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Abstract

The role of hypoxia in renal disease and injury has long been suggested but much work still remains,
especially as it relates to human translation. Invasive pO2 probes are feasible in animal models but not for
human use. In addition, they only provide localized measurements. Histological methods can identify
hypoxic tissue and provide a spatial distribution, but are invasive and allow only one-time point. Blood
oxygenation level dependent (BOLD) MRI is a noninvasive method that can monitor relative oxygen
availability across the kidney. It is based on the inherent differences in magnetic properties of
oxygenated vs. deoxygenated hemoglobin. Presence of deoxyhemoglobin enhances the spin–spin relaxa-
tion rate measured using a gradient echo sequence, known as R2* (¼ 1/T2*). While the key interest of
BOLD MRI is in the application to humans, use in preclinical models is necessary primarily to validate the
measurement against invasive methods, to better understand physiology and pathophysiology, and to
evaluate novel interventions. Application of MRI acquisitions in preclinical settings involves several chal-
lenges both in terms of logistics and data acquisition. This section will introduce the concept of BOLDMRI
and provide some illustrative applications. The following sections will discuss the technical issues associated
with data acquisition and analysis.
This chapter is based upon work from the COST Action PARENCHIMA, a community-driven network

funded by the European Cooperation in Science and Technology (COST) program of the European
Union, which aims to improve the reproducibility and standardization of renal MRI biomarkers. This
introduction chapter is complemented by two separate chapters describing the experimental procedure and
data analysis.

Key words Magnetic resonance imaging (MRI), Kidney, Mice, Rats, Blood oxygenation level depen-
dent (BOLD) MRI, Hypoxia

1 Introduction

All organs exist in a state of dynamically balanced oxygen supply as
determined by blood flow and arterial oxygen content and demand
as determined by metabolism. Yet renal hemodynamics and oxyge-
nation offer a number of striking differences vs. nonrenal tissues.
Most organs extract approximately 45% of available oxygen (i.e.,
difference between arterial and venous blood) while the kidney only
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extracts 10–15% of available oxygen. This is in part because, on a
per gram basis, whole-kidney blood flow is higher than that of most
other tissues. The kidneys while receiving 20–25% of cardiac output
under resting conditions, only consume about 7% of the body’s
total oxygen. The major determinant of renal O2 consumption is
energy-dependent tubular sodium reabsorption. Whereas O2 con-
sumption determines perfusion in nonrenal tissues, renal O2 con-
sumption is largely determined by perfusion. Increased renal blood
flow is, in general, accompanied by increased glomerular filtration
rate, and therefore necessitates increased energy-dependent tubular
sodium reabsorption. Another particularity is the highly heteroge-
neous blood perfusion and oxygenation within the kidney. Virtually
all of the blood flowing into the kidney perfuses the cortex. The
medulla is perfused by a small fraction (about 10% of total renal
blood flow) of blood that had traversed the cortex. In accordance,
tissue partial pressure of oxygen (pO2) is very low in the medulla.
Three additional mechanisms substantially contribute to low renal
tissue pO2. (a) The particular architecture of the intrarenal vascula-
ture enables shunt diffusion of O2 from arteries to veins in the
cortex as well as from descending to ascending vasa recta in the
medulla. (b) The vascular architecture also promotes differential
distribution of erythrocytes and plasma at certain vessel branches
(plasma skimming), which results in different hematocrit and O2

content of blood perfusing the daughter vessels. (c) The Fåhræus–
Lindqvist effect lowers the hematocrit in the long and narrow vasa
recta supplying the medulla, which lowers the O2 content of blood
perfusing the medulla. At the same time, a rather high metabolic
rate and thus O2 demand is required to support active reabsorption
of sodium along medullary thick ascending limbs of Henle’s loop
(mTAL) [1]. For a comprehensive description of the causes and the
degree of the heterogeneity of intrarenal perfusion and oxygena-
tion see the chapter by Cantow K et al. “Quantitative Assessment of
Renal Perfusion and Oxygenation by Invasive Probes: Basic
Concepts.”

