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Abstract: Blood oxygen level-dependent magnetic resonance imaging (BOLD MRI) has 

recently emerged as an important noninvasive technique to assess intrarenal oxygenation under 

physiologic and pathophysiologic conditions. Although this tool represents a major addition 

to our armamentarium of methodologies to investigate the role of hypoxia in the pathogenesis 

of acute kidney injury and progressive chronic kidney disease, numerous technical limitations 

confound interpretation of data derived from this approach. BOLD MRI has been utilized to 

assess intrarenal oxygenation in numerous experimental models of kidney disease and in human 

subjects with diabetic and nondiabetic chronic kidney disease, acute kidney injury, renal allograft 

rejection, contrast-associated nephropathy, and obstructive uropathy. However, confidence in 

conclusions based on data derived from BOLD MRI measurements will require continuing 

advances and technical refinements in the use of this technique.

Keywords: kidney, hypoxia, oxygenation, diabetes mellitus, chronic kidney disease, acute 
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Introduction
Measurement of renal oxygenation has traditionally relied on invasive techniques 

in animal models. In fact, direct measurement of oxygen partial pressure (pO
2
) by 

oxygen-sensing electrodes penetrating the renal parenchyma remains the gold standard 

for assessing renal tissue oxygenation. In humans, renal oxygenation can be inferred 

from direct measurements of arterial and venous blood oxygen levels. However, in the 

mid 1990s, blood oxygen level-dependent magnetic resonance imaging (BOLD MRI) 

emerged as a noninvasive technique to assess intrarenal oxygenation in humans and 

experimental animals. BOLD MRI utilizes deoxygenated hemoglobin as an endogenous 

marker to measure tissue oxygenation. The major strength of this technique lies in its 

ability to perform repeated measurements of renal oxygenation in the same individual 

without invasive maneuvers that may impact the parameters being measured. However, 

numerous technical limitations confound interpretation of these data. Studies utilizing 

this technique to examine renal physiology and disease states are discussed along with 

limitations in interpretation of the results.

Technical challenges
BOLD MRI measurements are based on changes in the magnetic properties of hemo-

globin that accompany its conversion from oxyhemoglobin to deoxyhemoglobin. 

Deoxyhemoglobin generates magnetic moment due to its unpaired iron electrons. 

Increased deoxygenated hemoglobin concentrations lead to alterations in the magnetic 
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spin properties of neighboring water molecules, which 

speeds up magnetic spin dephasing and decreases signal 

intensity on apparent spin–spin relaxation time-weighted 

(T2*) magnetic resonance images. The rate of magnetic spin 

dephasing, R2*(=1/T2*), is a measure of the tissue content 

of deoxygenated hemoglobin, which in turn reflects tissue 

pO
2
. A decrease in R2* implies decreased deoxygenated 

hemoglobin concentration and increased tissue pO
2
. Increas-

ing magnetic field strength from 1.5 to 3 Tesla increases 

BOLD MRI signal strength and magnifies changes in R2*, 

resulting in increased sensitivity and reliability, despite an 

increase in susceptibility artifacts.1 The relationship between 

BOLD MRI signal intensity and renal oxygen tissue levels 

has been established by direct measurements of tissue pO
2
 

utilizing oxygen-sensing microelectrodes and fiberoptic 

probes in experimental models of streptozotocin-induced 

diabetes mellitus and aortic occlusion and before and after 

furosemide challenge and nitric oxide synthase inhibition, 

and by correlation with direct measurements of tissue pO
2
 

after changes in inhaled oxygen levels.2–7

Numerous technical limitations confound interpretation 

of BOLD MRI measurements of renal oxygenation.8 BOLD 

MRI signal intensity may be influenced by hydration status, 

sodium avidity, vascular volume, age, and perhaps the sex 

of the subjects studied. Vessel geometry and factors that 

affect the oxygen dissociation curve, such as body tempera-

ture, hematocrit, and blood pH, may also influence BOLD 

MRI signal intensity.8 Knowledge of these limitations may 

help explain discrepant data obtained by different groups of 

investigators studying the same disease state.

Oxygen partial pressure in the renal cortex is on the 

shallow portion of the oxyhemoglobin dissociation curve. 

Therefore, a small change in cortical oxygenation may not 

be detected by BOLD MRI. In contrast, an identical change 

in pO
2
 in the renal medulla may be detected by this technique 

since the renal medulla lies on a steeper portion of the oxy-

hemoglobin dissociation curve.8

One must also appreciate that tissue oxygen levels are 

determined by multiple factors. These factors include oxygen 

delivery via renal blood flow, oxygen consumption determined 

primarily by sodium transport, efficiency of oxygen utiliza-

tion, and arteriovenous diffusive shunting of oxygen. BOLD 

MRI measurements reflect tissue oxygen levels but cannot 

differentiate between these factors. Moreover, quantitative 

interpretation of BOLD MRI signal intensity is limited by 

the fact that these measurements are only indirectly related to 

tissue oxygen levels and therefore cannot provide quantitative 

data in the absence of direct calibration. The absolute 

magnitude of the signal is a less reliable measure than are 

serial measurements of relative changes in signal intensity in 

the same subject. Moreover, intersubject variations in hydra-

tion status, sodium avidity, hematocrit, and medications that 

influence oxygen balance may affect the magnitude of the 

BOLD MRI signal and confound interpretation of data. These 

factors complicate comparison of signal intensity among dif-

ferent subjects to imply differences in renal tissue pO
2
. Thus, 

this technique is best suited to compare changes in individual 

subjects before and after an intervention. Nevertheless, and 

despite this caveat, numerous investigators have utilized 

BOLD MRI to compare renal oxygenation among different 

groups of subjects.

The use of BOLD MRI signal intensity to reflect tissue 

oxygenation is predicated on the assumption that tissue 

oxygen levels are in equilibrium with and are proportional 

to blood oxygen levels. In disease states, capillary oxygen-

ation may not be in equilibrium with tissue oxygen due to 

interstitial deposition of extracellular matrix, which may 

reduce oxygen diffusion from capillaries to the surrounding 

tissue. Moreover, increases in renal blood flow and oxygen 

delivery could be dissociated from changes in renal tissue 

oxygen levels in the absence of changes in oxygen consump-

tion as a result of increased arteriovenous diffusive shunting 

of oxygen.9

The use of the term oxygenation to describe changes in 

R2* values measured by BOLD MRI is incorrect insofar as 

these values reflect not only oxygenation but also a myriad of 

other factors, including hematocrit and tissue water content. 

However, in the interest of simplicity, we will refer to changes 

in R2* values as changes in oxygenation except where there 

is a discrepancy between R2* values measured by BOLD 

MRI and directly measured pO
2
.

