well as a cause
of hypertension, potentially inducing a vicious cycle. In sev-
eral animal models of hypertension, cortical as well as
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medullary oxygenation is lower in hypertensive animals com-
pared to controls [1]. This can be a result of increased sodium
retention, a process requiring active sodium transport, which
might lead to increased tubular oxygen consumption. More-
over, the renin angiotensin system (RAAS) and the sympa-
thetic nervous system (SNS) are activated in hypertension,
both influencing renal perfusion and oxygenation.

Animal studies show that renal ischemia triggers activation
of the SNS. Even a small lesion by intrarenal injection of
phenol chronically increases central sympathetic activation
resulting in hypertension, without affecting kidney function,
in rats [2]. The blood pressure (BP)-elevation after the
intrarenal injection can be prevented by prior denervation of
the phenol injected kidney [2], which demonstrates a crucial
role of intact renal innervation for afferent signalling from the
kidney to the vasomotor centre.

Renal denervation (RDN), a catheter-based approach de-
veloped to disrupt the renal sympathetic nerves using radio
frequency energy, is a promising therapy for resistant hyper-
tension. The first clinical studies, in a relatively small number
of patients, showed that this technique appears safe and effec-
tive [3–5]. Office systolic blood pressure (SBP)/diastolic
blood pressure (DBP) reduced by 32/12 mmHg 6months after
RDN [4]. RDN is assumed to decrease sympathetic activity,
resulting in altered sodium handling by the kidneys and a
decrease in peripheral vascular resistance. Consequently,
RDNmay potentially improve renal oxygenation, and thereby
remove the trigger for hypertension.

Blood oxygen level-dependent (BOLD)-MRI provides a
non-invasive tool to determine renal oxygenation in humans.
BOLD-MRI uses the magnetic properties of deoxyhemoglobin.
Deoxyhemoglobin is paramagnetic, causing a decrease in signal
on T2*-weighted images. The apparent relaxation rate R2* (=1/
T2*) is proportional to the concentration of deoxyhemoglobin.
Increased R2* levels imply increased levels of
deoxyhemoglobin which can be related to reduced partial pres-
sures of oxygen in tissue [6]. Renal oxygenation reflects the
balance between regional oxygen supply and consumption, prin-
cipally for tubular transport [7]. There is a non-homogenous
distribution of oxygen within the kidneys. pO2 sharply declines
at the cortico-medullary junction. The renal medulla functions at
levels of limited oxygen supply, with a pO2 as low as 25 mmHg
under normal physiologic conditions [7].

The aim of current study was to investigate the effect of
RDN on renal oxygenation determined by BOLD-MRI.

Methods

Study population

Patients both with resistant hypertension (defined as a SBP
≥160mmHg, despite use of ≥3 antihypertensive drugs) as well

as patients fulfilling the same BP criteria (n=46), but without
optimal pharmacological treatment due to intolerance for an-
tihypertensive drugs, were included in the present study (n=
8). Major contraindications for inclusion were an estimated
glomerular filtration rate (eGFR) <30 mL/min/1.73 m2, sec-
ondary causes of hypertension, and a history of renal artery
stenting or severe co-morbidity. All patients were screened
using a standardized screening protocol, described in detail
in a recent paper [8]. The protocol had three aims: firstly, to
confirm the presence of hypertension using ambulatory BP
monitoring (ABPM); secondly, to exclude secondary forms
of hypertension; and finally, to study the eligibility of the renal
arteries to undergo RDN by contrast-enhanced magnetic res-
onance angiography (MRA).

The study protocol was carried out with the approval of the
ethics committee of the University Medical Center Utrecht,
and all patients gave written informed consent. The current
study is registered as NCT01427049.

