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Synopsis
Oxygenation status plays a major role in renal physiology and pathophysiology and hence has
attracted considerable attention in recent years. While much of the early work and a significant
amount of present work is based on invasive methods or ex vivo analysis and hence restricted to
animal models, BOLD (blood oxygen level dependent) MRI has been shown to extend these findings
to humans. BOLD MRI is most useful in monitoring effects of physiological or pharmacological
maneuvers. Several teams around the world have demonstrated reproducible data and have illustrated
several useful applications. Studies supporting the use of renal BOLD MRI in characterizing disease
with prognostic value have also been reported. Here, an overview of the current state-of-the art of
renal BOLD MRI is provided.
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Introduction
Renal oxygenation status is receiving greater attention from both the scieintific and clinical
communities [1–3]. In most organs, regional oxygen tension (pO2) closely follows the level
of regional blood flow, since oxygen consumption is relatively constant. But this is not true in
the kidney, where active tubular reabsorption demands more oxygen consumption whenever
filtration and blood flow rise together [4]. Over a wide range of normal blood flows the renal
arterio-venous oxygen gradient is remarkably constant. For the purposes of function and
oxygen supply, the mammalian kidney can be considered to be made of two separate organs,
cortex and medulla [4]. The flow of blood to the renal cortex normally supplies oxygen far in
excess of its metabolic needs. By contrast, blood flow to the renal medulla is parsimonious. In
addition, oxygen diffuses from the arterial to venous vasa recta, and the process of generating
an osmotic gradient by active reabsorption of sodium requires large amount of oxygen. All
these combined, result in a poorly oxygenated medulla. A non-invasive method to evaluate
this heterogeneous distribution of oxygen availability within the kidney is highly desirable.
Blood oxygenation level dependent (BOLD) MRI has been shown to be useful in evaluating
intra-renal oxygenation status both in animal models and in humans. In this article, we provide
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an overview of the method, and review the current state-of-the-art in terms of technique
implementation and applications.

Renal medullary hypoxia and its consequences
Intra-renal oxygenation is an important determinant in renal pathophysiology, both in acute
[5–7] and chronic settings [3,8,2]. It is now well established that the renal medulla functions
at a significantly low ambient pO2 (<20 mm of Hg), lower compared to even systemic venous
blood (~40 mm of Hg). This is a consequence of lower blood flow to the medulla and the
counter current arrangement of blood vessels permitting oxygen diffusion from the arterial to
venous vasa recta. At the same time, the medullary thick ascending limbs are responsible for
the generation of an osmotic gradient by active reabsorption of sodium, a process that requires
a large amount of oxygen. A limited oxygen supply and heavy demand results in the renal
medulla operating at extremely low levels of pO2 making it vulnerable to hypoxic injury [1].

Compromised renal perfusion (ischemic ARF) and nephrotoxins are responsible for most
episodes of acute renal failure [5]. Inadequate blood flow can be due to renal artery stenosis,
occlusion, intrarenal small vessel lesions such atherosclerosis, atheroemboli, or vasculitis [9].
The functional integrity of microvasculature depends on the proper balance between
vasoconstrictive and vasodilatory factors. Damage to the endothelium or alteration in
endothelial function can result in local vasoconstriction due to increased production of
vasoconstrictive substances such as endothelin and/or decreased production of vasodilatory
substances such as nitric oxide. Alterations in endothelial cell function can be important in the
local loss of autoregulation that occurs in ischemic renal failure [10]. Nephrotoxicity caused
by substances like iodinated contrast or nonsteroidal anti-inflammatory drugs is thought to be
due to acute alterations in renal blood flow [5]. Renal hypoxia also plays a key role in the
initiation and progression of chronic kidney disease (CKD) [3,8,2]. A combination of
microvascular changes and differences in oxygen consumption lead to enhanced hypoxia in
the chronic setting.

BOLD MRI: a method for non-invasive evaluation of intra-renal oxygenation
Most data on renal hypoxia have been based on invasive microelectrode techniques in rodent
models [11–15]. Other methods include histological staining based on pimonidazole [16–18],
electron paramagnetic resonance [19,20], or fluorine-19 MRI using a fluorinated blood
substitute [21,22]. To date none of these are considered viable for human applications.

