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Animal studies suggest that renal tissue hypoxia plays an important role in the development of renal damage in hypertension and
renal diseases, yet human data were scarce due to the lack of noninvasive methods. Over the last decade, blood oxygenation level-
dependent magnetic resonance imaging (BOLD-MRI), detecting deoxyhemoglobin in hypoxic renal tissue, has become a powerful
tool to assess kidney oxygenation noninvasively in humans. This paper provides an overview of BOLD-MRI studies performed
in patients suffering from essential hypertension or chronic kidney disease (CKD). In line with animal studies, acute changes in
cortical and medullary oxygenation have been observed after the administration of medication (furosemide, blockers of the renin-
angiotensin system) or alterations in sodium intake in these patient groups, underlining the important role of renal sodiumhandling
in kidney oxygenation. In contrast, no BOLD-MRI studies have convincingly demonstrated that renal oxygenation is chronically
reduced in essential hypertension or in CKD or chronically altered after long-term medication intake. More studies are required
to clarify this discrepancy and to further unravel the role of renal oxygenation in the development and progression of essential
hypertension and CKD in humans.

1. Introduction

Hypertension is a major public health burden and affects
about 1 billion people worldwide. Hypertension increases the
risk of coronary heart disease and cerebrovascular accidents
[1, 2]. Hypertension is also tightly entangled with chronic
kidney disease (CKD) [3, 4], defined as “evidence of struc-
tural or functional kidney abnormalities that persists for at
least three months, or a glomerular filtration rate (GFR)
< 60mL/min/1.73m2, with or without evidence of kidney
damage, and irrespective of its cause” [5]. A majority of CKD
patients are hypertensive, and hypertension is one of the
main causes of CKD, accounting for approximately 30% of
cases of end-stage renal disease (ESRD) [6, 7]. Hypertension
and CKD cluster in obese and/or diabetic subjects, and both
disease states share common underlying pathways, such as
chronic low-grade inflammation, increased sodium reten-
tion, and an activated renin-angiotensin system [8, 9]. The

kidneys are seen by some as the main culprit in the devel-
opment of hypertension. Transplantation studies have indeed
demonstrated that hypertension follows the kidneys [10, 11],
and in extreme cases removing both kidneys in transplanted
patients can cure resistant hypertension [12].

Animal studies have suggested that renal tissue hypoxia
might be another common mechanism of renal damage
in hypertension and renal diseases [13]. Indeed, cortical
and medullary tissue hypoxia has been documented in
both disease states [14, 15]. However, translation of ani-
mal studies to humans should be made cautiously and
is hampered by the absence of non-invasive techniques
allowing the measurement of renal tissue oxygenation in
humans. This paper focuses on the determinants of renal
tissue oxygenation in humans and on the actual evidence
pointing towards a role for renal tissue hypoxia in the
development and progression of hypertension and CKD in
humans.
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2. Determinants of Renal Tissue Oxygenation

Fifty years ago, Aukland and Krog were the first to report the
unique oxygenation pattern of kidneys usingmicroelectrodes
sensitive to oxygen in dogs and rats. They measured levels of
tissue partial pressure of oxygen (pO

2
) as low as 10–20mmHg

in the medulla and 50mmHg in the renal cortex [16], despite
the fact that renal blood flow, and thus oxygen delivery, is the
highest in the body in relation to organ weight. Since then,
much has been learned on the mechanisms involved in the
regulation of renal medullary tissue oxygenation. As in any
organ, the local tissue pO

2
is determined by the oxygen deliv-

ery (a function of renal perfusion and blood oxygen content)
and by the O

2
consumption, which is driven essentially by

the glomerular filtration rate and the active tubular transport.
Renal kidney perfusion is characterized by preglomerular
oxygen diffusion shunting, partly explaining the low tissue
pO
2
levels [17]. In the kidneys, over 90% of all oxygen con-

sumption is used for tubular sodium transport, which differs
between cortex and medulla. The well-perfused proximal
tubules are mainly located in the renal cortex. Proximal
tubular sodium reabsorption is partly based on energy-
consuming active transport via basolateral Na+, K+-ATPase
and partly on passive transport via paracellular pathways [18].
Hence, despite the fact that the proximal tubules reabsorb
67% of all filtered sodium, they consume only 27% of total
O
2
, resulting in a cortical pO

2
around 50mmHg [19–21]. In

contrast, Henle’s loops in the medulla receive 10% of RBF
and reabsorb 30% of sodium at a relatively high-energy cost.
They use 67% of all O

2
, and local pO

2
is as low as 10–

15mmHg under normal circumstances, which renders them
highly susceptible to ischemic injury [19, 20].