Temporal medication stop

At baseline and 12 months after RDN, we considered
whether it would be safe to stop antihypertensive medica-
tion for 2 weeks prior to the tests [8]. This was done as
part of our standardized clinical work-up for patients with
complicated hypertension [8] to improve standardization
of the test conditions since antihypertensive drugs influ-
ence BOLD-MRI. If considered unsafe to stop antihyper-
tensive medication, patients were switched to doxazosin
and/or diltiazem, which are neutral drugs [9, 10]. The
decision to stop antihypertensive drugs was based on clin-
ical judgement with emphasis on (cardiovascular) medical
history. During the medication-free interval, patients were
regularly contacted by telephone by trained nurses or a
physician. Also, patients were informed to contact us if
they developed symptoms. After the test period, patients
restarted their medication.

Measurements

All measurements at baseline, as part of the standardized
screening protocol, and 12 months after RDNwere performed
during the medication-free interval. An ABPM was taken
non-invasively using WatchBP O3 (Microlife Inc., Widnau,
Switzerland) with readings taken every 30min during day and
every 60 min at night. Twenty-four-hour urine was collected
and sodium (mmol/24 h) was analysed. Three days before the
investigations, patients were asked to maintain a constant
diet in order to avoid large fluctuations in sodium balance.
A blood sample was drawn and creatinine (μmol/L) was
determined.
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BOLD-MRI

MRIs were performed in the afternoon. Patients were scanned
either on a 1.5 T (Ingenia, software release 4.1, Philips
Healthcare, Eindhoven, the Netherlands) or 3 T (Achieva,
release 3.2, Philips Healthcare, Eindhoven, the Netherlands)
commercially available MR systems. In brief, the MR imag-
ing protocol consisted of obtaining localizer images to locate
the kidneys, after which coronal (three partitions) and trans-
verse (six partitions) T2*-weighted imaging was performed
with the following echo times: 4.6 ms, 9.2 ms, 13.8 ms,
18.4 ms, 23 ms, 27.6 ms, 32.2 ms, 36.8 ms, 41.4 ms, 46 ms,
50.6 ms, 55.2 ms, 59.8 ms, 64.4 ms, 69 ms, 73.6 ms, 78.2 ms,
82.8 ms, 87.4 ms, 92 ms. All data were acquired during
breath-hold. We acquired one slice per breath-hold. Acquisi-
tion time per slice was 13.2 s. Total acquisition time was three
or six times 13.2 s for the coronal and transverse scans, re-
spectively, plus the time in between the breath-holds. We used
SENSE for parallel imaging with a SENSE acceleration factor
of 1.5. No signal averaging was applied. The receiver BWwas
310/620 Hz at 1.5/3 T. Only linear shimming was used. The
voxel sizes were 1.49×1.50×5.0 mm3 and the slice gap 7 mm.
Coronal field of view (FOV) was 375×298 mm (1.5 T, fold-
over direction (FD) right-left) or 298×375 mm (3 T, FD feet-
head) and transversal FOV was 298×375 mm (FD right-left).
Flip angle was 25° and TR was 94 ms (1.5 T) or 95 ms (3 T).

Regions of interest (ROIs) of the whole kidneys were
drawn in the T2* map. Areas affected by artefacts were

avoided in the selection of the ROIs. The R2* map was cal-
culated from the T2* data by fitting an exponential curve to
individual voxels over the echo times. MRIs were analyzed
using the compartmental method proposed by Ebrahimi et al.
[11] using an in-house developed Matlab tool (MathWorks
Inc, Natick, MA, USA). The histogram of the R2* map was
calculated and fitted to a Gaussian function (cortex) and a
gamma function (medulla) (Fig. 1). To differentiate medulla,
collecting system, and vessels objectively, a semi-automatic
filter was applied to the R2* maps. High intensity voxels,
representing collecting system, and low intensity voxels,
representing blood vessels, were excluded, as well as the four
adjacent voxels (Fig. 1). To obtain a measure for hypoxia, the
cut-off R2*-value of the 10 % most hypoxic voxels (90th

percentile of the histogram, P90) was used (Fig. 1). Muscle
ROIs of the psoas muscle were obtained in the coronal slices
in both the baseline and follow-up scan to assess scan repro-
ducibility since muscle R2*-levels are not affected by RDN.