Studies performed by Pohlmann et al4 have contributed 

greatly to our understanding of the technical challenges 

inherent in interpretation of BOLD MRI data. These inves-

tigators developed a novel rat model whereby experimental 

manipulations could be performed remotely with simultane-

ous monitoring of both intrarenal pO
2
 by oxygen-sensitive 

probes and T2* by BOLD MRI in the same kidney. Changes 

in T2* (an increase in T2* implies increased oxygenation) 

correlated with changes in intrarenal pO
2
, but the relation-

ship was confounded by numerous factors, including changes 

in vascular and tubular volume fraction and factors that 

influenced oxyhemoglobin dissociation kinetics. The cor-

relation between T2* and pO
2
 was significant in all tissue 

compartments, but varied in strength among the compart-

ments. The correlation was closest in the outer medulla. 
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The correlation between T2* and pO
2
 also varied among the 

different experimental interventions (hyperoxia, hypoxia, 

aortic occlusion). Although T2* also correlated with kidney 

size, the strongest correlation was observed between T2* 

and renal blood flow.

The correlation between outer medullary T2* and pO
2
 was 

linear for all tissue compartments, whereas cortical T2* and 

pO
2
 showed a significant linear correlation only with aortic 

occlusion. The weak correlation between cortical T2* and 

pO
2
 may reflect both arteriovenous diffusive oxygen shunting 

and hemoglobin saturation kinetics. During aortic occlusion, 

the fall in pO
2
 was much greater than the decline in T2*. This 

discordance was associated with reduced kidney size, and 

may be explained by a reduced blood volume fraction result-

ing in reduced deoxyhemoglobin volume fraction. During 

reperfusion, pO
2
 immediately began to recover, whereas T2* 

continued to decline before recovering. The authors attributed 

the slow recovery of T2* to the increased blood volume frac-

tion resulting in increased deoxyhemoglobin volume fraction. 

However, this conclusion may not be warranted since only one 

measurement of T2* was made during the occlusion period 

and the nadir T2* may not have been documented. These 

investigators also found that the fall in T2* in response to 

hypoxia was greater than the fall in T2* during aortic occlu-

sion. They attributed this aberration to a shift in the oxyhe-

moglobin dissociation curve in response to decreased pCO
2
 

associated with hypoxic respiratory drive and to a larger fall 

in blood volume fraction during aortic occlusion associated 

with a greater tubular volume fraction. These differences in 

the relationship of T2* to pO
2
 among different tissue compart-

ments and among different experimental manipulations may 

reflect the contributions of blood and tubular volume fraction 

and hemoglobin saturation kinetics to BOLD MRI signal 

strength. These interrelationships clearly confound the use of 

BOLD MRI measurements to imply intrarenal pO
2
.

In an attempt to better define the relationship between 

R2* (an increase in R2* implies reduced oxygenation) and 

pO
2
, Zhang et al5 utilized a two-step mathematical model to 

estimate intrarenal pO
2
 from BOLD MRI signals and validated 

their approach in pigs by direct measurement of tissue pO
2
 

with oxygen-sensing microelectrodes. pO
2
 measurements 

and BOLD MRI scans were performed in the same animals 

5–7 days apart. These investigators found a linear relation-

ship between their BOLD MRI-derived pO
2
 calculations and 

directly measured pO
2
. Since their validation studies were per-

formed in kidneys from normal animals, it is not clear whether 

or not their approach may be translated to diseased kidneys. 

The work of Zhang et al5 also relates to observations made by 

numerous investigators that chronic kidney disease (CKD), 

water loading, and the administration of furosemide reduces 

or eliminates the spatial corticomedullary pO
2
 gradient as 

reflected in the loss of corticomedullary differentiation of 

R2*. Utilizing their mathematical modeling approach, these 

investigators failed to confirm loss of corticomedullary dif-

ferentiation after furosemide. These results may be explained 

by anatomic and physiologic differences between the renal 

medulla and cortex. Since the renal medulla exhibits reduced 

vascularity and a lower hematocrit than the cortex, the authors 

suggest that similar R2* values in the renal cortex and medulla 

actually reflect a lower pO
2
 in the medulla.

Investigations of renal physiology
Most of the high rate of oxygen consumption by the kidney 

is due to reabsorption of filtered sodium by the medullary 

thick ascending limb of the loop of Henle. The ratio between 

glomerular filtration rate (GFR, a determinant of oxygen 

consumption due to tubular solute delivery and active sodium 

transport) and renal blood flow (a determinant of oxygen 

delivery) is the filtration fraction, which is relatively constant 

in healthy subjects under physiologic conditions.10 Under 

these circumstances, renal tissue oxygenation would tend to 

be preserved despite a reduction in oxygen delivery due to a 

proportionate reduction in oxygen consumption. However, 

the relationship between renal blood flow and intrarenal 

oxygenation is more complex. Changes in the magnitude 

of arteriovenous oxygen diffusive shunting in response to 

changes in renal blood flow also contribute to renal oxygen 

balance.10 The parallel relationship between renal blood flow 

and renal oxygenation can be dissociated by administration of 

vasoactive agents and by altered nitric oxide bioavailability 

as a result of changes in filtration fraction, oxygen consump-

tion, and/or efficiency of oxygen utilization.10

Inspiratory oxygen level
The relationship of tissue pO

2
, as a function of inhaled frac-

tion of oxygen in the range of 5%–70%, to measured R2* 

in the renal medulla and cortex, was found to be linear in 

pigs in which renal tissue pO
2
 was measured directly with 

oxygen-sensitive electrodes.3 Consistent with these observa-

tions, inhalation of pure nitrogen or 10% oxygen reduced 

oxygenation in all renal compartments in experimental 

animals.4,11,12

Breathing 100% oxygen increases arterial plasma 

pO
2
, but has a minimal effect on the deoxyhemoglobin/

oxyhemoglobin ratio in healthy subjects since hemoglobin 

oxygen saturation is nearly complete. However, inhalation of 
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100% oxygen moderately increases hemoglobin saturation 

in venous plasma.13 In animal models, several investigators 

have utilized BOLD MRI to demonstrate that breathing pure 

oxygen increases oxygenation in all renal compartments.4,12 

Pohlmann et al4 confirmed these findings in pigs with simul-

taneous BOLD MRI measurements and direct measurements 

of pO
2
 performed in the same kidney. Although the data are 

not entirely consistent, most BOLD MRI studies in humans 

have demonstrated that breathing 100% oxygen increases 

intrarenal oxygenation in the medulla but not in the cortex, 

suggesting nonsaturation of renal medullary oxygenation 

under physiologic conditions.13–17 Addition of a vasodilator 

gas exaggerates the medullary response but has a less consis-

tent effect in the cortex.13,15,16 In this regard, it is interesting to 

note that hyperbaric oxygen has been shown to exert a protec-

tive effect in an ischemia/reperfusion model in the rat.18

Sodium avidity
A role for dietary sodium intake as a confounder in BOLD 

MRI studies was demonstrated by Pruijm et al,19 who showed 

that medullary oxygenation was higher after salt loading of 

sodium-depleted normotensive and hypertensive young men 

(n=18). The authors demonstrated enhanced proximal tubule 

sodium reabsorption under low sodium intake conditions, 

which they postulated led to reduced medullary oxygen 

consumption by reducing distal sodium delivery and solute 

transport.