Given these particularities in renal oxygenation, there is an
interest in understanding the physiological mechanisms involved
in maintaining the oxygenation status within the medulla in health
and how they may be affected in disease. Acute changes to intrar-
enal O2 can be caused by both changes in O2 supply due to changes
in arterial O2 content or perfusion, changes in O2 consumption, or
a combination of the two. For example, nitric oxide (NO) regulates
blood supply by relaxing smooth muscle tension of resistance ves-
sels and inhibitors of NO formation such as L-NAME reduce renal
blood flow. The resulting reduction in renal O2 supply decreases
renal tissue oxygenation as evaluated by BOLD-MRI [2]. Alterna-
tively, loop diuretics like furosemide block the sodium–potassium–
chloride transporter in the mTAL. Inhibiting this secondary active
transport decreases the load of the primary active sodium–
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potassium pump (Na+/K+ ATPase) in the mTAL. The ensuing
decrease in O2-dependent sodium reabsorption results in an
increase in outer medullary pO2. Thus, administration of furose-
mide is most commonly used both as a validation of the measure-
ments [3, 4] and as a tubular functional paradigm in the clinic [5];
for detailed discussion of the pros and cons see the chapter by
Cantow K et al. “Reversible (Patho)Physiologically Relevant Test
Interventions: Rationale and Examples.” Early work using atrial
natriuretic peptide (ANP), which was expected to cause some
increase in blood flow, caused a significant decrease in both cortical
and medullary O2 due to the net increase in O2 consumption
related to sodium transport [6]. This illustrates the distinction
between monitoring oxygenation vs. perfusion or blood flow and
is especially relevant in the kidney.

In the setting of kidney disease, deregulation of O2 balance has
long been studied. A recent review [7] of gene responses in six
different models of acute kidney injury (gram-negative sepsis,
gram-positive sepsis, ischemia reperfusion, malignant hyperten-
sion, rhabdomyolysis, and cisplatin nephrotoxicity) found that hyp-
oxia along with oxidative stress and inflammation was the common
feature of all the disease models. These acute injuries may lead to
tubule cell death by apoptosis or necrosis and injured cells fre-
quently dedifferentiated into fibroblasts. This fibrosis can lead to
tubular atrophy and reduction in function, forcing the remaining
tubules to use more oxygen which can cause further injury [7].

Understanding the relationship between renal oxygenation and
kidney disease was predominantly based on data obtained from
preclinical models with tissue pO2 measurements using invasive
microprobes [3, 6, 8]. These probes were inserted in the kidney
to provide local and acute pO2 readings. Probe position is critical
and can be difficult to maintain in small animals. Alternately, pimo-
nidazole [9] can be used to stain tissue at severe hypoxia. This
histological staining method only captures hypoxia present at the
moment of tissue sampling. For detailed discussion of the advan-
tages and disadvantages of these methods see the chapter by Cantow
K et al. “Quantitative Assessment of Renal Perfusion and Oxygena-
tion by Invasive Probes: Basic Concepts.” BOLD MRI is a nonin-
vasive imaging technique that can be used to estimate the relative
oxygen availability in tissue. It offers both spatial information
(at reduced spatial resolution compared to histology) and temporal
resolution (typically lower than microprobes). Figure 1 illustrates
the similarity and differences between histological, microprobe,
and BOLD-MRI measurements. BOLD MRI allows for longitudi-
nal follow-up because of its noninvasive nature.

In this chapter, we will provide an overview of BOLD MRI
including the basic concept involved, and a few illustrative applica-
tions of renal BOLD MRI in rodents.
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This introduction chapter is complemented by two separate
chapters describing the experimental procedure and data analysis,
which are part of this book.

This chapter is part of the book Pohlmann A, Niendorf T (eds)
(2020) Preclinical MRI of the Kidney—Methods and Protocols.
Springer, New York.