Percutaneous renal denervation

Renal angiograms were performed to confirm anatomic eligi-
bility. Fifty-one of 54 patients were treated using the
Symplicity Flex device (Medtronic, Minneapolis, MN,
USA). In these patients, using local anaesthetics, a 6Fr sheath
was introduced via a femoral artery access site. Bilateral treat-
ment of the arteries was performed using series of 2-min radio
frequency (RF) energy deliveries along each artery [12].

Fig. 1 a: T2* image of the kidneys. ROIs are depicted in red. b: R2*
image of the kidneys. ROIs are depicted in red. c: Exclusion of vessels
and the collecting system. The collecting system is excluded by the filter
(depicted in red). d: Histogram of the R2* map. According to the

compartmental method, cortex is fitted to a Gaussian (blue) function
and medulla to a gamma (pink) function. The sum (red) fits the
histogram of the R2* map shown in the figure
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These treatment points were made in a circumferential way
with a minimum of 5 mm distance in between the treatment
points. In two patients the EnligHTN system (St Jude, St.
Paul, MN, USA) and in one patient the Oneshot system
(Covidien, Mansfield, MA, USA) was used. The EnligHTN
system is a non-occlusive, multi-electrode basket design, en-
abling four ablations in one session of 90 s [13]. The Oneshot
system is an irrigated RF balloon equipped with a spiral
monopolar electrode for 360° of ablation [14].

Data analysis

A patient was classified as a responder of treatment with RDN
when average daytime SBP determined by ABPM decreased
by≥5mmHg. Estimated glomerular filtration rate (eGFR) was
calculated on the basis of the CKD-epi formula [15].

Prescribed dosages of antihypertensive drugs were convert-
ed to defined daily doses (DDD) using conversion factors as
provided by the World Health Organization (WHO) Drug
Classification (http://www.whocc.no/atcddd/). Using DDDs
and the total prescribed dosages, daily use (DU) of all antihy-
pertensive drugs was calculated.

The following subgroup analyses were performed: 1) pa-
tients who stopped medication twice regardless of the use of
rescue medication (the latter does not influence BOLD-MRI),
2) patients who stopped medication twice and no rescue medi-
cation twice or used the same rescue medication. This approach
was chosen since rescue medication does not influence BOLD-
MRI and laboratory parameters; it does, however, influence BP.

Analysis of BOLD-MRI data was done by two investigators
(EV and AB), blinded to patient information and other results
from the standardized screening protocol. Five patients from the
1.5 T scanner and five from the 3 T scanner were randomly
selected to determine intra-reader reproducibility. Eight patients
from the 1.5 T scanner and eight patients from the 3 T scanner
were randomly selected to determine inter-reader reproducibility.

For the statistical analysis, we combined the results of the
coronal and transverse slices. Just averaging the R2* values
obtained from the transverse and coronal slices would intro-
duce a bias. Because of kidney anatomy and due to exclusion
of collecting system and artefacts, the amount of kidney tissue
represented by the transverse or coronal slices could differ
significantly. Therefore, the total number of voxels of all six
coronal slices together was calculated. The same was done for
the three transverse slices. Based on the number of voxels, a
weighted average was calculated: R2=no_voxels_trans/
n o _ v o x e l s _ t o t a l * R 2 t r a n s + n o _ v o x e l s _ c o r /
no_voxels_total*R2cor. This calculation was performed both
for the medullary and the cortical R2* value. Averaging trans-
versal and coronal values implies that some of the kidney
tissue was weighted twice, because the slices intersect. The
number of voxels included in both the coronal and transverse
slices was estimated to be around 8 %.

To combine data from the 1.5 T and the 3 T scanner, z-
scores for the change in R2* levels for both field strengths
were calculated and combined. A z-score is calculated for
each individual as the obtained individual measurement minus
the mean value of the group divided by the standard deviation
around the group average [z-score=(participant value - μ)/σ].

Statistical analysis

All variables were reported as mean±SD, median (range), or as
proportion when appropriate. The Intra-class correlation coef-
ficient (two-way mixed model, absolute agreement) and the
Bland-Altman method (defining bias and variation by calculat-
ing the mean difference between the observers, the standard
deviations of the differences, and the 95 % limits of agreement)
were used to determine inter- and intrareader reproducibility.