Diuretics
Furosemide increases medullary oxygenation despite a 

reduction in medullary blood flow and oxygen delivery. This 

is due to an overriding decrease in oxygen consumption as 

a result of inhibition of medullary thick ascending limb 

sodium transport.20,21 In humans studied with BOLD MRI, 

furosemide increased medullary oxygenation without affect-

ing cortical oxygenation in young healthy volunteers but 

not in elderly women.20–22 Interestingly, chronic furosemide 

therapy attenuated the increase in medullary oxygenation 

after furosemide challenge in subjects with renal artery 

stenosis.23

Zhang et al5 evaluated the response to furosemide in pigs. 

They compared pO
2
 modeled from BOLD MRI signals with 

direct measurements of pO
2
 obtained with oxygen-sensing 

microelectrodes in a similarly treated group of animals. 

Medullary pO
2
 was higher in both analyses. In contrast, 

directly measured cortical pO
2
 was relatively unchanged 

despite an increase in BOLD MRI-modeled cortical pO
2
. 

In healthy subjects (n=9) studied by the same investigators, 

furosemide increased BOLD MRI-modeled pO
2
 in the 

medulla but not in the cortex.

In experimental models of diabetes mellitus characterized 

by global renal hypoxia documented on BOLD MRI, furo-

semide increased cortical and medullary oxygenation.11,24,25 

In humans with early type 1 diabetic nephropathy with pro-

teinuria studied by BOLD MRI, furosemide also increased 

cortical and medullary oxygenation.26 Pruijm et al27 studied 

the response to furosemide in healthy controls (n=45), sub-

jects with CKD (n=95), and treated hypertensive subjects 

with well-preserved renal function (n=58). The furosemide-

induced increase in medullary renal oxygenation seen in 

healthy controls was blunted in CKD and in hypertensive 

subjects. The reduced response to furosemide in CKD was 

attributed to reduced delivery of furosemide to the kidney. 

The reduced response to furosemide in hypertensive subjects 

was attributed to enhanced basal proximal sodium reabsorp-

tion resulting in decreased distal sodium delivery, solute 

transport and oxygen consumption, and/or altered mitochon-

drial metabolism and reduced oxygen consumption.

Administration of acetazolamide to healthy subjects by 

Brezis et al28 increased cortical but not medullary oxygen-

ation, corresponding to its site of action to inhibit proximal 

tubule sodium transport. In contrast, Prasad et al21 found no 

effect of acetazolamide on intrarenal oxygenation in healthy 

volunteers.

In a porcine model, administration of furosemide reduced 

R2* in both the renal cortex and medulla, whereas aceta-

zolamide reduced R2* in the cortex but not the medulla.6 

However, direct measurement of intrarenal pO
2
 in another 

group of similarly treated animals demonstrated only an 

increase in medullary pO
2
 after administration of furosemide 

but an increase in both cortical and medullary pO
2
 after 

acetazolamide.

Pedersen et al29 showed that furosemide increases water 

content in all regions of the rat kidney in association with a 

reduction in R2* that was more prominent in the cortex than 

in the medulla. Tubular dilation and increased water volume 

fraction after furosemide might reduce blood and deoxyhe-

moglobin volume fraction and reduce R2*, independent of 

changes in intrarenal pO
2
. This scenario might explain the 

decrease in cortical R2* after furosemide observed in some 

BOLD MRI studies despite unchanged directly measured 

cortical pO
2
. The role of renal water content in influencing 

BOLD MRI signal strength is an important issue. Spin–spin 

relaxation rate (R2) is very sensitive to changes in tissue water 

content and may have effects on R2* that are independent of 

deoxyhemoglobin content. Prasad et al21 demonstrated that 
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changes in R2, and therefore changes in renal water content 

after water diuresis and after furosemide, contributed little 

to the BOLD effect. However, Vivier et al30 concluded the 

opposite. These investigators found that furosemide increased 

R2* in the renal medulla and to a lesser degree in the renal 

cortex of healthy subjects. They found that the contribution 

of ∆R2 to ∆R2* in the medulla were small but significant, 

whereas the contribution of ∆R2 to ∆R2* in the cortex was 

large. They suggested that ∆R2* be corrected for ∆R2 to 

the influence of changes in water content on the BOLD 

effect. Moreover, these investigators estimated measurement 

uncertainty due to intraobserver and interobserver variability, 

and concluded that their data showing increased R2* after 

furosemide in the renal medulla data were robust while those 

for the renal cortex were of low confidence.

Water diuresis
Prasad et  al31 and Tumkur et al32 demonstrated that water 

diuresis increased medullary but not cortical oxygenation in 

young healthy subjects studied by BOLD MRI, but not so in 

the elderly. This effect was mediated by increased synthesis of 

vasodilator prostaglandins which increase renal blood flow and 

oxygen delivery while inhibiting Na-K-ATPase and reducing 

oxygen consumption.32 Other investigators have demonstrated 

an increase in both medullary and cortical oxygenation after 

water diuresis.30 In subjects with type 2 diabetes (n=9), a dura-

tion of diabetes of less than 5 years, and no overt nephropathy, 

renal medullary oxygenation did not improve with diuresis, 

as was the case in young healthy volunteers.33 Similarly, other 

investigators have demonstrated that water diuresis failed to 

improve medullary oxygenation in early type 2 diabetic neph-

ropathy and in healthy subjects at risk for diabetes mellitus, 

although cortical oxygenation increased slightly.34

Angiotensin II
In animal models, angiotensin II infusion decreases renal 

oxygenation due to reduced oxygen delivery resulting from 

vasoconstriction and loss of peritubular capillary beds and 

increased generation of reactive oxygen species leading to 

inefficient cellular respiration.35 Angiotensin II inhibitors and 

angiotensin receptor blockers would be expected to increase 

intrarenal oxygenation by increasing oxygen delivery due to 

increased renal blood flow, by decreasing oxygen consump-

tion due to decreased filtration fraction and reduced filtered 

sodium load, and by increasing the efficiency of oxygen utili-

zation due to reduced generation of reactive oxygen species.17 

These agents ameliorate renal hypoxia in experimental 

models of diabetes mellitus, in the remnant kidney, and in 

angiotensin II-mediated models of hypertension, independent 

of blood pressure control.17

Administration of angiotensin II to healthy male subjects 

examined by BOLD MRI (n=6) led to renal hypoxia.36 In 

healthy subjects (n=9) studied 2 hours after administration 

of an angiotensin receptor antagonist, cortical but not med-

ullary oxygenation increased.37 In another group of healthy 

subjects (n=5), no change in oxygenation of the renal cor-

tex or medulla was observed after chronic treatment with 

a direct renin inhibitor or after acute administration of an 

angiotensin-converting enzyme inhibitor.38 Similarly, no 

change in cortical oxygenation was observed after acute 

administration of an angiotensin receptor antagonist in 

healthy subjects.39

Pruijm et al26 found no change in renal tissue oxygen-

ation by BOLD MRI after chronic administration of an 

angiotensin-converting enzyme inhibitor or an angiotensin 

receptor blockade in type 2 diabetics (n=12) with protei-

nuria and mild–moderate renal functional impairment. In 

both diabetic (n=7) and nondiabetic (n=7) subjects with 

CKD studied by Manotham et  al,39 cortical hypoxia was 

reversed 1 hour after administration of an angiotensin 

receptor antagonist. In contrast, 2 hours after administra-

tion of an angiotensin receptor antagonist, oxygenation was 

unaltered in subjects with CKD due to chronic allograft 

nephropathy (n=10).37 In diuretic-treated subjects with 

CKD (n=5), no significant change in oxygenation of the 

renal cortex or medulla was observed after chronic treat-

ment with a direct renin inhibitor or after acute administra-

tion of an angiotensin-converting enzyme inhibitor.38 The 

authors underscored the observation that the T2* cortex to 

medulla ratio fell in the CKD subjects, but not in healthy 

volunteers; however, the significance of this observation 

may be questioned.5

Perhaps these inconsistent results reflect different 

responses to acute versus chronic interruption of the renin/

angiotensin system. However, more general issues may 

have contributed to inconsistent results obtained by different 

investigators after the same intervention in the same disease 

state. For example, differences in the response to renin/

angiotensin system blockade between CKD subjects studied 

by Manotham et al39 and those studied by Siddiqi et al38 may 

be due to problems inherent in comparing responses between 

different groups of subjects who may differ in hematocrit, 

hydration status, sodium avidity, age, and medication use. 

