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Imaging of the kidney using blood oxygen level dependent
(BOLD) magnetic resonance imaging (MRI) presents a major
opportunity to examine differences in tissue oxygenation
within the cortex and medulla applicable to human disease.
The aim of this study was to evaluate BOLD signals before
and after treatment with RAS inhibitors in hypertensive
chronic kidney disease (CKD) patients. Ten patients with
stable CKD and 5 healthy volunteers were included. Five
CKD patients were subjected to BOLD MRI scan before and
after chronic treatment with 300 mg/day aliskiren for at least
6 weeks. Five other CKD patients received BOLD MRI
before and 1 hour after acute treatment with 50 mg
captopril. A group of healthy volunteers (n=5) was scanned
before and 1 hour after acute treatment with 50 mg
captopril. The 10 patients had a mean age of 61�17 years;
eGFR of 30�11 mL/min per 1.73 m2. Office systolic and
diastolic blood pressures when on a RAS inhibito, were
130�10 and 86�5 mmHg in CKD patients. Control subjects
had normal kidney function and were not on any medication.

In untreated condition, systolic and diastolic arterial blood
pressure elevated, 145�6 and 95�4 mmHg, respectively.
After chronic treatment with aliskiren, arterial blood pressure
decreased in all patients in this group, 127�3 mmHg and
77�3 mmHg. After acute treatment with captopril arterial
blood pressure reduced to 125�4 and 71�8 mmHg. Tissue
intensity signal (T2*) was increased in medulla after chronic
treatment from 29�6 to 34�6 and after acute treatment with
captopril from 34�9 to 38�11 in CKD patients. In addition,
T2* ratio between cortex and medulla decreased in CKD
patients after chronic treatment and acute treatment. This
ratio remained stable in healthy volunteers before and after
treatment with captopril 1.62�0.1 and 1.65�0.1, respec-
tively. This study shows for the first time that RAS inhibitors
change BOLD signal in CKD patients. Importantly, in healthy
volunteers, a RAS inhibitor had no such effect. Further
investigation is required. J Clin Hypertens (Greenwich).
2014;16:214–218. ª2014 Wiley Periodicals, Inc.

Many experimental studies have shown that kidney
ischemia is the key finding in the pathogenesis and
progression of chronic kidney disease (CKD) and
hypertension.1 Inhibitors of the renin-angiotensin system
(RAS) are the cornerstone of the treatment of CKD
patients. There are hypotheses that minor kidney dam-
age, not affecting kidney function and therefore difficult
to diagnose, might be present, resulting in “essential”
hypertension and its subsequent cardiovascular compli-
cations.1 Thus far it is a challenge to identify kidney
ischemia in its early stage. Imaging of the kidney using
blood oxygenation level–dependent (BOLD) magnetic
resonance imaging (MRI) presents a major new oppor-
tunity to examine differences in kidney tissue oxygena-
tion within the cortex and medulla applicable to human
disease. BOLD MRI allows observation of changes in
cortical and medullary concentration of deoxyhemoglo-

bin.2 This acquires images sensitive to local tissue
oxygen concentration and quantifies changes in tissue
oxygenation.2 This technique may bring some novel
developments in daily practice. In today’s treatment,
medication dosage is mainly aimed at its antihyperten-
sive effect. The possible better effect of higher dosages of
RAS inhibitors on kidney oxygenation in its early stage is
unknown. This can be quantified by applying this new
imaging technique. Furthermore, there is no adequate
noninvasive method available to detect acute or chronic
rejection and kidney ischemia in kidney transplant
patients. Clinicians often try to avoid invasive measure-
ments in this vulnerable population as long as possible.
With BOLD MRI, however, this problem might be
observed earlier. Moreover, different experimental evi-
dence suggests that RAS inhibitors improve kidney
oxygenation by improving perfusion.3–5 However, these
findings were restricted to animal models due to lack of
decent noninvasive methods. Indeed, in an experimental
study in healthy humans, it was shown that intravenous
Ang II reduces the BOLD signal in the renal cortex, an
effect that rapidly disappears at cessation of the infu-
sion.6 These observations lead to the hypothesis that
RAS inhibitors might improve kidney oxygenation in
patients with CKD evaluated by this new technique. At
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the same time, we expect that such an intervention
would have no effect in healthy humans. In this pilot
study, we addressed this idea by measuring the effects on
BOLD signal of an acute RAS inhibitor (before and after
50 mg of captopril) and before and during chronic
aliskiren 300 mg/d and compared these results with
those in healthy controls before and after acute captop-
ril.