The unpaired Students t-test and the chi-square test were
used when applicable to compare baseline data between pa-
tients who stopped medication twice and the group who could
not stop twice.

Paired sample analysis was done using the paired t-test or
its nonparametric variant when applicable.

Linear regression analysis was used to analyze the associ-
ation between the change in ABPM (independent variable)
and change in R2* values of the cortex, medulla, and P90
(dependent variables). Multivariable models were applied
adjusting for variables related to BOLD and BP (change in
eGFR, change in 24-h urinary sodium excretion, and the
change in hemoglobin). The number of variables in the mul-
tivariable models was restricted by the limited sample size.

A two-sided p value of <0.05 was considered to be statis-
tically significant. All analyses were performed with the SPSS
statistical package version 20 (IBM SPSS Data Collection,
Chicago, IL, USA).

Results

Fifty-four patients were included in the present study; 46 pa-
tients completed follow-up. Baseline characteristics of the pa-
tients with a complete follow-up (n=46), are shown in Table 1.
Thirty-two patients stopped medication twice of which 27
patients stopped medication twice and used the same or no
rescue medication twice. Twenty-seven patients (59 %) were
scanned using a 1.5 T system, 19 patients (41 %) with a 3 T
system. Inter- and intrareader reproducibility of R2* values of
the cortex, medulla, and P90, were considered excellent based
on the ICC (range: 0.957 – 0.999) as well as the Bland-Altman
method (Appendix 2).

From two patients, both baseline and follow-up scans (cor-
onal and transverse scans) were excluded from analysis, in
one patient because of multiple cysts and in the other because
of motion artefacts. From two patients, both the coronal as
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well as the transverse scans made at baseline were excluded
because of motion artefacts. From 42 patients, pre- and post-
imaging is available. In seven of these patients, only the cor-
onal or transverse images were excluded. In five of these pa-
tients, these images were excluded because of motion arte-
facts, one because of erroneous shimming and one because
of multiple eddy current artefacts visible in the R2* map.

Renal denervation

On average, 11.3 (±3.8) ablations were applied per patient.
Periprocedurally, two patients had a minor bleeding at the
puncture site, which was treated with compression.

Change in blood pressure and kidney function after RDN

Mean 24-h BP changed from 163(±20)/98(±14) mmHg to
154(±22)/92(±13) mmHg (p=0.001 and p<0.001, Table 2).
Mean daytime BP changed from 168(±21)/102(±15) mmHg to
158(±23)/96(±13) mmHg (p=0.001 and p<0.001, Table 2). The
decrease is less pronounced in the subgroup of patients who
stopped medication twice (twice no rescue medication or twice
the same rescue medication), but still significant (Table 2). Elev-
en patients (42 %) were classified as responder in this subgroup.
Daytime heart rate (HR) did not change in the total group of
patients and in the subgroup. The daily use of antihypertensive
drugs did not change significantly [5.5 (±3.4) vs. 4.8 (±3.5), p=
0.18, Table 2]; eGFR remained stable 12 months after RDN

Table 1 Patient characteristics

All patients (N=46) Patients who stopped
medication twice (N=32)

Patients who did not stop
medication twice (N=14)

Age (yrs) 57 (11) 58 (11) 57 (11)

Sex (male/female) 23/23 18/14 5/9

Comorbidity

- Hypercholesterolemia 27 (59 %) 18 (56 %) 9 (64 %)

- Diabetes Mellitus Type II 8 (17 %) 7 (22 %) 1 (8 %)

- Cardiovascular diseases 7 (15 %) 4 (13 %) 3 (21 %)

- Cerebral vascular diseases 3 (7 %) 1 (3 %) 2 (14 %)

Office BP (mmHg) under medication 196(31)/108(15) 192(34)/106(16) 206(21)†/112(11)

Mean 24-h BP (mmHg)* 163(20)/98(14) 169(16)/101(12) 150(22)†/93(15)