Moreover, failure to adequately account for differences in 

disease-related factors that might influence intrarenal oxy-

genation, such as glycemic control and the degree of renal 
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functional impairment, might also contribute to discrepant 

results.

Nitric oxide
In animal models, nitric oxide is thought to increase intrare-

nal oxygenation by increasing oxygen delivery as a result of 

vasodilation and increased renal perfusion and by reducing 

oxygen consumption as a result of inhibition of tubular sodium 

transport, competition with mitochondrial cytochrome oxidase 

C, and quenching of oxygen free radicals. Inhibition of nitric 

oxide synthase reduced medullary oxygenation in rats studied 

by BOLD MRI, whereas the response in the renal cortex was 

variable.7,40,41 Li et al7 measured R2* by BOLD MRI and intra-

renal pO
2
 by oxygen-sensitive microbes in rats treated with an 

inducible nitric oxide synthase inhibitor and found reduced 

medullary oxygenation which was attributed, at least in part, 

to reduced renal blood flow. These investigators demonstrated 

a hypoxic response to nitric oxide inhibition in both the cortex 

and medulla of healthy young human volunteers.7 A renal 

hypoxic response to nitric oxide synthase inhibition was also 

seen in streptozotocin-induced diabetes, but was blunted in 

diabetic rats subjected to unilateral nephrectomy.40 This result 

was attributed to reduced nitric oxide bioavailability in diabetic 

animals. In this context, Li et al have also shown a reduced 

response to nitric oxide inhibition in the kidneys of geneti-

cally hypertensive rats. In BOLD MRI studies performed by 

Menzies et al41 in the rat, acetylcholine increased cortical and 

medullary oxygenation by a nitric oxide-dependent mechanism. 

Chronic infusion of angiotensin II abolished the responses to 

both acetylcholine and nitric oxide synthase inhibition, sug-

gesting that angiotensin II reduced nitric oxide bioavailability. 

In another study, a role for nitric oxide was demonstrated in 

mediating the increase in medullary and cortical oxygenation 

seen after water loading.42

Chronic kidney disease
Fine et  al43 were the first to propose the chronic hypoxia 

hypothesis, which suggests that renal tissue hypoxia is a final 

common pathway leading to progression of CKD. According 

to this theory, inciting glomerular injury promotes oblitera-

tion of the glomerular microvasculature and downstream 

peritubular capillaries, leading to renal tissue hypoperfusion 

and reduced oxygen delivery. Other factors that may promote 

tissue hypoxia include vasoconstriction due to alterations in 

the balance of vasoactive substances and the development 

of anemia. Ongoing tubulointerstitial injury, inflammation, 

and fibrosis may increase the barrier to oxygen diffusion and 

further reduce renal tissue oxygen delivery. Generation of 

reactive oxygen species, increased angiotensin II levels, and 

reduced levels of nitric oxide may reduce the efficiency of 

oxygen utilization for sodium transport, increasing oxygen 

consumption per unit solute transport. Renal hypoxia in turn 

may promote fibrogenesis, stimulates the release of inflam-

matory cytokines and the generation of reactive oxygen 

species, and also increases systemic blood pressure and cel-

lular apoptosis. These processes are postulated to promote 

progressive kidney injury.

Oxygen balance in the diseased kidney is likely more 

complex. The mere reduction of renal blood flow and oxygen 

delivery does not necessarily result in renal hypoxia due to 

other factors which contribute to renal oxygen balance. For 

example, progressive CKD is characterized by reduced GFR 

as well as renal tissue hypoperfusion. A decline in GFR may 

decrease tubular solute delivery and solute transport which 

in turn would reduce oxygen utilization. If the reduction 

in oxygen utilization offsets the reduction in renal oxygen 

delivery caused by renal tissue hypoperfusion, then the net 

effect will be no change in renal oxygenation or even renal 

hyperoxia. Thus, even if we accept the Fine and Norman 

hypothesis,43 we cannot assume that CKD is associated 

with chronic renal hypoxia, but instead must rely on actual 

measurements of renal tissue oxygenation. Early CKD may 

be associated with renal hypoxia but this condition may not 

extend to more advanced CKD. CKD may be associated 

with adaptations to hypoxia and anatomic changes that help 

to maintain oxygen homeostasis. In advanced CKD, reduced 

GFR and decreased filtered solute load and tubular solute 

transport may alter the balance between oxygen delivery and 

oxygen consumption to favor preservation of tissue oxygen-

ation or even hyperoxia despite reduced oxygen delivery. 

Although studies utilizing early remnant kidney models have 

demonstrated intrarenal hypoxia by direct measurements 

of renal tissue pO
2
 with oxygen-sensing electrodes, this 

is not the case in more advanced disease where hyperoxia 

has been demonstrated. Studies performed in a 6–8-week 

remnant kidney model found increased intrarenal pO
2
 by 

direct measurement.44 These data are consistent with the 

hypothesis that, in advanced kidney disease, renal hypoxia 

may be supplanted by hyperoxia when a reduction in oxygen 

consumption due to decreased GFR and reduced tubular 

solute transport outstrips reduced renal oxygen delivery due 

to renal tissue hypoperfusion.

Numerous investigators have utilized BOLD MRI to assess 

intrarenal oxygenation in CKD (Figure 1). In subjects with 

CKD due primarily to chronic glomerulonephritis (n=11), 

studied by Xin-Long et al,45 hypoxia of the cortex and medulla 

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nephrology and Renovascular Disease 2014:7 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

427

BOLD MRI and renal oxygenation

nature of the underlying disease. Neither estimated GFR nor 

systemic blood pressure correlated with cortical or medullary 

R2*; however, cortical R2* correlated with male sex, blood 

glucose levels, and uric acid levels. These data, collected 

under standardized conditions, suggest that either hypoxia 

does not play a role in the genesis or progression of CKD in 

humans or that BOLD MRI is not sensitive enough to detect 

small differences in renal oxygenation, particularly in light 

of the heterogeneity of intrarenal tissue oxygenation.