2 Measurement Concept

2.1 Basic Concept

of BOLD Contrast

BOLD MRI technique uses deoxyhemoglobin (deoxyHb) as an
intrinsic (or endogenous) contrast mechanism. Hemoglobin
(Hb) is the primary vehicle for transporting O2 in the blood.
When O2 is bound to Hb, it becomes oxyhemoglobin (oxyHb)
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Fig. 1 (a) [10] A slice of rat kidney histologically stained for pimonidazole, showing the corticomedullary
differences. Higher staining in the medulla is related to the increased hypoxia. This method can capture the
spatial distribution of severe hypoxia within the kidney at the time of tissue sampling. (Reproduced from Zhong Z
et al., Am. J. Physiol. 275 (Renal Physiol. 44): F595–F604, 1998 with permission from American Physiological
Society). (b) [3] pO2 microelectrode data showing the temporal changes in renal medullary pO2 in a rat kidney
and illustrates the increase in pO2 following administration of furosemide. (Reproduced from Brezis M et al.,
Am. J. Physiol. 267 (Renal Fluid Electrolyte Physiol. 36): F1059–F1062, 1994 with permission from American
Physiological Society). (c) [11] A representative slice of R2* map in a rat kidney showing corticomedullary
differences, even though the contrast is opposite compared to (a). The spatial resolution is also obviously lower
compared to (a). (d) [11] Shows the changes in R2* in the outer medulla and cortex after injection of furosemide.
The first two points for both curves are baseline (preinjection). Both medullary and cortical R2* drop after the
injection of furosemide and stay relatively constant over the 20-min period of observation. Error bars represent
standard deviation in the individual ROI measurements. This figure illustrates the merits of BOLD MRI in terms of
providing both spatial and temporal information of pO2 changes in kidneys. (Reproduced from Prasad PV et al.,
J. Magn. Reson. Imaging 1999; 9:842–846 with permission from John Wiley & Sons)
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which is diamagnetic. When O2 is released from Hb, it becomes
deoxyhemoglobin (deoxyHb) which behaves as a paramagnet
[12]. Since Hb is compartmentalized to the vascular system, the
presence of deoxyHb creates local magnetic susceptibility gradients
in and around blood vessels. This induces spin-dephasing so that
the effective spin–spin relaxation decay of the MR signal governed
by the relaxation time T2* will be shortened when the local

Fig. 2 [13]: Blood oxygenation level-dependent (BOLD) MRI changes qualitatively
with pO2. The deoxygenation of hemoglobin changes its magnetic
characteristics, leading to changes in a parameter of magnetic resonance
called R2* (apparent spin–spin relaxation rate). R2* can be estimated from
signal intensity measurements made at several different echo times (a–e). The
slope of Ln (intensity) vs. echo time determines R2* and is directly related to the
amount of deoxygenated blood. A decrease in the slope implies an increase in
the pO2 of blood. We can either measure the slope or obtain intensity
measurements at a single echo time (e.g., d) to detect a difference in pO2.
Because blood pO2 is thought to be in rapid equilibrium with tissue pO2, changes
in BOLD signal intensity or R2* should reflect changes in the pO2 of the tissue.
(Reproduced from Prasad PV et al., Circulation. 1996 Dec 15; 94: 3271–5 with
permission from American Heart Association)

Fig. 3 [14]: Link between tissue pO2 and T2* (or R2*), together with the potentially confounding factors
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deoxyHb concentration is increased. This results in signal loss in
T2*-weighted imaging (e.g., gradient echo (GRE) imaging) in
areas of increased deoxyHb concentration. The BOLD signal is
quantitatively measured by either the effective relaxation time T2*
(s) OR relaxation rateR2* (¼ 1/T2* and expressed in s�1). T2* and
R2* can be calculated based on GRE data acquired at different echo
times (TE) and determining the slope of Ln (signal intensity) vs. TE
(Fig. 2). With the assumption that hematocrit and local blood
volume fraction remain unchanged (in fact, they might vary signifi-
cantly), a decrease of R2* corresponds to an increase of O2 satura-
tion of Hb and, assuming an unchanged oxyHb dissociation curve,
in blood pO2. Under “perfect” physiological conditions the pO2 of
capillary blood is thought to be in equilibrium with the surround-
ing tissue, and changes in observed R2* could be interpreted as an
indicator of changes in tissue pO2. In many (patho)physiological
scenarios however, the link between R2* (T2*), O2 saturation of
Hb, and tissue pO2 is confounded by changes in various factors,
which are illustrated in Fig. 3 and detailed in Subheading 2.3 [14].

The ratio of oxyHb to deoxyHb (which is the major determi-
nant of % O2 saturation of Hb under physiological conditions) is
related to the pO2 of blood and is governed by the oxyHb dissoci-
ation curve [15]. The renal medullary pO2 is in the lower range of
the curve. Hence a change in pO2 will result in relatively larger
change in the ratio of oxyHb to deoxyHb compared to a similar
change in pO2 of cortex. This makes BOLD MRI sensitive for
following changes in pO2 in the medulla.