BOLD MRI uses the paramagnetic properties of deoxyhemoglobin to acquire images sensitive
to local tissue oxygen concentration. As the deoxyhemoglobin concentration in blood
increases, the T2* relaxation time of the protons decreases and more dephasing occurs in the
surrounding tissues [23]. This produces measurable signal loss in areas of increased
deoxyhemoglobin concentration. BOLD MRI has been used extensively in organs such as the
brain [24–27]. Changes in oxygen saturation of Hb associated with changes in blood pO2 are
most marked at low levels of pO2 [28]. This makes BOLD MRI ideally suited for oxygenation
measurements in the renal medulla, where pO2 is normally in the range of 15 to 20 mm Hg
[1,29].

Renal BOLD MRI Acquisition Techniques
Single shot echo planar imaging (EPI) is the technique commonly utilized for functional brain
imaging and is readily applicable to the abdomen [30,31]. However, EPI has a high sensitivity
to magnetic susceptibility differences resulting in image distortions, signal loss and limited
spatial resolution. While spatial resolution and image quality may be compromised, EPI offers
high temporal resolution. It may be advantageous for applications where fast changes are
expected and when R2* mapping is not necessary.

Li et al. Page 2

Magn Reson Imaging Clin N Am. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



A multiple gradient-recalled-echo (mGRE) sequence is currently the most widely used for renal
BOLD MRI [32]. The mGRE technique provides R2* (= 1/T2*) maps with improved SNR
(signal to noise ratio), spatial resolution and image quality compared to the EPI method. The
2-D mGRE technique acquires multiple gradient echoes (typically 8 to 16) following each
excitation pulse, resulting in 8 to 16 images with different echo times to be used to fit for R2*.
For optimal SNR, the maximum echo time should be approximately equal to the T2* value of
interest (in this case, the medulla). At 1.5 T, medullary T2* ~ 50 ms and at 3.0 T it is ~ 25 ms.
In other words, maximum TE should be about 50 ms at 1.5T and 25 ms at 3.0T. With TR of
50 to 100 ms, entire acquisition can be obtained within a breath hold interval. A 3-D
implementation has been shown to achieve full kidney coverage within a breath-hold time
[33,34]. The benefit of a 3-D technique is the increased signal noise ratio when compared to
2-D mGRE with sequential multi-slice acquisition with comparable spatial coverage.

Selective water excitation technique avoids any potential chemical shift artifacts and amplitude
modulations due to different phase accumulations between water and fat on GRE images
[35]. This technique eliminates fat signals and avoids confusion between renal sinus fat and
medulla on the R2* maps [32]. However, the selective excitation pulses increase scan time
[36] and it may not be necessary when ROIs are defined based on the anatomic template
[32].

Renal BOLD MRI Data Analysis
In functional brain MRI, T2* (=1/R2*) weighted signal intensity (SI) is used for analysis. This
is primarily due to the fact that the observed differences are small (typically < 5% change in
signal intensity during activation). While changes in signal intensity can be translated to
changes in R2* (ΔR2* = ΔSI /TE), measurement of R2* is not performed routinely. R2* changes
have been estimated to be on the order of 0.5 s−1 at 1.5 T [37]. In the kidneys, ΔR2* in the
medulla are typically 5 to 10 s−1 and high temporal resolution is not a necessity. So, calculation
of R2* is desirable to compare two measurements from different time points or different
subjects. Signal intensity on the other hand will depend on the scanner settings and potentially
could be different even within the same subject scanned at different time points. With EPI, one
has to acquire images with different echo times. Since the bulk susceptibility effects scale with
echo times, R2* mapping is usually not attempted and ROI analysis are performed to calculate
regional R2*.

R2* can be calculated as the slope of the straight line fit to Ln (SI) vs. echo time data [30], or
by fitting the signal intensity vs. TE data to a single decaying exponential function. By
calculating R2* pixel by pixel, an R2* map can be generated. Regions of interest defined on
the anatomical template can be used for estimation of R2* in the renal medulla and cortex.
Areas affected by susceptibility artifacts (e.g. Figure 1) should be excluded. Artifacts due to
bulk susceptibility differences appear dark even on the low echo time images and show up very
bright on the R2* maps.

Some investigators prefer to use a color scale to display R2* maps [38–40]. While they provide
some advantages in terms of visualization, there is not any fundamental difference in terms of
information content. Use of standardized color bars would be necessary for comparison
purposes.