Theoretically, worsening of renal tissue oxygenation is the
consequence of reduced oxygen delivery or of increased oxy-
gen consumption. Examples of the first category are severe
renal artery stenosis, renal hypoperfusion due to septic or
cardiogenic shock, or severe anemia. Examples of the second
category are energy-consuming glomerular hyperfiltration as
seen in obesity and the early stages of diabetes, proinflamma-
tory pathways, and/or enhanced renal sodium reabsorption,
as present in essential hypertension.

Whatever the cause, the consequence of renal tissue
hypoxia is identical, that is, activation of hypoxia-induced
factors (HIF-1) and HIF-1 regulated genes. The activation
of these genes will not only lead to an increased erythro-
poiesis and to neoangiogenesis through activation of vascular
endothelial growth factor and inducible nitric oxide synthase,
but also to the stimulation of growth factors that cause
endothelial dysfunction, activation of inflammatory cells,
and oxidative stress, which will lead to tissue injury and
interstitial fibrosis [22, 23]. Whereas there is accumulated
evidence for a role of hypoxia in the development of acute
and chronic renal damage in animals, there is definitively less
information on the pathophysiological role of renal hypoxia
in humans.This is due essentially to methodological reasons.
Indeed, many techniques in animals allow measurement of
regional renal oxygen content, such as the insertion of oxygen
microelectrodes and the protoporphyrin phosphorescence
method [24]. Besides, hypoxia can be measured on dissected

kidney tissue using pimonidazole, a molecular “hypoxia
probe” which, following injection, binds to tissues with oxy-
gen tension below 10mmHg [15] or by tissue dosing of HIF-1
or hypoxia-responsive genes. Unfortunately, these techniques
are too invasive or not adapted to be used in humans.

3. Measurement of Renal Tissue Oxygenation
in Humans with BOLD-MRI

A relatively new technology called ‘BloodOxygenation Level-
Dependent Magnetic Resonance Imaging (BOLD-MRI),
offers now possibilities to assess renal tissue oxygenation
non-invasively in humans [25, 26]. The BOLD effect is
based upon the different magnetic attributes of hemoglobin.
Oxy-hemoglobin is diamagnetic, whereas deoxyhemoglobin
is paramagnetic. The magnetic field disturbances by para-
magnetic molecules result in a loss of phase coherence,
leading to signal attenuation on T2∗-weighted MR images.
Deoxygenated hemoglobin can therefore be used as an
endogenous contrast agent.The ratio of deoxyhemoglobin to
oxyhemoglobin con-centrations is proportional to the pO

2

of blood, and blood pO
2
is supposed to be in equilibrium

with the surrounding tissue. Hence, BOLD signal estimated
by transverse relaxation rate R2∗ (=1/T2∗) can be considered
as a sensitive indicator of tissue pO

2
[26]. The effect of the

manipulation of the oxy- to deoxyhemoglobin ratio results
in contrast changes in animals [27] and in humans [28]. R2∗
as measured by BOLD-MRI has been shown to correlate
well with tissue pO

2
[25, 29]. An example of MR images

as obtained using the BOLD-MRI technique in a healthy
volunteer is shown in Figure 1(a).

Since 1996, BOLD-MRI has been used in humans to eval-
uate, amongst others, the effect of water diuresis on renal
medulla and cortex in healthy volunteers [34, 35] and diabetic
patients [30] and to monitor changes in renal oxygenation
after administration of different drugs [36, 37] and after acute
renal ischemia [38, 39].

The BOLD-MRI technique itself has been criticized by
some [40, 41], arguing that it is difficult to acquire the same
anatomical slices in each participant when repeating the
BOLD-MRI exams. However, the intraobserver variability of
the cortical andmedullary R2∗ values is low when performed
by an experienced investigator and when using a standard-
ized breath-hold technique [42]. An identical prehydration
protocol and assessment of dietary sodium intake are at least
as important, since both factors have been shown to influence
the R2∗ signal (see below).

4. Renal Tissue Oxygenation in
Essential Hypertension

Essential hypertension is often characterized by an increased
sodium retention, either in the proximal or distal nephron
segments, a process requiring active sodium transport which
might lead to increased tubular oxygen consumption [43, 44].
Besides, the renin-angiotensin system is in general activated
in hypertensive patients, which may affect renal perfusion
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(a)
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Figure 1: Example of blood oxygenation level-dependentMRI (BOLD-MRI) in a healthy volunteer (a) and in a patient suffering from chronic
kidney disease (b). The anatomical templates are shown on the left side, the R2∗ maps in the middle, and the corresponding color maps on
the right; low R2∗ levels (and supposed higher tissue oxygenation) in red and high R2∗ levels in yellow.

and oxygen consumption [45]. Therefore, essential hyper-
tension could theoretically lead to cortical and medullary
hypoxia.

