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Abstract

Renal tissue hypoperfusion and hypoxia are early key elements in the pathophysiology of acute kidney injury
of various origins, and may also promote progression from acute injury to chronic kidney disease. Here we
describe basic principles of methodology to quantify renal hemodynamics and tissue oxygenation by means
of invasive probes in experimental animals. Advantages and disadvantages of the various methods are
discussed in the context of the heterogeneity of renal tissue perfusion and oxygenation.
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 a separate chapter describing the experimental procedure and
data analysis.
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1 Introduction

Kidney diseases are a global health burden with steadily increasing
prevalence and incidence [1–5]. Animal studies have provided evi-
dence that acute kidney injury (AKI) of various origins shares a
common link in the pathophysiological chain of events, ultimately
leading to AKI, as well as to progression from AKI to chronic
kidney disease (CKD): imbalance between renal oxygen delivery
and oxygen demand [3, 6–13]. Renal tissue hypoperfusion and
hypoxia have also been suggested to play a pivotal role in the
pathophysiology of other kidney diseases including diabetic kidney
disease [14–16].

The majority of the preclinical studies that generated this con-
cept utilized a set of invasive probes to measure renal hemodynam-
ics and oxygenation in anesthetized animals [12, 14, 17–20]. These
methods have also been used (1) to study mechanisms of
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physiological control of renal hemodynamics and oxygenation and
(2) the effects of various substances on this control in healthy
animals, (3) to test several putative preventive or therapeutic
approaches for AKI and CKD in animal models, and (4) for the
purpose of calibrating functional magnetic resonance imaging
(MRI) including renal blood oxygenation level-dependent MRI
(BOLD-MRI) that makes use of the quantitative MR parameter
T2*, which is a surrogate for blood oxygenation [18–28].

The invasive probes typically include (1) a perivascular flow
probe for measurement of total renal blood flow, (2) laser-Doppler-
optodes for assessment of local tissue perfusion, (3) Clark-type
electrodes or fluorescence-quenching optodes for measurements
of local tissue partial pressure of oxygen (pO2), and (4) devices
for invasive measurement of arterial blood pressure. These methods
are considered the gold standard for the study of renal hemody-
namics and oxygenation, because the methods, with the exception
of the laser-Doppler fluxmetry, provide calibrated quantitative data
[25, 29, 30]. Step-by-step protocols for application of these tech-
niques in two setups, one for stand-alone experiments in labora-
tories for integrative physiology, and the other for experiments
within small-animal MR scanners by use of a hybrid setup, are
provided in the chapter by Cantow K et al. “Monitoring Renal
Hemodynamics and Oxygenation by Invasive Probes: Experimen-
tal Protocol”.

As with all established modalities available in today’s experi-
mental and translational research, these techniques have shortcom-
ings and methodological limitations. In particular, their
invasiveness, for obvious ethical reasons, precludes their use in
humans. The invasiveness is, furthermore, a considerable hurdle
for implementation of these methods in long-term and longitudinal
studies: although invasive probes have been used in conscious,
chronically instrumented animals [22, 24, 31–37], the vast major-
ity of studies has been performed in “terminal experiments” in
anesthetized animals. This is a major limitation of all invasive tech-
niques because the measurements are by necessity potentially con-
founded by the effects of anesthesia (see the chapter by Kaucsar T
et al. “Preparation and Monitoring of Small Animals in Renal
MRI”).

The measurement of intrarenal tissue perfusion and tissue oxy-
genation is quite challenging, because of their vast spatial hetero-
geneity both among the renal layers (cortex, outer medulla, and
inner medulla) and within the layers. In this chapter, the causes and
the degree for this spatial variability are outlined first, before the
basic principles of methodology to quantify renal hemodynamics
and oxygenation by means of invasive probes in experimental ani-
mals are described together with a discussion of the pros and cons
of the various methods.
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This introduction chapter is complemented by a separate chap-
ter describing the experimental procedure, which is 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 Heterogeneity of Intrarenal Perfusion and Oxygenation—Causes and Degree
of Variability

Intrarenal local tissue pO2 is determined by the balance between
local O2 supply and local O2 consumption. Additionally, determi-
nants of local O2 diffusion play a role. Local O2 supply depends on
local blood perfusion, local vessel density, and local blood pO2 and
blood O2 content. Local O2 consumption is foremost determined
by local metabolic demand. Blood perfusion within the kidney is
much more heterogeneous than within most other organs, due to
its particular vascular architecture [8, 38–40].

From the branches of the renal artery that enter the kidney at its
hilus, interlobar arteries arise, which align with the medullary–corti-
cal axis. From interlobar arteries emerge arcuate arteries that run
along the boundary between the cortex and the medulla, that is,
perpendicular to the medullary–cortical axis. From the latter, inter-
lobular arteries branch off at regular intervals at angles of about
90 degrees, so that they all enter the renal cortex. For this reason,
virtually all the blood flowing into the kidney perfuses the cortex first
[8, 25, 38, 41–43]. The interlobular arteries are in close proximity to
interlobular veins, together forming what might be called “vascular
bundles” that run in parallel at regular distances from the cortico-
medullary boundary toward the capsule. Within the cortex, interlob-
ular arteries branch off into afferent (preglomerular) arterioles, from
which glomerular capillaries arise that, in turn, rejoin into efferent
(postglomerular) arterioles. The efferent arterioles from the subcap-
sular and mid-cortical glomeruli branch off into networks of peri-
tubular capillaries. The efferent arterioles of the deep cortical
(juxtamedullary) glomeruli, however, branch off at about the corti-
comedullary boundary to form capillary-like vessels, the descending
vasa recta [38–40]. These very straight and exceptionally long vessels
descend toward the papilla. The descending vasa recta provide virtu-
ally all blood that perfuses the medulla. As a consequence, only
10–15% of blood that previously passes through the cortex, will
reach the medulla, and the vascular density is much lower in the
medulla than the cortex [8, 25, 38, 41–43]. The descending vasa
recta are in close proximity with the ascending vasa recta, thus
forming distinct “vascular bundles” that run in parallel at regular
distances through the medulla [38–40].