Diabetic nephropathy
Diabetic nephropathy has been the subject of numerous inves-

tigations employing BOLD MRI to assess renal oxygenation in 

animal models and in humans (Figures 2, 3A and B).2,11,24–26,40,46–50 

With few exceptions, renal hypoxia has been demonstrated by 

BOLD MRI in experimental models of diabetes mellitus, 

including streptozotocin-induced diabetes in the rat, Cohen 

diabetic rats, and db/db mice.2,11,24,25,48 Of note, Peng et al24 also 

found increased fat content in kidneys from db/db mice, which 

may have contributed to the observed reduction in T2* attrib-

uted to hypoxia. Five days after induction of diabetes mellitus 

in rats with streptozotocin, Ries et al11 utilized BOLD MRI to 

demonstrate hypoxia in all regions of the kidney, in particular in 

the outer stripe of the outer medulla. Oxygenation did not cor-

relate with glycemia or creatinine levels. Similarly, dos Santos 

et al2 utilized BOLD MRI to demonstrate decreased cortical 

and outer medullary oxygenation in rats with streptozotocin-

induced diabetes mellitus and confirmed these findings by 

direct measurements of tissue pO
2
 utilizing oxygen-sensitive 

microelectrodes. Fourteen days after induction of diabetes mel-

litus in rats with streptozotocin, Edlund et al48 utilized BOLD 

MRI to demonstrate reduced oxygenation in the inner stripe 

of the outer medulla but no change in other regions.

Manotham et al39

Pruijm et al27

Michaely et al47

Khatir et al17

Cortex

Xin-Long et al45

Medulla

Cortex Medulla

Cortex Medulla

Cortex Medulla

Cortex Medulla

Figure 1 Intrarenal oxygenation in human subjects with chronic kidney disease 
studied by blood oxygen level-dependent magnetic resonance imaging. 
Note: White indicates no change from control. Blue indicates reduced oxygenation.

was demonstrated by BOLD MRI, despite well preserved GFR 

in most of the subjects. Manotham et al39 also demonstrated 

cortical hypoxia in subjects with moderate diabetic (n=7) and 

nondiabetic (n=7) CKD. BOLD MRI was utilized by Inoue 

et al46 to study 76 subjects with nondiabetic CKD primarily 

due to hypertensive nephrosclerosis and chronic glomerulone-

phritis. These investigators demonstrated a correlation between 

estimated GFR and renal oxygenation. In contrast, Djamali 

et al37 utilized BOLD MRI to demonstrate increased oxygen-

ation in the renal medulla and cortex of subjects with CKD 

due to chronic allograft nephropathy. To add to this confusion, 

both Siddiqi et al38 and Khatir et al17 found no difference in 

renal cortical or medullary oxygenation in subjects with CKD 

(n=10 and n=11, respectively) versus healthy controls.

Michaely et al47 studied a large cohort of subjects with 

CKD and found no relationship between BOLD MRI signal 

intensity and age, sex, estimated GFR, or stage of CKD in 

a large cohort of 342 subjects with CKD. The authors con-

cluded that progressive kidney disease was not associated 

with renal hypoxia. These data are inconsistent with the 

chronic hypoxia hypothesis insofar as reduced intrarenal oxy-

gen levels are predicted, at least in the early stages of CKD. 

These data also contradict earlier studies of small groups of 

subjects that demonstrated reduced oxygenation in the elderly 

and in males as compared with females. However, numerous 

technical limitations and design flaw confound interpretation 

of the data reported by Michaely et al.8

Pruijm et  al27 addressed many of the deficiencies in 

the study by Michaely et al,47 and utilized BOLD MRI to 

study healthy controls (n=45), subjects with CKD (n=95), 

and treated hypertensive subjects with well-preserved renal 

function (n=58) under standardized conditions of fluid and 

sodium intake with special attention to medication history 

and systemic blood pressure. No significant difference in 

cortical or medullary oxygenation was detected among 

the groups. Intrarenal oxygenation was independent of the 

Inner medulla

Reis et al11

Peng et al24

Edlund et al48

Dos Santos et al2

Hueper et al40

Cortex IS OS

Cortex IS OS

Inner medullaCortex IS OS

Inner medullaCortex IS OS

Inner medullaCortex IS OS

Figure 2 Intrarenal oxygenation in animal models of diabetes mellitus studied by 
blood oxygen level-dependent magnetic resonance imaging.
Note: White indicates no change from control. Blue indicates reduced oxygenation. 
Abbreviations: IS, inner stripe of the outer medulla; OS, outer stripe of the outer 
medulla.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nephrology and Renovascular Disease 2014:7submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

428

Neugarten and Golestaneh

Increased oxygen consumption due to increased tubular 

transport resulting from hyperfiltration and increased solute 

delivery may contribute to the development of renal tissue 

hypoxia. In this regard, furosemide reverses renal hypoxia 

in experimental diabetes, presumably by decreasing tubular 

sodium transport and oxygen consumption.11,24,25 However, 

causation is more complex, since renal tissue hypoxia has 

been dissociated from hyperfiltration in experimental mod-

els of diabetes mellitus.51 Experimental diabetes mellitus is 

also associated with mitochondrial dysfunction and reduced 

efficiency of oxygen utilization due to enhanced generation 

of reactive oxygen species, increased angiotensin II levels, 

and reduced nitric oxide availability.

Forty-eight subjects with diabetes were studied with 

BOLD MRI by Yin et al.49 In those with no evidence of clini-

cal nephropathy and in those with preserved GFR, hypoxia of 

the renal medulla but not the renal cortex was demonstrated. 

In contrast, in those with more advanced renal involvement, 

hypoxia of the renal medulla diminished while progressive cor-

tical hypoxia developed. A positive correlation was observed 

between estimated GFR and hypoxia of the renal medulla. 

On the other hand, an inverse correlation was demonstrated 

between estimated GFR and hypoxia of the renal cortex. In 

contrast, Wang et al50 found increased medullary oxygenation 

in diabetic subjects (n=20) as compared with controls but no 

difference in cortical oxygenation. The severity of CKD cor-

related with the degree of medullary hyperoxia.

Inoue et al46 found no correlation between renal oxygen-

ation and estimated GFR in diabetic nephropathy (n=43). 

Similarly, in subjects with early type 2 diabetic nephropathy 

(n=38), studied by Economides et al,34 baseline BOLD MRI 

showed no difference in cortical or medullary oxygenation 

compared with historical controls. Cortical but not medullary 

oxygenation correlated with glycemic control. Pruijm et al26 

also found no difference in renal oxygenation in type 2 diabetics 

with proteinuria and mild-moderate renal functional impair-

ment (n=12) compared with historical controls.

It is difficult to reconcile these discordant findings. 

Possibilities extend well beyond technical and analytic 

limitations of BOLD MRI. Perhaps, inconsistent conclusions 

regarding intrarenal oxygenation in diabetic nephropathy 

or other forms of CKD may also reflect unrecognized or 

inadequately controlled differences among the groups in 

disease-related factors or subject-specific variables that 

influence renal oxygen balance. These issues assume great 

significance in comparing results from different studies of 

CKD patients, whether diabetic or nondiabetic, in light 

of the likely possibility that chronicity as well as the type 

of CKD may influence renal oxygenation. This speculation 

underscores the possibility that inadequately controlled dif-

ferences in disease duration or glycemic control might help 

explain inconsistent data from different investigators studying 

the same disease state. In addition, difficulties inherent in 

comparing BOLD MRI responses between different groups 

of subjects who may differ in hematocrit, hydration status, 

sodium avidity, age, and medication use may contribute to 

discordant findings.