Advantage of higher field strength
The potential advantage of high field strength for MRI is that it increases the SNR and/or spatial
resolution [41]. Signal changes due to BOLD effects also scale with magnetic field strength.
However, chemical shift, susceptibility, flow, and patient motion artifacts can also increase at
higher field strengths [42,43].
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Recent studies have demonstrated the advantage of 3.0T for renal BOLD MRI compared to
1.5T [44,33]. The cortico-medullary contrast on the R2* map is significantly improved at 3.0T,
with no evidence of increased level of bulk susceptibility artifacts (Fig. 1). The magnitude of
the baseline renal medullary R2* at 3.0T (37.4±1.2 Hz) is roughly twice as large as that at 1.5T
(21.8 ± 1.2 Hz) (see Fig. 2) [44]. Similarly, changes in R2* after pharmacologic maneuver
resulted in roughly twice the response at 3.0 T compared to 1.5 T [33,44].

Validation of renal BOLD MRI for evaluation of intra-renal oxygenation
Preliminary validation of the renal BOLD MRI measurements were performed by comparing
previously published data in rat kidneys using invasive microelectrodes [11] to observe trends,
such as response to furosemide vs. acetazolamide [30,32]. Acetazolamide is a diuretic similar
to furosemide, but acts on a cortical portion of the nephron, and hence has minimal effect on
medullary oxygen consumption. There have also been reports comparing BOLD MRI with
simultaneously acquired measurements using invasive electrodes in the contralateral kidneys
of swine [45]. By varying the inspired gas ratio (oxygen to nitrogen), they observed a linear
relationship between R2* and pO2 as measured by the electrodes (r=0.67 and 0.73 in medulla
and cortex, respectively). Using this relationship, Simon-Zoula and colleagues [46] converted
their R2* measurements in human kidneys and estimated the pO2 of 42 mmHg in the medulla
and 50 mmHg in cortex. However, it should be noted that such calibration is strictly valid only
for the kidneys in which the simultaneous measurements were obtained.

Reproducibility of renal BOLD MRI measurements
One important aspect of validation is reproducibility. Simon-Zoula and colleagues [46] have
reported on short term reproducibility of renal R2* measurements. Three identical
measurements on three axial and three coronal slices of right and left kidneys were performed
with a 5 minutes break in between. Subjects were moved from the scanner and a subsequent
BOLD scan performed with a complete new calibration. The mean R2* values determined in
medulla and cortex showed no significant differences over three repetitions and low intra-
subject coefficients of variation (CV) (3 and 4% in medulla and cortex, respectively). Only a
minor influence of slice orientation was observed. The authors also point out a 3% difference
between left and right kidneys, which is within their reproducibility variation. In renal
transplants, the reproducibility over 65 days was found to be similar [47]. Long term
reproducibility (81 – 272 days) in renal R2* measurements were shown to be within ~12%
based on a coefficient of variance analysis [48]. These observations support the feasibility of
performing sequential studies in the same subject, e.g. with a different pharmacological
maneuver.

Renal BOLD MRI Applications
Physiological / Pharmacological induced changes in intra-renal oxygenation

BOLD MRI is most effective in monitoring changes induced by pharmacological /
physiological maneuvers [30,32,49–53]. The most widely applied maneuver is administration
of furosemide [52,44,33]. Figure 3 and Figure 4 are related and should be described in the same
part of this review. Figure 3 illustrates the differences in R2* map pre- and post- administration
of furosemide. Figure 4 [33] shows the temporal response in R2* both in cortex and medulla
following administration of furosemide in a representative subject. This clearly points to the
sensitivity of the technique to follow changes in renal oxygenation. Water load is another
simple and effective maneuver to acutely change medullary oxygenation [53,49,34]. The
observed improvement in medullary oxygenation (lower R2*) has been shown to be related to
endogenous prostaglandin production [49,34]. This maneuver has also been shown to
differentiate responses in elderly (Fig. 5) [49] and diabetics [53] compared to healthy young
subjects.