Indeed, studies in hypertensive rats using oxygen micro-
electrodes found pronouncedmedullary and cortical hypoxia
in spontaneously hypertensive animals as compared to nor-
motensive controls [14]. Most studies performed in humans
so far have focused on renal artery stenosis, as discussed in
more detail in another article of this number. Assessment
of renal tissue oxygenation in patients with essential hyper-
tension has only been performed in a few studies. In the
first study, Textor et al. reported higher medullary R2∗ levels
in 20 African-American hypertensive subjects, as compared
to 20 Caucasians suggesting a lower medullary oxygenation
in hypertensives [46]. This observation was explained by an
increased renal medullary volume (measured by contrast-
enhanced multidetector CT) per body surface area (BSA),
coupled with increased sodium reabsorption and urinary
prostaglandin F2 excretion in African Americans [47]. How-
ever, differences in age, body mass index (BMI), and esti-
mated GFR (eGFR) hampered the ability to generalize these
results. Besides, the study did not include a normotensive
control group.

Schachinger et al. showed that intravenous infusion of
angiotensin II to six healthy volunteers leads to an acute
rise in blood pressure (BP) and a simultaneous decrease of
cortical T2∗, suggesting a decrease in cortical oxygenation.

Unfortunately, medullary oxygenation was not assessed in
this study, and since hypertensionwas artificially induced, the
results cannot be translated to the hypertensive population
[48].

Finally, in our research unit, we have investigated
ten young normotensive and eight untreated hypertensive
men with BOLD-MRI after one week of a high sodium
(>200mmol/day) and again after one week of a low sodium
diet (<100mmol/day). Simultaneously, renal hemodynamics
and renal sodium handling were assessed using, respectively,
inulin-, PAH-, and endogenous lithium-clearances [47]. The
main finding was that a low sodium intake was associated
with an increasedmedullary oxygenation in both normo- and
hypertensive individuals, independently of changes in renal
perfusion. In our opinion, this is due to a salt depletion-
induced shift of the oxygen-consuming sodium transport
from the distal to the proximal tubules. Hence, the oxygen
consumption in medulla and distal nephron was reduced,
whereas oxygen consumption of the cortical proximal tubules
increased under low sodium conditions. Cortical oxygena-
tion was not altered, possibly due to the high cortical per-
fusion, and thus oxygen delivery, opposing the effect of
changes in oxygen consumption. Indeed, increased proximal
sodium reabsorption under low sodium conditions corre-
lated positively with medullary oxygenation in normotensive
individuals, yet not in hypertensive individuals. Hypertensive
individuals had increased proximal sodium reabsorption
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Table 1: Case control studies that have assessed renal oxygenation in diabetics.

Study Patient 𝑁 Age (y) eGFR
(mL/min/1.73m2)

MRI
(Tesla)

Medullary 𝑅2∗
(1/sec)

Cortical 𝑅2∗
(1/sec)

Epstein et al. (2002) [30] DM2 9 48 ± 3 119 ± 6 1.5 17 ± 0.5 13 ± 0.2
Control 9 51 ± 2 133 ± 7 1.5 17 ± 0.8 13 ± 0.2

Yin et al. (2012) [31] DM2 48 38–70 8–110 3 Higher Higher
Control 67 51 ± 14 n.m. 3 Lower Lower

Wang et al. (2011) [32] DM2 20 65 (49–77) 47 (14–71) 1.5 14 ± 2 11 ± 1
Control 7 35 (30–45) n.m. 1.5 19 ± 1 12 ± 1

Inoue et al. (2011) [33] DM2 43 59 ± 11 44 ± 28 1.5 n.m. 74 ± 8a

Control 10 36 n.m. 1.5 59 ± 5 74 ± 5a
a
𝑇2
∗ value instead of 𝑅2∗ value reported; n.m.: not mentioned.

under both low- and high-salt conditions, possibly explaining
this lack of correlation and hence further confirming the role
of the abnormal proximal reabsorption of sodium in hyper-
tension [44].

Interestingly, at any sodium intake, hypertensive patients
had slightly lower medullary R2∗ values than normotensive
subjects, suggesting an increased rather than a decreased
medullary oxygenation in young hypertensive men, again
possibly due to reduced medullary oxygen consumption as
a result of increased proximal sodium reabsorption.

It is important to note that this study was performed in
young hypertensive men, under extremely low or high sod-
ium-intake conditions, and the oxygenation patternmight be
different in older patients with hypertension-induced organ
damage.