Mean daytime BP (mmHg)* 168(21)/102(15) 174(16)/104(12) 153(24)†/96(18)

Mean 24-h HR during (bpm)* 74 (12) 74 (12) 75 (11)

Number of antihypertensive drugs 4 (0-8) 4 (0-8) 5 (2-6)†

DU of antihypertensive drugs 5.5 (3.4) 5.1 (3.6) 6.5 (2.8)

Body-mass index (kg/m2) 29.1 (5.6) 28.9(5.7) 29.5(5.6)

eGFR (mL/min/1.73 m2) 76 (18) 74 (18) 80(17)

Continuous variables are displayed as a mean (SD), except for number of drugs, which is displayed as median (range). Categorical variables are
displayed as a number (percentage). Yrs years, BP blood pressure, HR heart rate, DU daily use, eGFR estimated glomerular filtration rate

*Determined using ABPM

†Significant difference between the group of patients stopped medication twice and the group of patients who did not stop twice

Table 2 Baseline and follow-up data

All patients n=46 Patients who stopped medication twice and did not use rescue
medication twice or used the same rescue medication (n=27)

Baseline 12 months Baseline 12 months

Mean 24-h BP (mmHg)* 163(20)/90(13) 154(22)††/92(13)†† 169(16)/101(11) 162(19)†/96(12)†

Mean daytime BP (mmHg)* 168(21)/102(15) 158(23)††/96(13)†† 174(16)/105(11) 167(20)†/100(11)†

Mean 24-h HR (bpm)* 74 (13) 72 (10) 72 (10) 72 (10)

DU of antihypertensive drugs 5.5 (3.4) 4.8 (3.5) 5.3 (3.8) 4.3 (3.8)

eGFR (mL/min/1.73 m2) 77 (18) 79 (20) 77 (18) 82 (19)†

All variables are displayed as a mean (SD). HR heart rate, DU daily use, eGFR estimated glomerular filtration rate.

*Determined using ABPM. † p<0.05, ††p<0.01
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compared to baseline [77 (±18) mL/min/1.73 m2 vs. 79 (±20)
mL/min/1.73 m2

, p=0.13, Table 2]. Average sodium excretion
did not change: at baseline 149(±66) mmol/24-h and after
12 months 150(±83) mmol/24-h (p=0.93).

Effect of RDN on renal oxygenation

As expected, the R2* values were a factor of 1.4 higher on the
3 TMR. Table 3 shows weightedmean baseline and 12-month
follow-up R2* values of the cortex, medulla, and P90 for both
field strengths. R2* levels did not change after RDN, includ-
ing in the subgroup of patients who stopped medication twice
(Table 4) or patients classified as responders (Table 5). The
change in R2*values was not related to the change in daytime
SBP in a univariate model, nor in multivariate models
adjusting for the change in eGFR, the change in 24-h sodium
excretion, and change in hemoglobin.

Muscle R2* levels did not change (Tables 3, 4 and 5),
implying good reproducibility.

Discussion

In this study we demonstrate in hypertensive patients that
renal BOLD did not change after treatment with RDN. Also,
in the subgroup of patients classified as responder, BOLD not
did alter after treatment.

BOLD-MRI gives information on renal oxygenation. The
oxygen level within the kidney reflects the balance between
regional oxygen supply and oxygen consumption. Oxygen
supply is controlled by systemic and intrarenal factors that
control intrarenal blood-flow and distribution, oxygen capac-
ity of the blood, and the specific structure of the microcircu-
lation of the kidney. The consumption is influenced by GFR,
tubular and ion-pump mass, and various regulators that con-
trol transport activity [7]. Changes in either oxygen supply or
demand alter the oxygen level. It is possible that RDN in-
creases renal oxygenation as a consequence of decreased sym-
pathetic activation resulting in a decreased renal vascular

resistance and reduced activity of the RAAS. Decreased levels
of aldosterone will result in reduced reabsorption of sodium in
the collecting tubules, an active process. As a consequence of
this, less oxygen will be used.