Li et al. Page 4

Magn Reson Imaging Clin N Am. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Vasoactive substances influence intrarenal oxygenation and hence could be monitored using
BOLD MRI. Chronic infusions of angiotensin II have been shown to diminish renal perfusion
[54] and are expected therefore to reduce renal oxygenation. This was recently confirmed by
the BOLD MRI measurement in healthy subjects where angiotensin II caused a shortening of
BOLD T2* in renal cortex [31]. Sodium nitroprusside and norepinephrine, although of equal
potency concerning blood pressure responses, did not alter the renal BOLD signal, probably
due to autoregulation. Angiotensin II is known to override the autoregulation.

Nitric oxide (NO) is a soluble gas that is continuously synthesized by the endothelium [55]
and has a wide range of biological properties including relaxation of vascular tone. In rat
kidneys, administration of L-NAME (a nitric oxide synthase inhibitor) resulted in further
increase in medullary R2* suggesting enhanced hypoxia [56]. Interestingly, such an increase
was absent in a genetic model of hypertension [56] and was shown to be restored when treated
with an anti-oxidant [57]. Preliminary data in a small number of healthy young human subjects
with NOSi have been reported [58].

Several pharmaceuticals are known to adversely influence renal hemodynamics and,
subsequently, affect renal oxygenation. Since renal hypoxia is implicated in the development
of drug-induced renal failure, monitoring the effects of these drugs would help for a better
understanding of the pathophysiology and hence help in developing appropriate methods to
clinically manage acute renal failure. Contrast medium-induced nephropathy (CIN) is a well-
known cause of acute renal failure, but the development of CIN remains poorly understood
[59]. Iodinated contrast medium iopromidum produced an increase in medullary and cortical
R2* values in humans 20 min after administration [60].

Calcineurin inhibitors, cyclosporine micro-emulsion (CsA-ME) and tacrolimus are currently
the most widely used baseline immunosuppressants for prevention of acute rejection following
kidney transplantation. However, their use is associated with acute and chronic toxicity. A
significant reduction in medullary R2* values (suggesting improvement in oxygenation) was
observed 2 h after CsA-ME administration in healthy subjects [60]. This is in apparent
contradiction to the previously reported decrease in renal blood flow related to afferent
arteriolar vasoconstriction [61]. However, the study also suggested reduced in GFR and it is
possible that there is an associated reduction in oxygen consumption related to reduced sodium
reabsorption in the medulla. Tacrolimus had no significant effect on R2* values for medulla
or cortex in healthy subjects [60], even though the nephrotoxic effects are known to be similar
to CsA. Further studies are necessary to fully evaluate the significance of these observations.

Non-steroidal anti-inflammatory drugs (NSAID) are the most commonly used medicines to
reduce ongoing inflammation, pain, and fever [62]. Chronic use is known to be associated with
gastrointestinal, renal and even cardiac effects [63,64]. NSAIDs block the synthesis of
vasodilatory prostaglandins and hence reduce renal perfusion [1]. Indomethacin has been
shown to reduce medullary oxygenation by microelectrodes [65] and BOLD MRI [50] in rat
kidneys. However, it did not induce a significant change in renal medullary R2* in healthy
subjects [60]. This might indicate that a single dose of indomethacin as prescribed routinely
does not significantly influence renal oxygenation in humans. Similarly, another common
NSAID, ibuprofen did not change baseline renal medullary and cortical R2* [52]. However,
administration of ibuprofen (and similarly naproxen) significantly reduced the response to
water load [49,34]. This may suggest that use of a provocative maneuver such as water load
may be necessary to evaluate effects of prostaglandin inhibition.