2.2 BOLD MRI

Acquisition Methods

and Strategies

for Kidney

Oxygenation

Measurement

in Rodents

Two MR imaging techniques are used for renal BOLD MRI,
namely, single shot echo planar imaging (EPI) [13] and multiple
gradient echo (mGRE) sequences [4]. Functional imaging of the
human brain predominantly uses single shot EPI due to the need
for high temporal resolution and/or signal averaging. The ultrafast
nature of EPI makes it ideal for abdominal imaging to freeze
motion. It is suitable for applications with rapid changes in oxyge-
nation and whereR2* mapping is not necessary [16]. However, it is
highly sensitive to bulk magnetic susceptibility artifacts which
results in image blurring, geometrical distortion, signal loss, and
limited spatial resolution. The image distortion is amplified in
regions with poor magnetic field homogeneity such as in the vicin-
ity of bowels filled with gas. It is hardly used in preclinical setting,
especially when using high field strength MR scanners.

mGRE sequence is currently the most widely utilized acquisi-
tion method both for human [4] and preclinical [11] applications
of renal BOLDMRI. It acquires signals at multiple echo times after
each excitation pulse.R2* calculated as the slope of the straight line
fitting of Ln(SI) vs. TE or by fitting the SI vs. TE data to a single
decay monoexponential function. mGRE acquisitions provide
improved SNR (signal-to-noise ratio), spatial resolution, and
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image quality compared to single shot EPI method. However,
longer echo times with mGRE sequence also suffer from bulk
susceptibility artifacts. In preclinical setting, motion artifacts are
usually minimized using multiple averages. mGRE can suffer from
phase variations between odd and even echoes when both water
and fat components are present in renal tissue. Choice of echo times
corresponding to in-phase or out-of-phase can minimize such arti-
facts. In the presence of flow, use of even echoes may be preferred.

2.3 Limitations

of BOLD MRI

for Absolute pO2
Measurement

R2* inherently depends on many parameters, primarily including
R2 the natural spin–spin relaxation rate and a susceptibility
weighted component termed R2

0 (R2* ¼ R2 + R2
0). R2

0 is deter-
mined by the susceptibility component. In the context of BOLD
MRI, it depends on the amount of deoxyHb present within the
voxel which is determined by the combination of fractional blood
volume (fraction of the voxel occupied by blood), hematocrit, and
O2 saturation of hemoglobin.

The factors confounding the relationship betweenR2*(or T2*)
and intrarenal blood pO2 are listed in Table 1.

BOLD MRI is inherently best suited to monitor changes in
regional pO2 which is assumed to be in a dynamic equilibrium with
O2 saturation of Hb. This inherently assumes that there are no
concomitant changes in fractional blood volume, the oxyHb disso-
ciation curve, and hematocrit. While this may be valid with certain
pharmacological maneuvers, one or more of these confounders will
change in various acute scenarios. Any vasodilation or vasoconstric-
tion, either induced by pharmacologic maneuvers or by endoge-
nous control of renal vessels, alters the blood volume fraction.
Besides the vasculature, the interstitial and the tubular compart-
ments can also experience rapid volume changes and, given the
rather rigid renal capsule, can therefore modulate the blood volume
fraction. The tubular volume fraction is a unique feature of the
kidney; it is quite large and can rapidly change due to (a) changes in
glomerular filtration, (b) alterations in tubular outflow toward the
pelvis, (c) modulation of the transmural pressure gradient, and
(d) changes in resorption. This is partly the motivation to establish
R2* vs. tissue pO2 calibration relationship. However, such calibra-
tion is strictly valid only in the model it was established in, for
example, healthy animals and cannot be generalized to disease
models and other species including humans. Mathematical analyti-
cal methods can be used to model the relationship betweenR2

0 and
O2 saturation of Hb [17, 18]. However, these will require knowl-
edge of fractional blood volume and regional hematocrit for the
individual kidney. In kidneys, it is known that hematocrit is lower in
the inner medulla [19]. This explains why inner medulla in rodents
usually have low R2* values (typically lower than the cortex and
erroneously indicating more availability of oxygen). Fractional
blood volume is inherently an imaging specific concept and so
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there is very little literature on its measurement. The ideal method
to estimate fractional blood volume is by using an intravascular
contrast agent such as ultrasmall paramagnetic iron oxide
(USPIO) [20, 21]. Oxygen saturation of Hb is related to the pO2