Hence, acquired data in humans, so far, are not in line
with animal studies and show no clear difference between
normotensive and hypertensive subjects or even higher
medullary oxygenation in hypertension as compared with
normotensive controls. Whether this is due to less active
medullar sodium transport, adaptations in medullar micro-
circulation or altered arterial venous shunting as compared to
normal subjects merits further investigations. All presented
data should be interpreted with caution, due to the small
sample size, and confirmation in larger prospective studies is
needed.

5. Renal Tissue Oxygenation in
Chronic Kidney Disease

In clinical practice, renal ischemia has become a well-
accepted cause of acute renal failure in situations of circu-
latory shock, accounting for almost 50% of cases of acute
renal insufficiency [49]. However, the role of renal hypoxia
in the pathophysiology of chronic kidney diseases remained
largely underreported. Recently, Fine and Norman proposed
that kidney injury leads to a vicious circle of tissue fibrosis,
pursuant obliteration of the renal microvasculature, and
further hypoxia [50]. Their statement was based on the fact
that the extent of renal dysfunction is poorly associated with
changes in glomerularmorphology as seen in kidney biopsies
of patients with chronic renal disease, whereas it correlates

well with chronic tubulointerstitial fibrosis, a known conse-
quence of renal hypoxia [51]. Once installed, the reduction of
functional renalmass in CKD results in a number of common
functional, structural, and metabolic adaptations that lead to
further kidney damage, whatever the underlying cause [52].
Amongst these mechanisms are the activation of the renin-
angiotensin system, glomerular hyperfiltration in residual
glomeruli, the upregulation of inflammatory cytokines such
as TGF-𝛽which on his turn stimulates the formation of inter-
stitial fibrosis, the development of proteinuria, andworsening
of tissue hypoxia [52, 53].

Accumulating data from animal studies supports indeed,
a pathogenic role of tissue hypoxia in the chronic deteri-
oration of kidney function. The most convincing evidence
probably comes from Manotham et al., who have shown in
a remnant kidney model (which is a representative model
of CKD) that the number of hypoxic tubules was markedly
increased 4 and 7 days after subtotal (5/6) nephrectomy, as
compared to a sham-operated control group [15]. Hypoxia
was measured on kidney biopsies using immunostaining for
pimonidazole. Of interest, these findings occurred in parallel
with disturbed peritubular capillary perfusion and antedated
any histologic evidence of tubulointerstitial damage. Hypoxia
persisted until the development of interstitial fibrosis; in a
subgroup treated with olmesartan, an angiotensin II type 1
receptor blocker, blockade of the renin-angiotensin sys-
tem ameliorated peritubular capillary perfusion and tubu-
lar hypoxia and led to less interstitial fibrosis. Studies by
Johnson et al. have also demonstrated that chronic systemic
hypoxia causes renal interstitial damage and predisposes
animals to persistent hypertension and its renal damages [54].
Medullary hypoxia has been documented in animal studies
examining the development of diabetic nephropathy [55, 56].

BOLD-MRI can also be used to estimate renal tissue
oxygenation in CKD patients (Figure 1(b)), and several stud-
ies have used BOLD-MRI in humans to investigate renal
oxygenation in different forms ofCKD.Diabetic nephropathy
has been most frequently studied, and a summary of the
results is shown in Table 1. Only one study reported lower
medullary oxygenation in diabetics as compared with con-
trols; two found no differences, whereas one even reported
higher medullary oxygenation in diabetics. Concerning the
cortex, again only the study of Yin et al. reported a lower
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cortical oxygenation (higher R2∗ levels) in diabetics as com-
pared with controls [31]; the other studies found no differ-
ences. However, large differences existed in eGFR of the dia-
betics included in these studies.Moreover, different standard-
ization procedures were followed (sober versus prehydration,
medication withdrawal versus none), further hampering
direct comparisons. In the study of Yin et al., diabetics were
divided into four groups of increasing kidney damage (stage
I–IV, according toMogensen). Althoughmedullary oxygena-
tionwas slightly lower in all diabetic groups as comparedwith
controls, medullary oxygenation increased with worsening
kidney function, despite the fact that hemoglobin levels
strongly decreased, and age increased from stage I to IV.This
unexpected findingwas explained by the authors as a possible
sign of decreased oxygen consumption due to reduced GFR
and active tubular transport. This could suggest that in
advanced CKD, reduced tubular oxygen consumption out-
levels reducedmedullary perfusion and oxygen diffusion and
that progressive interstitial fibrosis merely increases rather
than decreases medullary oxygenation.