Renal BOLD MRI in disease
Renal artery stenosis (RAS)—is a common cause of ischemia and hence has consequences
to intra-renal oxygenation. Juillard and colleagures [66] used a well designed pre-clinical
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model to test if BOLD can detect the presence of renal hypoxia induced by RAS. They found
that R2* relaxivity increased continuously and progressively in parallel with the decrease in
RBF (renal blood flow) in response to increasing levels of stenosis, suggesting evolving
hypoxia in both the medulla and cortex. The authors offered the following concluding remarks,
‘new functional tools, such as BOLD, capable of detecting ischemia and characterizing patterns
of intra-renal oxygen levels, may assist in identifying patients that would be more likely to
benefit from therapeutic procedures.’ Alford et al [67] also documented an increase in R2*
following acute occlusion of renal artery. Contralateral kidney showed no such change. They
also demonstrated that the R2* returned to baseline values upon releasing the occlusion.
Recently, Textor et al [68] reported on measurements in human subjects with RAS. In normal-
sized kidneys downstream of high-grade renal arterial stenoses, R2* was elevated at baseline
(suggesting enhanced hypoxia) and fell after administration of furosemide. This was true even
when the GFR was significantly reduced. These results are supported by previous reports of
preserved cortical tissue volume in poststenotic kidneys, despite reduced function as measured
by isotope renography [69]. These in turn may suggest that GFR might be recoverable for such
cases and that nonfiltering kidney tissue represents a form of “hibernation” in the kidney with
the potential for restoring kidney function after restoring blood flow [69]. On the other hand,
atrophic kidneys beyond totally occluded renal arteries demonstrated low levels of R2*
(improved oxygenation) that did not change after furosemide [68]. This may suggest non-
functioning kidney with limited or no oxygen consumption. The article also includes an
example where a kidney with multiple arteries showed different R2* values in regions supplied
by a stenosed renal artery. Given the recent concerns with nephrogenic systemic fibrosis (NSF)
[70–73]—use of contrast enhanced MRA and evaluation of GFR in subjects with compromised
renal function need additional caution. Non-contrast methods, such as BOLD MRI, may
provide important alternative techniques for investigating vascular compromise and renal
functional status.

Unilateral ureteral obstruction—Pedersen et al [45] demonstrated changes on BOLD
MRI in a pig model of unilateral ureteral obstruction (UUO). Twenty-four hours of UUO was
associated with an increased R2* in the cortex and a decreased R2* in medulla as compared
with the baseline indicating that pO2 levels were reduced in the cortex and increased in the
medulla during and after release of obstruction. Similar result was observed by Thoeny et al
in 10 patients with a distal unilateral urethral calculus [74]. All patients had significantly lower
medullary and cortical R2* values in the obstructed kidney than in the nonobstructed kidney.
The increase in oxygen content in medulla may due to a decrease in oxygen consumption as a
result of reduced GFR in obstructed kidney. R2* in the obstructed kidneys were also
significantly lower than the kidneys of healthy subjects.

Diabetes mellitus—Renal involvement in diabetes mellitus is the main cause of end-stage
renal failure and a leading cause of morbidity and mortality in diabetic patients [75]. Renal
hypoxia has long been a suspect in the development of renal failure from diabetes mellitus. A
recent animal study using invasive microelectrodes has shown that the pO2 in chronic diabetic
rats is decreased throughout the renal parenchyma [76]. Ries and colleagues observed in an
animal model that the diabetic kidney showed significantly lower oxygenation level in renal
medulla compared to a control group using BOLD MRI at 5 days post induction [77]. A similar
study [78] with BOLD MRI along with invasive blood flow and oxygenation measurement by
optical fiber probes showed that the pO2 was considerably lower in diabetic rats after 2-, 5-,
14-, and 28 days following induction of diabetes compared to control rats. No blood flow
changes were observed in both diabetes and normal groups over this time period, suggesting
that the reduced oxygenation was related to increased consumption probably related to
hyperfiltration. Furthermore, there was a significant and progressive decrease in the renal
oxygenation by fiber-optic probe in diabetic animals compared to control group over time. The
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increase in the BOLD signal was also progressive with the highest increase observed with the
28-day group for both renal medulla and cortex.

BOLD MRI has also been used to evaluate diabetic human subjects. A study of eighteen human
subjects (nine healthy non-diabetics and nine with mild, controlled diabetes) [53] showed that
in the healthy, water-diuresis led to a significant increase in the oxygenation of the renal
medulla, but not in the diabetic patients as evaluated by BOLD MRI. These results suggest
that even patients with mild diabetes already show signs of renal injury long before the onset
of symptoms that usually accompany kidney disease, and a likely deficiency in the synthesis
of endogenous vasodilator substances, like prostaglandin or NO.

BOLD MRI may provide important insight into the pathophysiology of renal injury at early
stages in diabetes and allow for means to evaluate novel drug interventions especially those
targeting renal hypoxia.

Hypertension—The kidney is believed to play a role in the pathogenesis of essential
hypertension [79,80]. In particular, reduced renal medullary blood flow is thought to be one
of the important factors in the development of the disease [81]. Animal studies have shown
that medullary blood flow is decreased in hypertension and, more importantly, that reduced
medullary blood flow is sufficient to produce hypertension [82].