Our study shows that renal BOLD did not change after treat-
ment with RDN although a reduction in BP was observed. This
suggests that RDN did not affect renal oxygenation. Ott et al.
showed that despite a decrease in BP, renal perfusion, determined
by MRI with arterial spin labelling (ASL), did not change
3 months after RDN in 19 patients with resistant hypertension.
Renal vascular resistance, calculated from BP and perfusion
measured by ASL, was significantly reduced after RDN [16].
This is in line with another study showing that RDN reduced the
renal resistive index, assessed by duplex ultrasound, 6 months
after RDN in 88 patients with resistant hypertension [17]. So, it is
very well possible that because renal perfusion did not change
after RDN, also renal BOLD was unaffected. This can be the
result of tight autoregulation in the kidneys.

Several issues need to be briefly discussed when consider-
ing the possible reason(s) for the absence of an effect, includ-
ing both methodological, i.e. MRI-related issues, but also in-
tervention, i.e. RDN-related issues.

It is important to realize that BOLD-MRI is sensitive to
changes in medullary oxygenation since the medullary

Table 3 Mean R2* before and after RDN, all patients (n=42)

R2* baseline R2* 12-month follow-up p

1.5 T Cortex 12.5 (0.9) 12.5 (0.9) 0.94

Medulla 19.6 (1.7) 19.3 (1.4) 0.40

P90 20.5 (1.6) 19.9 (1.8) 0.14

Muscle 35.8 (1.6) 35.4 (1.9) 0.23

3 T Cortex 18.1 (0.8) 17.8 (1.2) 0.47

Medulla 27.4 (1.9) 26.7 (1.8) 0.19

P90 31.3 (2.8) 30.6 (2.4) 0.26

Muscle 38.0 (1.9) 37.3 (2.6) 0.29

All variables are displayed as a mean (SD). R2* is expressed in Hz

Table 4 Mean R2* before and after RDN, only patients who stopped
medication twice (n=29)

R2* baseline R2* 12-month follow-up p

1.5 T Cortex 12.6 (0.9) 12.6 (0.9) 0.74

Medulla 19.7 (0.9) 19.3 (1.4) 0.32

P90 20.6 (1.6) 20.1 (1.9) 0.19

Muscle 36.0 (1.6) 35.7(1.7) 0.41

3 T Cortex 17.6 (0.5) 17.7 (0.9) 0.78

Medulla 26.7 (2.0) 26.6 (1.8) 0.87

P90 30.4 (3.0) 30.6 (2.5) 0.77

Muscle 37.7 (2.2) 37.1 (2.4) 0.58

All variables are displayed as a mean (SD). R2* is expressed in Hz

Table 5 Mean R2* before and after RDN in patients classified as
responder and stopped medication twice (n=11)

R2* baseline R2* 12-month follow-up p

1.5 T Cortex 13.2 (0.6) 13.1 (0.7) 0.48

Medulla 20.5 (0.9) 19.9 (1.2) 0.26

P90 21.2 (1.4) 20.6 (1.9) 0.25

Muscle 35.8 (1.7) 35.2 (1.7) 0.44

3 T Cortex 17.3 (0.2) 17.7 (0.8) 0.45

Medulla 27.0 (2.9) 27.2 (4.1) 0.91

P90 31.2 (4.1) 32.1 (3.3) 0.55

Muscle 38.4 (1.5) 38.2 (0.2) 0.66

All variables are displayed as a mean (SD). R2* is expressed in Hz
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oxygen level lies on the linear part of the hemoglobin oxygen-
ation curve, and is, therefore, sensitive to small changes in
oxygen tension [18]. BOLD-MRI is, however, less sensitive
to changes in cortical oxygenation, because cortical blood pO2

lies on the shoulder of the curve [18]. Thus, larger differences
in oxygenation are necessary to observe similar changes in the
R2* signal for the cortex compared with the medulla. A pos-
sible small effect of RDN on cortical oxygenation could,
therefore, be missed using BOLD-MRI.