of blood by the oxyHb dissociation curve which is influenced by
factors such as pH, pCO2, and temperature. Further the inherent
assumption that blood pO2 is in a dynamic equilibrium with sur-
rounding tissue pO2 may not hold in disease [22]. These limita-
tions of BOLD MRI need to be taken in to account when
interpreting experimental findings as illustrated recently [14]. In
order to study the detailed link between renal tissue pO2 and T2*
in vivo, an integrated approach that combines parametric MRI and
quantitative physiological measurements (MR-PHYSIOL) was pro-
posed [23]. The MR-PHYSIOL setup was used to study the rela-
tionship between renal T2* and tissue pO2 and perfusion in rats.
The findings indicate that changes in T2* qualitatively reflect
changes in renal tissue pO2 induced by maneuvers including hyper-
oxia, suprarenal aortic occlusion, and hypoxia. Yet a closer exami-
nation of the quantitative relationships between relative changes in
T2* and in tissue pO2 revealed discrepancies, indicating that, due to
the differential changes in one or more of the confounders, simple
translation of quantitative results obtained for one intervention of
renal hemodynamics and oxygenation to another intervention is
falling short of being appropriate. Also, taking the perfusion and
oxygenation heterogeneity among the kidney layer into account,
extrapolation of results obtained for one layer to others must be
made with due caution [24].

2.3.1 R2
0 Measurement Given the specific interest in the susceptibility component of spin–

spin relaxation rate for BOLDMRI, measurement ofR2
0 is desired.

While there has been some effort in directly estimating R2
0 using

Table 1
Factors confounding the relationship between R2*(or T2*), oxygen saturation of hemoglobin, and
blood pO2

Confounding factor Direction of effect Examples scenarios

Blood volume fraction Positive Vasodilation/constriction,
change in tubular volume fraction

Hematocrit Positive Plasma skimming, hemodilution

Oxygen–hemoglobin dissociation curve Changes in pH, pCO2, or temperature

Magnetic field (B0) inhomogeneity Positive Bowel gas, poor shim

T2 Positive Edema

A “positive” direction of the effect means that an increase in the confounding factor leads to an increase in R2* (decrease

in T2*) and hence an overestimation of the hypoxia
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asymmetric spin-echo sequences [25], a simpler and practical
method may be to perform a gradient echo and spin echo measure-
ment to estimate R2* and R2 separately then calculate the differ-
ence [26]. Since R2 can independently vary with certain
pharmacological maneuvers (e.g., following L-NAME [21]),
using R2

0 as the BOLD MRI parameter may be more specific to
the oxygenation related changes. A recent study illustrated the
feasibility of using R2

0 measurements to estimate blood oxygena-
tion in rat kidneys [17]. WhileR2 is not directly sensitive to BOLD
effects, there is actually an indirect dependence due to diffusion
effects of spins experiencing the field gradients generated by the
presence of deoxyHb in the microvasculature. In this regard,R2 has
been shown to be more specific to small vessels [27], while R2* is
typically weighted by larger vessels.

2.4 Considerations

Regarding Animal

Preparation

l Bowel gas can create susceptibility artifacts in renal R2* map,
right lateral position helps minimize susceptibility artifacts from
bowel gas.

l Respiratory motion could create artifacts and usually multiple
measurements for averaging purposes can be used to minimize
these. Alternately, respiratory triggering could be used but may
increase the acquisition times.

l Studies indicate the choice of anesthesia has a large influence on
renal R2* [28]. This may be partly due to known effects of
anesthesia on respiration, temperature, blood pressure, and
hence pO2.

3 Overview of Preclinical Applications

Noninvasive BOLD MRI is primarily attractive for the use in
humans. However, there is a need for preclinical applications of
the method primarily to validate the technique against invasive
measures and better understand changes in different diseases.

Validation of renal BOLDMRI measurements is mostly carried
out by comparing the responses to certain (patho)physiologically
relevant test interventions or pharmacological maneuvers against
pO2 measurements using invasive microprobes [2, 29]. BOLD data
was compared with pimonidazole staining in 10-week-old mice
[30]. Interestingly, pimonidazole staining did not show differences
between db/db and db/mmice, even though BOLDMRI showed
significant differences (Fig. 4). This is probably related to the fact
that pimonidazole detects severe hypoxia, typically
pO2 < 10 mmHg. There was one study in swine where the invasive
probe was placed in the contralateral kidney compared to the one
where BOLD MRI measurements were made [31]. This study
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pimonidazole staining score for db/db and db/m mice of similar age (10 weeks old). The medulla had stronger
staining than the cortex in both db/db and db/m reflecting increased hypoxia. No significant differences were
found in the pimonidazole staining of the medulla and cortex between db/db and the db/m mice. The lack of
significance with pimonidazole may be partly related to the fact that it is only sensitive to severe hypoxia, that
is, pO2 < 10 mmHg. (Reproduced from Prasad PV et al., Invest Radiol 2010; 45: 819–822 with permission
from Wolters Kluwers Health Inc.)
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proposed the use of R2* vs. pO2 as a calibration curve for translat-
ing BOLDMRI measurements in to pO2 estimates. More recently,
true simultaneous measurements with both BOLD MRI and inva-
sive probes were demonstrated in rats [23]. Interventions such as
hypoxia, hyperoxia, and suprarenal aortic occlusion were studied by
use of this MR-PHYSIOL setup [24]. Use of high field small animal
scanners is ideal for rodent applications in terms of signal-to-noise
ratios. However, renal BOLD MRI can also be effectively con-
ducted in rats using whole body scanners at both 1.5 [11] and
3 T [32] routinely used in humans which have more widespread
availability. Renal BOLD MRI in mice has been shown to be
feasible at 3 T using a custom surface radiofrequency loop coil for
signal reception [30, 33].