A study using BOLD MRI technique showed that medullary R2* increased significantly in
control rats in response to NOS inhibition while hypertensive rats exhibited a minimal change
[56]. The baseline R2* in hypertensive rats were found to be comparable to post-L-NAME
values in controls, suggesting a basal deficiency of nitric oxide in hypertension rats [56]. This
observation was consistent with previous reports based on invasive blood flow measurement
[83–89].

Tempol (4-hydroxy-2,2,6,6-tetramethyl piperidinoyl) is a superoxide scavenger and is known
to improve NO bioavailability. Short- and long-term administration of tempol has been shown
to increase medullary blood flow in hypertension rats by 35–50% and reduce mean arterial
pressure (MAP) by 20 mmHg compared with untreated hypertension rats as evaluated by
invasive technique [90–93]. Tempol showed no effect on the R2* in normal rats but
significantly decreased in hypertensive rats evaluated by BOLD MRI [57]. The degree of
R2* changes is in qualitative agreement with the observed medullary blood flow and MAP
changes induced by tempol administration assessed by invasive measurement [90].

These studies combined with the report on Angiotensin II [31] support a role for BOLD MRI
in the understanding of pathophysiology of hypertension and potentially play a role in the
evaluation of novel drug interventions.

Renal Allografts—Kidney transplantation allows patients with end-stage renal disease to
leave close to normal lives. However, graft dysfunction is a major concern and early
characterization of the underlying cause of graft dysfunction is important. Delayed treatment
can lead to the irreversible loss of nephrons and hasten graft loss over time [94,95]. Allograft
rejection and acute tubular necrosis (ATN) are two important causes of early kidney allograft
dysfunction, and it is difficult to discriminate between them by regular clinical tests.
Percutaneous transplant biopsy is the most effective method, but it has risks such as bleeding,
kidney rupture, and rarely, graft loss [96,97]. Developing a non-invasive method may be highly
desirable. Several groups have evaluated the feasibility of BOLD MR imaging in patients with
renal allografts.
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Thoeny and colleagues [47] compared the BOLD index between transplanted kidney and the
native kidney in healthy volunteers. The medullary R2* was found to be lower in transplant
patients than in healthy volunteers (P < .004) implying a relatively improved oxygenation in
transplanted kidney. This could be explained as the result of reduced tubular fractional
reabsorption of sodium and increased blood flow due to allograft denervation. We believe that
these observations may also be influenced by the time of the study following transplantation.

Sadowski and colleagues [98] evaluated 20 patients who had recently received renal transplants
in an attempt to obtain preliminary data on potential differences between normal functioning
transplants and those experiencing acute rejection and acute tubular necrosis (ATN). Six
patients had clinically normal functioning transplants, eight had biopsy-proved rejection, and
six had biopsy-proven ATN. Their results showed that R2* measurements in the medullary
regions of transplanted kidneys with acute rejection were significantly lower than those in
normally functioning transplants or transplants with ATN. It is also suggested that using a
threshold R2* value of 18 s−1, acute rejection could be differentiated from normal function and
ATN in all cases. The authors comment, “this is important because if MR imaging can help
exclude acute rejection, a substantial number of percutaneous transplant biopsies could be
avoided. Furthermore, clinicians weigh their concern that acute rejection is actually present
against the risks of percutaneous biopsy. Patients are often watched over a period of time so
that trends in laboratory values can be evaluated before a decision is made to proceed with
biopsy. Having a noninvasive means of determining the presence of acute rejection could allow
patients to be evaluated without the concerns associated with percutaneous biopsy. This, in
turn, would lead to an increase in the screening of patients and, potentially, earlier detection
of kidney transplant rejection.” Similar findings were reported by a more recent study in a
much larger number of subjects (n = 82) including biopsy-proven acute rejection and ATN
(Fig. 6) [40].