Acute kidney injury
Ischemia reperfusion injury
Utilizing BOLD MRI in swine and rat models of acute 

renal ischemia, medullary and cortical hypoxia was dem-

onstrated during acute ischemia by BOLD MRI followed 

by an immediate return to baseline oxygenation after 

reperfusion.12,51,52 Pohlmann et  al4 remotely occluded the 

aorta of rats while simultaneously monitoring intrarenal pO
2
 

by oxygen-sensitive probes and T2* by BOLD MRI in the 

same kidney. During aortic occlusion, the fall in pO
2
 was 

much greater than the decline in T2*. During reperfusion, 

pO
2
 immediately began to recover whereas T2* continued 

to decline before recovering. In mice studied with BOLD 

MRI 1 hour and 24 hours after reperfusion, cortical oxy-

genation was increased, whereas outer medullary hypoxia 

persisted.53 After longer periods of reperfusion in the rat 

(3 days), medullary oxygenation was increased despite a 

reduction in medullary blood flow, with no change in cortical 

pO
2
.54 Hyperoxia after ischemia/reperfusion injury may be 

explained if reduced oxygen consumption due to reduced 

Cortex
Epstein et al33

Wang et al50 

Economides et al34

Pruijm et al26

MEDULLA

Cortex MEDULLA

Cortex MEDULLA

Cortex MEDULLA

Yin et al49 (preserved GFR)

Yin et al49

(more advanced nephropathy)

Cortex MEDULLA

Cortex MEDULLA

A

B

Figure 3 (A and B) Intrarenal oxygenation in human subjects with diabetes mellitus 
studied by blood oxygen level-dependent magnetic resonance imaging. 
Note: White indicates no change from control. Blue indicates reduced oxygenation. 
The lighter shade of blue indicates a lesser degree of hypoxia. 
Abbreviation: GFR, glomerular filtration rate.
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GFR and filtered solute load outweighs reduced oxygen 

delivery due to hypoperfusion.

Contrast-associated nephropathy
BOLD MRI has been utilized to study the mechanisms 

that mediate contrast-associated nephropathy.12,22,42,55–59 In 

rats treated with cyclooxygenase and nitric oxide synthase 

inhibitors, administration of a first-generation ionic hyper-

osmolar contrast agent reduced medullary oxygenation.55 

Administration of a third-generation nonionic, iso-osmolar, 

high viscosity contrast agent caused an even greater reduction 

in medullary oxygenation.55 Administration of a nonionic 

hyperosmolar contrast agent to rabbits, studied with BOLD 

MRI, reduced oxygenation of the inner stripe of the outer 

medulla.56 In human studies utilizing BOLD MRI (n=10), 

administration of a second-generation nonionic low osmolar 

contrast agent reduced medullary oxygenation.58

In rats and swine studied by BOLD MRI, administration 

of radiocontrast caused an early and transient increase in med-

ullary T2* followed by a sustained reduction below baseline, 

with minimal changes observed in the renal cortex.12,22,42,57 

Arakelyan et  al12 attributed the initial rise in T2* to an 

increase in renal tubular volume due to dye-induced osmotic 

diuresis resulting in a decreased blood volume fraction. 

These authors relied on studies by earlier investigators to 

conclude that medullary blood flow does not change after 

administration of radiocontrast. However, the immediate 

effect of contrast administration on medullary blood flow is 

controversial, and other investigators have demonstrated an 

initial increase in medullary blood flow which may contribute 

to the initial rise in T2*.

N-acetylcysteine failed to ameliorate intrarenal hypoxia 

associated with contrast administration in a rat model.59 In 

contrast, furosemide reversed contrast-induced renal medul-

lary hypoxia in numerous, albeit not all, experimental models 

of contrast-associated nephropathy studies by BOLD MRI 

or by direct measurement of intrarenal pO
2
.58,59 Despite 

encouraging data in experimental models, furosemide has a 

deleterious effect on contrast-associated nephropathy in man. 

The explanation for this disparity remains unclear.

Nephrotoxins
The effect of various other nephrotoxins on the kidney has 

been studied by BOLD MRI in several experimental models 

and in humans. However, the number of studies is small 

and the models differ in their mechanism of renal injury. 

For these reasons, no unifying conclusions or significant 

insights can be drawn as to pathogenic mechanisms based 

on this body of work. Acute administration of cyclosporine 

increased medullary and cortical oxygenation in humans 

studied by BOLD MRI, whereas tacrolimus had no effect.58 

In contrast, long-term administration of cyclosporine to pigs 

induced medullary and to a lesser degree cortical hypoxia in 

the absence of changes in renal blood flow.60 Intravenous 

indomethacin decreased medullary pO
2
 in the rat,57 but oral 

indomethacin had no effect in humans.58 Lastly, administra-

tion of gentamicin to rats for up to 7 days increased medullary 

oxygenation.61

Sepsis-associated acute kidney injury
Tran et al62 studied endotoxemia in mice with BOLD MRI. 

Renal oxygenation was maintained despite a reduction in 

renal blood flow. This resulted from reduced oxygen con-

sumption due to reduced renal cytochrome oxidase activity 

associated with changes in the expression of proteins related 

to mitochondrial function and oxidative phosphorylation.

Acute tubular necrosis
Xiao et al63 reported hypoxia of the renal cortex and medulla 

in subjects with predominantly oliguric acute kidney 

injury studied by BOLD MRI. BOLD MRI has also been 

utilized by several investigators to study renal oxygenation 

in renal allografts with acute tubular necrosis (ATN). The 

resultant data are conflicting and not readily amenable to 

interpretation. Sadowski and coworkers reported BOLD 

MRI measurements in kidney allografts with ATN (n=4–6) 

within 4 months post-transplantation.64–66 There was no sig-

nificant difference in cortical oxygenation in the ATN group 

compared with normal functioning allografts, although one 

study showed a trend toward cortical hypoxia. Medullary 

oxygenation was significantly increased in the ATN group 

in one study, but not in the other two. In contrast, Han et al67 

found cortical and medullary hypoxia in allografts with ATN 

(n=7) compared with normal functioning allografts studied 

10 days postoperatively.

Atherosclerotic renovascular 
disease
BOLD MRI has been applied to the study of renal oxygen-

ation in kidneys with atherosclerotic renal artery stenosis. 

The response to furosemide has been utilized to distinguish 

between viable parenchyma and nonfunctioning renal tis-

sue beyond a stenotic renal artery lesion. By suppressing 

renal tubular sodium transport and oxygen consumption, 

furosemide is thought to increase pO
2
 in viable renal tissue, 

but has no effect in nonfunctioning renal tissue.
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In a swine model of acute progressive renal artery 

stenosis, hypoxia of the renal cortex and medulla was dem-

onstrated by BOLD MRI.52 In contrast, BOLD MRI studies 

of chronic renal artery stenosis in the rat, associated with 

renal atrophy at 4 weeks, demonstrated cortical and medul-

lary oxygenation unchanged from control levels.68 These 

data suggest that chronic renal ischemia may be associated 

with compensatory changes in renal oxygen metabolism that 

restore oxygen homeostasis.