METHODS AND MATERIALS

Patients
We selected 10 patients with CKD from our outpatient
clinics and 5 healthy volunteers, who were members of
the hospital staff. The patients were selected because
they had stable CKD and were hypertensive (ie, using
antihypertensive drugs and/or blood pressure >145/
90 mm Hg when off medication). We excluded patients
with a contraindication for MRI and those with
polycystic kidney disease because these patients have
difficult to interpret MRI images of the kidneys. The
kidney diagnoses of the 10 patients with CKD were
vascular disease (5), congenital (1), and unknown cause
(4).

We consider this a pilot and/or feasibility study.
Patients who stopped their medication temporarily did
so as part of their participation in another ethics
committee–approved study andwritten informed consent
was obtained or medication was stopped because of a
medical reason.

The healthy controls were all physicians who worked
in the nephrology department and all volunteered to
participate.

Protocol MRI
All patients were taken off their RAS inhibitors for at
least 3 weeks. Other medications were not changed
during the whole study period.

Every participant was scanned twice, ie, before and
after the treatment with a RAS inhibitor. In 5 patients,
an MRI scan was performed before and after they were
put on chronic treatment with 300 mg aliskiren per day
for approximately 6 weeks. In the other 5 patients with
CKD, the MRI scans were performed before and 1 hour
after 50 mg captopril orally. In the healthy volunteers,
the MRI studies were performed before and 1 hour after
50 mg captopril orally. Blood pressure was measured
with an automated device in all participants in a supine
position before and after treatment with the RAS
inhibitors before each BOLD MRI session.

BOLD MRI is based on the fact that paramagnetic
molecules induce magnetic field perturbations. In the
blood, oxyhemoglobin is diamagnetic and changes in its
concentration have no effect on T2*-weighted magnetic
resonance images. However, deoxyhemoglobin is para-
magnetic and an increase in deoxyhemoglobin concen-
tration results in a decrease in tissue signal in T2*-
weighted images. By acquiring T2*-weighted images at
multiple echo times it is possible to measure the

relaxation time T2* by fitting the slope of ln (signal
intensity) vs echo time. T2* is inversely proportional to
the concentration of deoxyhemoglobin. Here, we used a
T2*-weighted gradient echo sequence with 20 echoes.
The first image was acquired at an echo time of 4.6 ms
and the echo spacing was 4.6 ms. Further, scan param-
eters were: 6 slices of 6-mm thickness (gap 6 mm) with
an in-plane resolution of 1.591.5 mm2. The 20 images
for each slice were acquired in a single breath hold of
15 seconds. TR was 94 ms and the flip angle was 25°.
The quantitative T2* image was automatically calcu-
lated on the scanner. T2* values >150 ms were clipped.

For data analysis, regions of interest (ROIs) were
manually drawn in the cortex and medulla on the echo
time image with best contrast between cortex and
medulla. These images are mainly taken for the first 6
echo time images. This image gave the best anatomical
details. The ROIs where copied to the quantitative T2*
image and average T2* and standard deviation (SD) in
T2* were extracted for the ROIs.

For this study, we assume that tissue oxygenation is
inversely proportional to T2*. However, T2* is also
sensitive to overall inhomogeneities in the magnetic
field, which can differ between scan sessions due to
differences in patient position and (linear) shim settings.
Therefore, besides the changes in T2* values of cortex
and medulla, we also used the ratio of T2* in the cortex
over T2* in the medulla to evaluate the effect of the RAS
inhibitors. Assuming that the background fields are
more or less constant over the kidney, the ratios are
insensitive to global changes in the field homogeneity.

Laboratory Analyses
Estimated glomerular filtration rate (eGFR) was per-
formed using the plasma creatinine (at the day of MRI
scan) by the Modification of Diet in Renal Disease
(MDRD) equation.7 Body mass index (BMI), estimated
from weight and height, was measured using the metric
imperial formula.

Statistical Analysis
Data are given as mean�SD unless otherwise indicated.
Baseline parameter analysis was performed with Student
unpaired t test between patients and control patients.
The changes in T2* ratio (ie, T2* cortex/T2* medulla)
before and after treatment were tested by a paired t test.
A P value <.05 was considered significant.

RESULTS
The 10 patients (7 men) had a mean age of
61�17 years, BMI of 26�2 kg/m2, and eGFR of
30�11 mL/min per 1.73 m2. BMI and eGFR were
stable during the last 3 months before entering the
study. Office systolic and diastolic blood pressures at the
time of screening, when taking an angiotensin-convert-
ing enzyme (ACE) inhibitor and angiotensin II receptor
blocker (ARB) were 130�10 mm Hg and 86�5 mm
Hg. Other medications included phosphate binders
(n=4), statins (n=9), diuretics (n=9), and vitamine D
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(n=3). These medications were not changed during the
study.