Djamali and colleagues applied BOLD-MRI to discriminate different types of rejection early
after kidney transplantation [99]. Twenty-three patients underwent imaging in the first four
months post-transplant. Five had normal functioning transplants and 18 had biopsy-proven
acute allograft dysfunction, acute tubular necrosis and acute rejection including borderline
rejection: n=3; IA rejection: n=4; IIA rejection: n=6: C4d(+) rejection: n=9. Their results in
general agreed with those of Sadowski et al [98] in that medullary R2* levels were higher
(increased local deoxyhemoglobin concentration) in normal functioning allografts (24.3/s±2.3)
compared to acute rejection (16./s±2.1) and ATN (20.9/s±1.8) (p<0.05). There was no
statistically significant difference in cortical R2*. Medullary R2* was the lowest in acute
rejection with a vascular component, i.e. IIA and C4d (+) compared to IA and “borderline”
rejection. Receiver operator characteristic (ROC) curve analyses suggested that medullary
R2* and medullary-cortical ratio could accurately discriminate acute rejection in the early post-
transplant period.

Chronic allograft nephropathy (CAN) is the leading cause of kidney transplant failure [100].
A better understanding of CAN's pathogenesis may lead to the development of strategies to
prevent or delay its development or progression. Djamali et al [38] used BOLD MRI to evaluate
patients with CAN and looked for correlations with other conventional biomarkers of oxidative
stress. Similar to previous reports on acute rejection, subjects with CAN showed lower
medullary and cortical R2* values. More importantly, they observed that intra-renal
oxygenation as evaluated by BOLD MRI showed a high level of correlation with serum and
urine biomarkers of oxidative stress. They concluded, “this pilot study is provocative in
suggesting that oxygenation patterns are different in CAN and, moreover, are strongly
associated with oxidative stress. Our therapeutics to date have not used oxygen delivery as an
outcome of therapy, but it may well be the case that optimal tissue oxygenation, not hypoxia
nor hyperoxia, is a target of therapy. The association in CAN between aberrant kidney
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oxygenation and oxidative stress is important and may provide leads as to how to slow loss of
transplant function.”

Renal BOLD MRI: limitations
Several limitations of BOLD MRI technique have to be considered. BOLD signal depends
more on field inhomogeneity contributions and can be influenced by oxygen supply, oxygen
consumption, blood flow [101,25], blood volume [101,25], hematocrit [102], and pO2 [103].
Moreover, changes in the oxygen-hemoglobin dissociation curve may be influenced by factors
such as pH and temperature [104]. In addition, R2* is influenced by the vessel geometry and
applied pulse sequence parameters. Therefore, the absolute magnitude of R2* are less reliable
in practice than the relative changes observed. For the same reason, a direct calibration of
R2* vs. pO2 has to be viewed with caution.

Susceptibility artifacts caused by bowel gas [105] are sometimes marked, and at times lead to
noninterpretable observations. Motion artifacts due to breathing should also be carefully
monitored. Use of respiratory monitor could minimize errors due to improper breath-holding.

Because hydration status can significantly influence the renal BOLD MRI measurements, it is
preferred to perform studies following 12 hour fasting (overnight). This would facilitate
combining data from different individual subjects and comparison of different groups of
subjects.