P90 (90th percentile of the histogram) gives information on
the amount of hypoxia. This measure can be informative since
in cases of renal injury, hyperfiltration and hypertrophy of un-
injured nephrons can take place. These nephrons have a high
metabolic demand, in contrast with injured nephrons. As a con-
sequence, there can be a heterogeneous distribution of hypoxia
in the kidney, which might not be detected using average R2*
levels. Our study shows that P90 also did not change after RDN.

Another possible reason for the absence of an effect is that
the RDN procedure was unsuccessful, at least in some pa-
tients. The high percentage of non-responders in our study
may indicate that RDN was not complete in these patients,
and that as a consequence RDN did not affect BP and renal
oxygenation. However, in the subgroup of patients classified
as responder, renal oxygenation also did not change.

We quantified the BP-lowering effect using ABPM. An
ABPMoffers a large number of BPmeasurements, during both
day- and night-time. This results in a more precise assessment
of BP compared to single measurements [19]. ABPM is also
recommended in the follow-up of resistant hypertension in the
guidelines from the European Society of Hypertension and the
European Society of Cardiology [20]. Our study shows that
RDN significantly reduces BP, determined by ABPM. Forty-
two percent of the patients were classified as a responder. This
percentage is lower compared to the study of Mahfoud et al
investigating the effect of RDN on ABPM in 346 patients with
uncontrolled hypertension (303 patients with resistant hyper-
tension and 43 with pseudoresistant hypertension) 3, 6, and
12 months after RDN [21]. This studied identified 70 % of
the 80 patients with resistant hypertension who completed
12 months follow-up as responder (defined as a decrease in
SBP ≥5 mmHg of the 24-h ABPM) [21].

An important strength of our study is the standardization of
antihypertensive drugs and the use of ABPM. This is impor-
tant for quantifying the effects on both BP and BOLD-MRI.
ABPM was assessed during a medication-free interval before
and 12 months after RDN. This excludes the potential distur-
bance by antihypertensive medication. Pharmacologic treat-
ment is likely to be changed during the 12 months after
RDN and possibly drug adherence can be improved in some
patients. Other studies may have overestimated the effect of
RDN due to confounding by pharmacological treatment. Fur-
ther, some medications have been shown to affect renal
BOLD. Several studies have shown the effect of furosemide

on BOLD [22–24]. This diuretic reduces the active sodium
transport in the ascending loop of Henle, an oxygen-
consuming process. BOLD-MRI detects this drop in medul-
lary and, to a lesser degree, cortical oxygenation. Moreover,
losartan, an angiotensin II receptor antagonist, is known to
decrease cortical R2* levels [25]. Recently, we have shown
that renin inhibitors affect the BOLD signal [26]. Unfortunate-
ly, the medication stop was not possible in all patients.

Several limitations need to be mentioned. Assessment of
oxygenation of the kidneys, either by direct measurement or
indirectly by BOLD-MRI, does not distinguish between
(changes in) oxygen supply and consumption. It is, therefore,
not possible to investigate the association between renal blood
flow or oxygen consumption (mostly influenced by tubular
transport) and the variables investigated in the present study.
Further, a specific limitation of our study can be the use of two
different field strengths. To combine the data, we used z-
scores.

In conclusion, our study shows that RDN does not alter
renal oxygenation in patients with hypertension as assessed
by BOLD-MRI.
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Appendix 1

Table 6 Scheme of gradual discontinuation of medication

4 weeks before measurements Stop: diuretics (including aldactone) and
aliskiren

Gradually reduced: β-blockers and
central-working antihypertensive
drugs are reduced in 2 weeks:

Day 1: 100 % Day 8: 0 %

Day 2: 50 % Day 9: 25 %

Day 3: 50 % Day 10: 0 %

Day 4: 50 % Day 11: 25 %

Day 5: 50 % Day 12: 0 %

Day 6: 0 % Day 13: 25 %

Day 7: 50 % Day 14: 0 %

2 weeks before measurements Stop: ACE-inhibitors, AT1-antagonists,
Calcium-antagonists, Alpha-blockers,
direct vasodilatators, NSAIDS.
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Appendix 2

Bland Altman plot.

Bland Altman plot.

Bland Altman plot.
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