Control patients (5 men) had a mean age of
40�13 years, BMI of 22�2 kg/m2, normal kidney
function, and were not taking any medication.

Both captopril and aliskiren lowered blood pressure
in patients with CKD, whereas captopril had no effect in
controls (Table I). Both in patients and in controls, T2*
of the medulla was lower than T2* of the cortex
(although not significant) (Table I). In patients with

CKD, T2* showed variable changes after captopril
50 mg. After chronic treatment with aliskiren, T2* of
the cortex remained unchanged and T2* of the medulla
increased (Table I). However, none of the changes were
significant.

The T2* ratio between the cortex and medulla
decreased in patients with CKD after treatment with
both RAS inhibitors (Figure 1a and 1b) (P=.23 in the
group on chronic treatment and P=.18 in the group on

TABLE I. Change in Blood Pressure and BOLD MRI Assessed by Quantitative T2* Values in Patients With CKDa

Group

Patients With CKD

Acute Captopril

Patients With CKD

Chronic Aliskiren

Healthy Volunteers

Acute Captopril

Untreated (n=5) Treated (n=5) Untreated (n=5) Treated (n=5) Untreated (n=5) Treated (n=5)

Systolic arterial blood pressure, mm Hg 143�5 125�4 145�6 127�3 120�5 122�5

Diastolic arterial blood pressure, mm Hg 92�4 71�8 95�4 77�3 70�4 69�5

T2* cortex, ms 51�10 45�10 46�5 45�3 53�9 56�2

T2* medulla, ms 34�9 38�11 29�6 34�6 32�5 33�4

T2* cortex/medulla 1.52�0.2 1.21�0.1 1.60�0.32 1.35�0.3 1.62�0.1 1.65�0.1

Abbreviations: BOLD MRI, blood oxygenation level–dependent magnetic resonance imaging; CKD, chronic kidney disease. aBefore and after acute

captopril 50 mg and before and after chronic treatment with aliskiren 300 mg per day and in healthy volunteers before and after captopril 50 mg. P<.05

is considered statistically significant. Comparison of results within groups showed no statistically significant differences (see Results section).

(a)

(b)

FIGURE 1. (a) Individual results of the ratios of T2* before and after
captopril 50 mg in patients with chronic kidney disease (CKD).
(b) Individual results of the ratios of T2* before and after aliskiren
300 mg/d in CKD patients.

(a)

(b)

FIGURE 2. (a) T2* cortex/medulla ratio in patients before and after
renin-angiotensin system (RAS) inhibitors (n=10) (*P<.05). (b) T2*
cortex/medulla ratio in healthy volunteers before and after RAS
inhibitors (n=5).
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acute treatment). When combining the results of all 10
patients, the change in the ratio was significant (Fig-
ure 2a) (P<.05). In the healthy volunteers, there was no
change in any variable (P=.80).

DISCUSSION
To the best of our knowledge, we are the first to show
that in patients with CKD both acute and chronic
treatment with a RAS inhibitor result in changes in
BOLD signal. Importantly, in healthy volunteers, a RAS
inhibitor had no such effect. The observations are
compatible with the idea that RAS inhibitors improve
kidney oxygenation in patients with CKD, especially of
the medulla.

RAS inhibitors are the cornerstone of treatment of
CKD. They are effective antihypertensive agents.
Importantly, these agents seem particularly effective in
reducing progression to kidney failure, suggesting
increased Ang II activity as one of the important factors
contributing to the progression of CKD. Although the
beneficial effects of RAS inhibitors on glomerular
hemodynamics have been widely accepted, other effects
may be operational and relevant as well, including
changes in kidney oxygenation. Several lines of exper-
imental evidence suggest that kidney hypoxia is an
important feature in CKD and that it may be of
relevance in determining kidney failure progression.1

Indeed, Ang II has been implicated in the regulation of
oxygen utilization in experimental CKD.8 As a conse-
quence, the logical next question seems to be whether
inhibition of Ang II improves oxygen availability in
CKD. Indeed, several lines of experimental evidence
show that a RAS inhibitor can improve kidney oxy-
genation. For instance, Ang II receptor blockade can
improve renal oxygenation in rats by decreasing tubular
re-absorptive work.3 Moreover, Manotham and col-
leagues9 showed that ARB treatment prevented vascular
changes and ameliorated tubular hypoxia. They sug-
gested that the initial tubulo-interstitial hypoxia in a
remnant kidney model consequently results in develop-
ment of tubulo-interstitial damage.9 Izuhara and col-
leagues10 compared renoprotective effects of calcium
channel antagonists, b-blockers, and ARBs. Interest-
ingly, only ARBs corrected chronic hypoxia. In addi-
tion, both an ACE inhibitor and an ARB improved
directly measured partial pressure of oxygen in the
interstitial microvascular compartment of the normal
rat kidney.11 Our findings that RAS inhibitors espe-
cially affect the medulla are consistent with these
experimental findings.