Renal cortical hypoxia was demonstrated by Gloviczki 

et  al69 in kidneys with reduced parenchymal volume and 

impaired GFR which were supplied by arteries with severe 

stenosis (n=17). Furosemide-suppressible oxygen consump-

tion was blunted in these kidneys. In contrast, kidneys with 

reduced parenchymal volume and impaired GFR, but sup-

plied by arteries with moderate stenosis (n=13), showed pre-

served cortical and medullary oxygenation despite reduced 

renal blood flow. These authors suggested that a moderate 

reduction in renal blood flow may be associated with compen-

satory mechanisms that preserve renal oxygenation beyond a 

moderately stenotic renal artery, but that severe renal artery 

stenosis is associated with a failure of these compensatory 

mechanisms and the development of renal tissue hypoxia. 

Underscoring the role of these compensatory mechanisms is 

an earlier study in which these investigators found no differ-

ence in renal oxygenation in stenotic kidneys with reduced 

parenchymal volume (n=14) as compared with kidneys from 

subjects with essential hypertension despite reduced renal 

blood flow.70

Textor et al71 studied subjects with normal-sized kidneys 

perfused by arteries with high-grade stenosis (n=29) and in 

some found cortical and medullary hypoxia at baseline. In 

other kidneys with high-grade stenosis and normal cortical 

volume, cortical and medullary oxygenation was no dif-

ferent than in normal kidneys. In both groups, cortical and 

renal medullary oxygenation improved after furosemide. In 

contrast, totally occluded renal arteries with atrophic kidneys 

(n=9) showed increased cortical and medullary oxygenation 

that did not change after administration of furosemide. These 

investigators concluded that the response to furosemide can 

be used to distinguish between viable parenchyma (baseline 

hypoxia with amelioration after furosemide) and nonvi-

able renal tissue (baseline hyperoxia without response to 

furosemide). Similarly, Gomez et al72 utilized BOLD MRI 

in a swine model of renal artery stenosis and found that the 

ability of furosemide to suppress oxygen consumption in 

stenotic kidneys with reduced GFR was blunted compared 

with stenotic kidneys with preserved GFR. Consistent with 

the observations of Textor et al,27 Chrysochou et al73 found 

that in humans with atherosclerotic renal artery stenosis, 

stenotic kidneys with renal hypoxia detected by BOLD 

MRI were more likely to show a favorable renal functional 

response to revascularization.

Analytic methods
Conventional BOLD MRI analysis involves manual selection 

of discrete regions of interest within the cortex and medul-

lary regions in which signal intensity is measured (Figure 4). 

Signal intensity within the selected regions of interest are 

averaged, and a single average R*2 value is calculated for 

each compartment. Manual selection of regions of interest 

introduces observer bias and is subject to errors in delineat-

ing the borders of the renal cortex and medulla. In addition, 

intracompartmental heterogeneity of tissue oxygenation 

may increase in disease, which may reduce the sensitivity of 

Figure 4 Selection of regions of interest. C 1–3 identify cortical regions of interest. 
O 1–3 identify outer medullary regions of interest. 
Notes: Adapted from Pohlmann A, Hentschel J, Fechner M, et  al. High temporal 
resolution parametric MRI monitoring of the initial ischemia/reperfusion phase in 
experimental acute kidney injury. PLoS One. 2013;8(2):e57411.83
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BOLD MRI to detect nonuniform alterations in parenchymal 

tissue oxygenation.

In an attempt to overcome operator bias inherent in 

manual selection of regions of interest and to better assess 

intracompartment heterogeneity of oxygenation and thus 

increase sensitivity, Ebrahimi et al74 utilized compartmental 

analysis of BOLD MRI data in which regions of interest were 

selected to include the entire axial kidney image section and 

cortical and medullary R2* distributions were approximated 

with mathematical functions, and compared this approach 

with conventional regions of interest selection and with 

regions of interest selection based on contrast-enhanced 

computed tomographic images of the same kidney. They 

found that the compartmental method provided comparable 

R2* values that were operator-independent and less labor-

intensive.

Saad et  al75 extended the compartmental approach to 

develop a new analytic method to interpret BOLD MRI 

data. These investigators introduced the concept of fractional 

kidney hypoxia, defined as the percent of the entire axial 

image section with an R*2 exceeding 30 sec-1. To calculate 

this parameter, the entire axial kidney section is selected, 

including both the cortex and the medulla. The investigators 

compared 32 subjects with essential hypertension with 

40 subjects who had atherosclerotic renal artery stenosis. 

Utilizing conventional BOLD MRI data analysis, they found 

no difference in medullary or cortical oxygenation between 

stenotic kidneys and their contralateral partner or with kid-

neys from subjects with essential hypertension. Administra-

tion of furosemide increased oxygenation in all groups to a 

similar degree. However, utilizing fractional kidney hypoxia 

analysis, stenotic kidneys were found to be hypoxic compared 

with their contralateral partners and compared with kidneys 

from subjects with essential hypertension. Furosemide-

induced increases in medullary oxygenation were found to be 

blunted in stenotic kidneys. Hypoxia correlated inversely with 

renal blood flow and GFR. In evaluating this novel approach, 

it should be pointed out that fractional tissue hypoxia differed 

greatly between closely spaced axial sections from the same 

kidney due to the different fractions of cortex and medulla 

contained in each section.

The fact that Saad et al75 found that the magnitude and 

even the direction of their results differed depending on 

the methodology employed to analyze their data raises 

significant concerns regarding interpretation of BOLD 

MRI signals as well as the conclusions derived from these 

data. It might be argued that until the analytic approach that 

best reflects the heterogeneity of intrarenal oxygenation is 

determined, conclusions based on BOLD MRI data remain 

suspect.

Essential hypertension
Medullary oxygenation, assessed by BOLD MRI, was 

lower in hypertensive African-Americans (n=20) than in 

hypertensive Caucasians (n=29).76 Hypoxia was reversed 

by administration of furosemide, suggesting overactivity of 

medullary thick ascending limb sodium transport in hyperten-

sive African-Americans.76 However, a normotensive control 

group was not included for comparison.

Pruijm et al19 found increased medullary, but not cortical, 

oxygenation in untreated young male hypertensive subjects 

(n=8) as compared with normotensive controls (n=10) at 

both high and low salt intakes. Mean arterial pressure was 

correlated with medullary oxygenation, independent of 

salt intake. These data in humans differ sharply from those 

obtained in numerous animal models of hypertension in 

which renal hypoxia has been consistently demonstrated 

by direct measurement, suggesting that pathogenic mecha-

nisms involved in experimental models of hypertension 

may not translate to human disease. Moreover, the state of 

intrarenal oxygenation in older hypertensives remains to 

be established.