The largest study so far assessing renal oxygenation at
different degrees of kidney dysfunction was recently reported
by Michaely et al. [57]. This study included 400 patients who
underwent MR imaging for nonspecific reasons, including
staging of abdominal tumors and MR angiographies of
intra-abdominal vessels. Of them, 280 patients had available
serum creatinine values, and all KDOQI stages of CKD
were represented. No correlation was found between R2∗
values and eGFR (according to the MDRD formula [58]),
and R2∗ values were not affected by age and gender. Hence,
despite some shortcomings of this study (no information
on medication or dietary sodium intake, no standardization
of BOLD and creatinine measurement), it seems that renal
oxygenation is kept constant over a broad range of physi-
ological and pathological conditions. As such, the findings
of Michaely et al. put into question whether “chronic renal
hypoxia” truly exists in humans or whether acute episodes
of hypoxia are “corrected” by, for example, alterations in
renal microcirculation and HIF-induced interstitial fibrosis.
In linewith this hypothesis, Juillard et al. have described acute
increases in cortical and medullary R2∗ levels the first days
after subtotal clipping of the renal artery [38]. Yet, four weeks
after clipping, renal hypoxia could no longer be detected [59].

6. Antihypertensive Drugs and
Renal Oxygenation

The use of blockers of the renin-angiotensin system (RAS
blockers) as antihypertensive and antiproteinuric medication
has been particularly effective in slowing the progression of
renal disease in type 2 diabetics [60], and all existing guide-
lines advise to introduce an angiotensin converting enzymes
inhibitor (ACEI) or an angiotensin II receptor blocker (ARB)
in diabetic patients with CKD, as soon as microalbuminuria
is detected or in case of hypertension [61].

Animal studies have suggested that administration of
RAS blockers leads to an acute increase in renal tissue
oxygenation [24, 53]. In humans, Djamali et al. reported

a decrease in cortical R2∗ levels, suggesting increased oxy-
genation, in nine healthy volunteers two hours after the intake
of 50mg of losartan [62].

We recently performed a cross-over pilot study in twelve
patients with type 2 diabetes and CKD (mean age 60 y, eGFR
62 mL ± 22min/1.73m2). Patients were either already on
treatment with an ACEI or ARB or had a formal indication
to start one (hypertension, (micro)albuminuria, or both). In
this study, cortical and medullary R2∗ levels were not altered
after one month of enalapril (20mg qd) nor after one month
of candesartan (16mg qd) as compared with baseline (data
presented at the 5th International meeting of the French
Society of Hypertension, Paris, France, December 2011).
Acute changes in R2∗ levels were not assessed in this study.
However, in combination with the study of Djamali et al.,
one might conclude that RAS blockers induce acute yet not
chronic increases in renal oxygenation.

The administration of furosemide has been shown to
induce in an acute drop of medullary and to a lesser degree
cortical R2∗ levels in healthy volunteers, in diabetics, and
in patients with renal artery stenosis suggesting a diuretic-
induced increase in renal oxygenation [21, 46]. The effect of
furosemide on renal oxygenation has been attributed to a
reduction of the active oxygen-consuming sodium transport
in the ascending loop of Henle [46]. To the best of our
knowledge, no studies have assessed the effect of chronic
furosemide intake on renal oxygenation.

7. Conclusions and Perspectives

Taken together, the BOLD-MRI technique has opened an
exciting new field of research that allows for the first time the
assessment of renal oxygenation non-invasively in humans.
The changes in renal oxygenation observed in response to
furosemide or in association with dietary sodium intake
suggest that renal sodium handling is one of the main deter-
minants of renal tissue oxygenation.

So far, no studies have convincingly demonstrated that
renal oxygenation is reduced in essential hypertension, dia-
betes, or CKD. These findings are in contrast with most
animal studies. First of all, it might be that BOLD-MRI is not
sensitive enough or simply not as good a tool to assess renal
oxygenation. Indeed, the assumption that tissue oxygenation
varies with blood oxygenation might not always hold in
kidneys that are characterized by profound arteriovenous
oxygen shunting. Nonetheless, several animal studies have
validated this technique. Another possibility is that animal
studies provide excellent models to study short-term changes
in oxygenation but that they are suboptimal in simulating the
long-term changes and adaptations in the kidney that might
have occurred after several decades of exposure to chronic
disease states such as diabetes or hypertension. Whatever
the truth may be, BOLD-MRI and other new radiological
techniques that study renal functioning non-invasively merit
the full attention of clinicians, and their development will
certainly help to further unravel the role of renal oxygenation
in the development and progression of essential hypertension
and CKD in humans.
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