Early application of renal BOLDMRI was primarily to evaluate
acute effects of physiological or pharmacological maneuvers.
Administration of furosemide increased medullary oxygenation
predominantly due to reduction in O2 consumption [3, 6]. Given
the role of NO in essential hypertension, we have also observed
differential response to administration of L-NAME in healthy rats
compared to spontaneously hypertensive rats (SHR) [34]. Because
the reduced NO availability in SHR is related to oxidative stress, we
also observed a differential response to free radical scavenger (tem-
pol) in SHR rats compared to controls [35].

3.1 Application

to Disease Models

Acute kidney injury (AKI) is a sudden episode of kidney failure or
kidney damage that happens within a few hours or a few days of an
insult such as administration of nephrotoxins. AKI is common in
patients who are hospitalized, patients who have underlying kidney
disease, and especially in older adults. Medullary hypoxic injury
plays a major role in the pathogenesis of AKI [7], as has been
studied by both invasive probes and BOLD MRI in rat models of
X-ray contrast induced AKI and renal ischemia/reperfusion injury
[36–38].

Given the role of endothelial dysfunction in the susceptibility to
contrast induced AKI, we have studied the additive effects of
L-NAME, indomethacin (prostaglandin inhibitor) followed by
iodinated radio-contrast medium iothalamate (Fig. 5) [32]. Using
this AKI model, we compared the effects of different contrast media
based on different physicochemical properties, observed large
increases in R2* in the inner-stripe of outer medulla [39]. In a
similar model, we evaluated potential preventative maneuvers such
as preadministration of furosemide or N-acetylcysteine (NAC, an
antioxidant). We found that furosemide was effective in abolishing
the increase in R2* post-radiocontrast [40]. These observations
matched with a decrease in urinary neutrophil gelatinase associated
lipocalin (NGAL) measurements, a marker of tubular injury.

Unilateral ureteral obstruction (UUO) is a commonly used
model of renal fibrosis [41]. However, permanent ligation of ureter
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results in complete loss of renal parenchyma within couple of
weeks. A reversible unilateral ureteral obstruction (rUUO) was
proposed as a more representative model of chronic kidney disease
(CKD) [42]. In rUUOmodel, the microvascular clip used to ligate
the ureter is moved distally every 2 days for 6 days and then
removed. BOLD MRI was used to monitor the longitudinal
changes at 2 and 28 days following reversal of the UUO
[43]. This application is an illustration of the advantage of a nonin-
vasive imaging method in performing longitudinal studies within
the same animal.

Fig. 5 [32]: Averaged (mean � SE) renal R2* time course from six rats in renal medulla and cortex following
the administration of L-NAME, indomethacin, and radio-contrast iodixanol. The vertical lines indicate the time
of administration of each of chemicals. Pre: baseline; l-name: L-NAME; indo: indomethacin. Error bars
represent standard error among rats. On the top are R2* maps generated using custom Matlab (Mathworks,
Natick, MA, USA) code in one representative rat. The relative brightness in renal outer medulla suggests low
oxygenation level compared to cortex. The window settings were the same in all maps. The brightness in renal
outer medulla increases gradually after each chemical, suggesting the progressively decreasing of oxygena-
tion. The R2* maps are from baseline, following administration of L-NAME, indomethacin, and iodixanol. The
arrows show the renal outer medulla and cortex where the ROIs were placed. The renal outer medulla is
relatively brighter than renal cortex in baseline R2* map, suggesting lower oxygenation level there. Each
chemical contributes to the additional increased brightness in R2* maps in the renal outer medulla, suggesting
progressive hypoxia in the renal outer medulla. Bottom: shows the corresponding plot of R2* vs. time.
(Reproduced from Prasad PV et al., J. Magn. Reson. Imaging 2012; 36:1162–1167 with permission from
John Wiley & Sons)
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