Pruijm et al27 also studied the response to furosemide in 

healthy controls (n=42) and treated hypertensive subjects 

with well-preserved renal function (n=58). The furosemide-

induced increase in renal oxygenation seen in healthy controls 

was blunted in hypertensive subjects. The reduced response 

to furosemide in hypertensive subjects was attributed to 

reduced oxygen consumption due to enhanced basal proximal 

sodium reabsorption resulting in decreased distal sodium 

delivery and solute transport and/or altered mitochondrial 

metabolism. Interestingly, these investigators found no dif-

ference in cortical or medullary oxygenation between treated 

hypertensives of both sexes with an average age of 57 years 

versus healthy subjects in contrast with an earlier report 

from this group showing increased medullary oxygenation 

in untreated young hypertensive men.

Obstructive uropathy
BOLD MRI has been utilized to assess renal oxygenation 

in obstructive uropathy using a swine model of complete 

unilateral ureteral obstruction.3 Medullary oxygenation was 

increased and cortical oxygenation reduced in both the ipsi-

lateral and contralateral kidneys. After release of obstruction, 

cortical oxygenation increased slightly but remained below 

baseline, whereas medullary oxygenation remained unchanged. 
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In contrast, unilateral ureteral obstruction increased cortical 

oxygenation in a susceptible strain of mice.77

In human subjects with partial unilateral ureteral 

obstruction due to renal stones and treated with nonsteroidal 

anti-inflammatory drugs, medullary and, to a lesser extent, 

cortical oxygenation were enhanced.78 The contralateral 

nonobstructed kidney showed reduced medullary oxygen-

ation. However, interpretation of these data is confounded by 

universal exposure of subjects to prostaglandin inhibition.

Kidney transplantation
Several investigators have explored the utility of BOLD MRI 

in differentiating acute allograft rejection from ATN in trans-

planted kidneys (Figure 5A and B).64–67,79,80 In three separate 

publications, Djamali et al64 and Sadowski et al65,66 found that 

within the first 4 months after renal transplantation, acute rejec-

tion (n=8–13) was associated with increased renal medullary 

oxygenation, despite reduced medullary blood flow, as com-

pared with both normally functioning allografts and allografts 

with ATN. Cortical oxygenation was similar in all groups. In 

allografts studied by Han et al,67 acute rejection (n=21, studied 

on average 51 days post-transplantation) was associated with 

an increase in cortical and a more pronounced increase in 

medullary oxygenation compared with normally functioning 

allografts, whereas ATN (n=7, studied on average 10 days 

post-transplantation) was associated with reduced cortical and 

medullary oxygenation. In another study performed on average 

17 days postoperatively, acute rejection (n=21) was associated 

with increased medullary and cortical oxygenation compared 

with normal functioning allografts or healthy volunteers.80 Park 

et al79 found that acute rejection occurring less than 3 months 

postoperatively (n=4), was associated with increased medullary 

oxygenation and unchanged cortical oxygenation compared 

with normal functioning allografts.

These data suggest that acute rejection is associated 

with increased renal medullary oxygenation compared with 

normally functioning allografts. The level of cortical oxygen-

ation in acutely rejecting renal allografts is less consistent.

Normally functioning allografts (n=72) studied on average 

17 days postoperatively were found to demonstrate cortical 

and medullary oxygenation identical to the kidneys of healthy 

volunteers.80 Similarly, normally functioning allografts (n=8) 

assessed less than 3 months post-transplantation showed 

medullary and cortical oxygenation identical to the kidneys 

of healthy volunteers.79 In contrast, in normally functioning 

allografts (n=2) studied 4 days postoperatively, medullary and 

cortical oxygenation was increased compared with predona-

tion levels.81 Similarly, medullary oxygenation was increased 

in renal allografts (n=9) on average 7 months after renal 

transplantation compared with native kidneys.82 When BOLD 

MRI was repeated at 32 months postoperatively, cortical, but 

not medullary oxygenation declined as compared with the 

first scan.82 These data on the state of renal oxygenation in 

normally functioning renal allografts are inconsistent and do 

not provide clear insights. Results may have been influenced 

by the time of study and calcineurin inhibitor dosing.

Chronic allograft nephropathy (n=10) was associated with 

increased renal medullary and cortical oxygenation compared 

with healthy volunteers.37 Hyperoxia correlated with markers of 

oxidative stress. In this regard, one would predict that oxidative 

stress would correlate with renal hypoxia, and not hyperoxia as 

reported, since reactive oxygen species impair the efficiency 

of oxygen metabolism and increase oxygen consumption per 

unit solute transport. However, oxidative stress also promotes 

renal injury and if a reduction in renal blood flow were accom-

panied by a disproportionate decline in GFR, sodium transport, 

and overall oxygen consumption, then oxidative stress might 

actually engender renal hyperoxia. This interpretation mirrors 

that of other investigators who demonstrated renal hyperoxia 

in rejecting renal allografts undergoing acute rejection and in 

severe renal artery stenosis. Perhaps such an analysis highlights 

the problematic nature surrounding clinical interpretation of 

BOLD MRI data, ie, one may construe a hypothesis to fit any 

outcome based on the balance between oxygen delivery and 

overall oxygen consumption.

Conclusion
Evolution of BOLD MRI into a more reliable and reproduc-

ible indicator of renal oxygenation is required before this 

technique can realize its full potential to contribute to our 
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Figure 5 (A and B) Intrarenal oxygenation in human subjects with acute rejection of 
renal allografts studied by blood oxygen level-dependent magnetic resonance imaging.
Notes: White indicates no change from control. Red indicates increased 
oxygenation. The lighter shade of red indicates a lesser degree of hyperoxia.
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understanding of the role of renal hypoxia in the pathogenesis 

of acute kidney injury and progressive CKD. The utility of 

this technique has clearly been demonstrated in studies inves-

tigating the pathogenesis of contrast-associated nephropathy 

and ischemic nephropathy. However, a role for BOLD MRI 

as a clinical tool is less clear. This technique shows promise 

in specific clinical situations, such as identifying acute renal 

allograft rejection and in predicting response to revasculariza-

tion of stenotic renal arteries. However, interpretation of the 

data is confounded by technical limitations in their acquisi-

tion and analysis, by a myriad of clinical confounders, and 

by the likelihood that oxygen metabolism may be influenced 

both by the type and severity of renal disease. The complexity 

of these interrelationships is only beginning to be appreciated. 

The challenge is to develop analytic techniques that address 

the intracompartmental heterogeneity of renal oxygenation 

in disease and to construct sophisticated mathematical 

models that enhance the correlation between BOLD MRI 

signals and intrarenal pO
2
. Perhaps use of complementary 

MRI techniques to simultaneously measure blood volume 

fraction and intrarenal water and fat content may help sepa-

rate their contribution to BOLD signal strength from that 

of tissue pO
2
.30 In this regard, the work of Pohlmann et al4 

has helped elucidate the role of confounding factors, such 

as blood and tubular volume fraction and oxyhemoglobin 

saturation kinetics, in influencing the relationship between 

BOLD MRI signal strength and intrarenal oxygenation. 

The work of Saad et al75 offers great promise in addressing 

analytic and technical issues that currently limit the ability 

of BOLD MRI to address intracompartmental heterogene-

ity in oxygenation, while the work of Zhang et  al5 offers 

great promise in enhancing the ability of BOLD MRI signal 

strength to reflect intrarenal pO
2
.
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