Summary
BOLD MRI is an endogenous contrast mechanism and allows for rapid, noninvasive means to
assess intra-renal oxygenation both in animal models and humans. To-date the method has
been shown to be reproducible within and across several laboratories throughout the world.
The technique is most efficacious in evaluating physiological or pharmacological maneuvers
that can influence renal oxygenation status. This may have important applications in
understanding renal physiology and pathophysiology, and in turn lead to the development of
novel interventional strategies. The technique has been shown to be of value in characterizing
disease that can potentially influence patient management, e.g. identifying kidneys that may
be amenable to functional recovery by restoring blood flow in cases with renal artery stenosis
and distinguishing between acute rejection from acute tubular necrosis in renal transplants. In
a recent editorial, Drs. Wang and Yeh [106] comment “the assessment of renal oxygenation
could potentially provide insights into early derangements of renal physiology and function
prior to the onset of irreversible renal injury”. They further conclude, “BOLD MRI imaging
promises to become an important tool for monitoring renal oxygenation in various clinical
scenarios”.
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Figure 1.
Images obtained with the mGRE sequence in one representative healthy subject. Ten pairs of
baseline anatomic (top) and R2* (bottom) images from different slices covering the entire
kidney. The anatomic image is usually the first image of the series of 16 GRE images. The
R2* map was obtained by fitting the signal intensity vs. TE data to a single decaying exponential
function. Note that in the R2* map, the medulla appears brighter than the cortex, implying a
higher R2* value in the medulla, which in turn implies higher deoxyhemoglobin content or
less tissue oxygenation. The arrows point to obvious bulk susceptibility-induced artifacts,
probably due to the presence of bowel gas in close proximity. The MRI parameters used in this
scan were: TR/TE/flip angle/BW/FOV=65/7~40.1ms/30/62.5kHz/36cm at 3.0T with matrix
size 256×256 and 0.75 phase FOV. (From Li LP, Vu AT, Li BS, Dunkle E, Prasad PV.
Evaluation of intrarenal oxygenation by BOLD MRI at 3.0 T. J Magn Reson Imaging. 2004
Nov;20(5):901-4; with permission)
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Figure 2.
(a) Summary of individual changes in medullary and cortical R2* post furosemide in healthy
young volunteers at 3.0T. (b) Similar data obtained at 1.5 T in a different group of healthy
young subjects. (From Li LP, Vu AT, Li BS, Dunkle E, Prasad PV. Evaluation of intrarenal
oxygenation by BOLD MRI at 3.0 T. J Magn Reson Imaging. 2004 Nov;20(5):901-4; with
permission)
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Figure 3.
Representative images obtained with the mGRE sequence in a healthy subject pre- and post-
furosemide administration. Top is the anatomic image of the kidney (first image of the series
of 16 GRE images). Middle is the pre-furosemide R2* map, and at the bottom is the post-
furosemide R2* map obtained at the same slice location. The windowing was held constant for
both the maps. Note that the medulla appears much brighter than the cortex on the pre-
furosemide R2* map, but looks close to isointense compared to the cortex on the post-
furosemide R2* map, implying improved oxygenation on the latter. (From Li LP, Vu AT, Li
BS, Dunkle E, Prasad PV. Evaluation of intrarenal oxygenation by BOLD MRI at 3.0 T. J
Magn Reson Imaging. 2004 Nov;20(5):901-4; with permission)
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Figure 4.
A graphical representation of the R2* values as a function of time obtained in one representative
subject. The first 4 points represent the mean baseline R2* values. Zero on the time axis
represents the time of furosemide administration. The error bars represent the standard
deviation of the pixel data for all of the regions of interest used to determine a single time point.
Note that the cortical R2* remain relatively constant over the entire acquisition period, whereas
medullary R2* approaches that of the cortex after administration of furosemide. (From Tumkur
S, Vu A, Li L, Prasad PV. Evaluation of intrarenal oxygenation at 3.0 T using 3-dimensional
multiple gradient-recalled echo sequence. Invest Radiol. 2006 Feb;41(2):181-4; with
permission.)
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Figure 5.
(A): Comparison of changes in R2* in response to water load in 9 young and 9 elderly subjects.
(B): Comparison of changes in R2* in response to water load in 6 young subjects with and
without cyclooxygenase inhibition with ibuprofen. Symbols are: ( ) medulla; ( ) cortex.
Columns are mean ± SEM. NS implies not significant, * implies p<0.01, and # implies
p<0.02‥ (From Prasad PV, Epstein FH. Changes in renal medullary pO2 during water diuresis
as evaluated by blood oxygenation level-dependent magnetic resonance imaging: effects of
aging and cyclooxygenase inhibition. Kidney Int. 1999 Jan; 55(1):294-8; with permission.)
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Figure 6.
BOLD-MR color R2* map of coronal sections and corresponding histopathological findings.
(a–d) Color R2* maps in the coronal planes, of normal kidney allograft and transplants with
acute dysfunction. Blue represents the lowest R2* value (lowest deoxyhemoglobin
concentration), and green, yellow, and red show increasing R2* values. Color map scale is
similar in all figures. (e–g) Pathology sections (20 × magnification) of the corresponding kidney
with ATN (e), suspicious for rejection (f) and C4d (+) IIA rejection (g with insert). (From
Djamali A, Sadowski EA, Samaniego-Picota M, Fain SB, Muehrer RJ, Alford SK, Grist TM,
Becker BN. Noninvasive assessment of early kidney allograft dysfunction by blood oxygen
level-dependent magnetic resonance imaging. Transplantation. 2006 Sep 15;82(5):621-8; with
permission.)
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