Schachinger and colleagues studied the idea that
increased levels of Ang II in humans may affect the
BOLD signal. Schachinger and colleagues6 showed that
intravenously administered Ang II reduces the renal
cortex BOLD signal. This BOLD response starts to
occur almost instantaneously (within seconds after
peripheral intravenous Ang II administration). Authors
suggest that this response is a consequence of altered
perfusion rather than altered kidney oxygen consump-

tion. The present results fit well within this existing
knowledge. The results show that in kidneys in condi-
tions commonly associated with activated RAS (ie,
CKD), acute or chronic inhibition of the Ang II is
associated with a change in BOLD signal, indicating
improved kidney oxygenation, especially during chronic
use of RAS inhibitors. This effect rapidly occurs as it is
already seen approximately 1 hour after oral adminis-
tration of captopril. An important feature of this study
is that the RAS inhibitor had no effect in healthy
volunteers. This study confirms the existing experimen-
tal evidence of the contribution of Ang II to kidney
oxygenation. However, the study by Stein and col-
leagues12 measured an alteration in renal blood oxy-
genation in healthy volunteers after oral administration
of RAS inhibitors.

The considerable limitation of this study is the small
study population and absence of a placebo group. These
controversial results have to be studied in larger study
populations.

Kidney oxygenation is difficult to quantify in humans.
Measuring the BOLD signal by MRI offers the possi-
bility to learn more about kidney oxygenation. Indeed,
it was shown that patients with renal vascular disease
have various degrees of hypoxic areas evidenced by
BOLD MRI.13 Moreover, Sadowski and colleagues14

demonstrated that BOLD MRI can noninvasively assess
changes in oxygen bioavailability in the cortex and
medulla of transplanted kidneys. They showed an
increase in medullary T2* (reduced deoxyhemoglobin
concentration) on BOLD MRI in allografts with acute
rejection. Furthermore, using BOLD MRI, it has been
shown that renal tissue oxygenation is influenced by
carbogen or oxygen breathing. The changes are assessed
by detecting BOLD MRI signal (T2*) at high field
strengths in patients with CKD.15

Given the present findings, it is attractive to speculate
on the possible indications of BOLD MRI. Firstly, it is
necessary to study whether this effect is indeed specific
for RAS inhibitors, for instance, by studying the effect of
other antihypertensive agents. Given the earlier studies
on the effects of Ang II and the present findings, our
hypothesis would be that the effects are indeed RAS-
inhibitor specific.6 The effect of furosemide has been
tested.2 This agent improves kidney oxygenation pre-
sumably by its effect on energy-dependent natrium
reabsorption, ie, not by improving oxygen delivery but
by reducing oxygen consumption.2 This illustrates a
limitation of the technique that it cannot differentiate
between these two mechanisms. A second important
question is the effect of various dosages. As mentioned
earlier, in today’s treatment, medication dosage is
mainly aimed at its antihypertensive effect. It might be
interesting to study the effect of higher dosages of RAS
inhibitors on kidney oxygenation. It is possible that the
dosages beyond the therapeutic range with respect to
blood pressure might have a greater effect on kidney
oxygenation. It is tempting to speculate that this will
result in a better clinical outcome. Thus, this technique
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is an interesting new tool, which requires further
investigation.

A significant feature of our study is that 9 of the 10
patients were also taking diuretics. Diuretics increase
the activity of the RAS. It is important to realize that
patients were on both occasions clinically normovolem-
ic and diuretic dosages were not changed. Body weight
remained unchanged, making it unlikely that fluid status
showed any relevant changes during the course of the
study in patients taking chronic RAS inhibitors. There-
fore, it seems safe to exclude the major effects of
diuretics on our results. In addition, in patients with
CKD, RAS inhibitors, often combined with diuretics,
are the preferred agents to obtain the antihypertensive
goals according to the guidelines committees.16 The
present study, in which medication dosage is based on
office arterial blood pressure readings and eGFR, most
likely reflects every day practice in most clinics.

CONCLUSIONS
The present pilot study demonstrates that a detectable
change in BOLD MRI signal after acute and chronic
RAS inhibition in patients with CKD can be found,
while no change in signal is detected in healthy
volunteers. The change in T2* in patients is consistent
with the idea that the RAS inhibitor especially affects
the medulla. Importantly, the present data seem to
indicate that the BOLD MRI technique offers a method
to study a physiological variable thus far impossible to
study in humans.
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