These particularities of the intrarenal vascular architecture have
a number of salient consequences with regard to local blood
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perfusion and thus the local O2 supply. First, the striking difference
in the quantity of blood perfusion between the cortex and the
medulla, together with the difference in their vascular densities, is
one of the major reasons for the low tissue pO2 in the medulla.
Second, the Fåhræus–Lindqvist effect that lowers the hematocrit
and thereby the O2 content of blood in the vasa recta that supply
the medulla, contributes to low medullary O2 delivery
[39, 40]. Third, diffusive shunting of O2 between the arcuate and
interlobular arteries and their respective veins in the cortex as well
as between the descending and ascending vasa recta in the medulla,
owing to the close proximities of the respective vessels, are a further
major reason behind the “physiological hypoxia” of the medulla.
Thus, blood pO2 is higher in the venous vessels than in the capil-
laries these venous vessels drain. Fourth, due to the particular
vascular architecture with distinct “vascular bundles” that comprise
arterial vessels with high pO2 and venous vessels with relatively high
pO2 (due mainly to the low fractional O2 extraction of the renal
tissue), there are huge differences in local pO2 even within a given
renal layer under physiological conditions [25, 41, 43–47]. Fifth,
plasma skimming at intrarenal vessel branches results in different
hematocrit and therefore O2 content of blood perfusing the daugh-
ter vessels, which also contributes to the local pO2 differences
[39, 48].

The schematic shown in Fig. 1 depicts the range of local pO2

values as measured by invasive Clark-type electrodes in the kidneys
of rats and dogs under physiological conditions in vivo [43–
45]. These measurements reveal that local tissue pO2 levels in the
cortex vary dramatically, foremost according to the distance to the
“vascular bundles” of interlobular arteries and veins: pO2 values
range from 10 mmHg at the greatest distance from two neighbor-
ing “bundles,” to up to 70 mmHg around the “bundles.” In

Fig. 1 Scheme depicting the range of intrarenal tissue partial pressure of oxygen (pO2). The red curve depicts
values at the greatest distance from two neighboring “vascular bundles,” the blue one that directly adjacent to
“vascular bundles” (for details see text); OS (outer stripe), IS (inner stripe). Original data were obtained by
measurements in in anesthetized dogs and rats [43–45]
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addition, local cortical tissue pO2 varies with the distance to the
arcuate arteries located at the corticomedullary boundary. Also, the
range of tissue pO2 variability in the outer medulla is huge (see
Fig. 1): whereas pO2 is less than 10 mmHg in locations at maxi-
mum distance from the “vascular bundles” of descending and
ascending vasa recta, pO2 is up to 75 mmHg in close proximity to
these “bundles.” In the inner medulla, tissue pO2 is rather homog-
enous: in general, it usually amounts to less than 15 mmHg.

The huge differences in tissue pO2 among the renal layers not
only reflect the differences in O2 supply but also the different O2

consumption of the distinct sections of the tubules located in the
respective renal layers. Tubular resorption relies on active transport
processes, which account for about 85% of the kidney’s energy
expenditure and, therefore, its O2 consumption [8, 49]. The proxi-
mal tubule and the distal convoluted tubule, which constitute the
majority of tubular segments within the cortex, consume much O2

because a huge amount of osmolytes is resorbed by active transport
in these segments. On the other hand, tubular sections such as the
thin descending and the thin ascending limbs of Henle’s loop and
the medullary collecting duct, which are the most abundant tubular
sections within the medulla, feature very low to nonexisting active
transport. Yet the thick ascending limbs of Henle’s loop, which are
located in the outer medulla, consume much O2, because of their
active resorption of osmolytes [8, 25, 41, 43–47, 50]. The high O2

demands of the thick ascending limbs in relation to the rather low
O2 supply of the outer medulla, consequent to its particular vascu-
lar architecture, exposes this renal layer to the greatest risk for
hypoxic tissue damage [6–14, 43, 51, 52].

3 Methods: Methodologic Principles, Advantages, and Disadvantages

Techniques for invasive measurements of renal hemodynamics and
oxygenation comprise readily (commercially) available methods
and devices that are employed in many laboratories of integrative
kidney physiology worldwide, but also techniques that are estab-
lished only in one or a few laboratories. The widely used methods
are described first. They include (1) perivascular flow probes for
measurement of total renal blood flow, (2) laser-Doppler-optodes
for assessment of local tissue perfusion, (3) Clark-type electrodes
for measurements of local tissue pO2, (4) fluorescence-quenching
optodes for the same purpose, (5) devices for invasive measurement
of arterial blood pressure, and (6) pimonidazole adduct immuno-
histochemistry for assessment of renal tissue hypoxia.

The pimonidazole technique is included here because of its
widespread usage, although it is an exceptional case for two rea-
sons. First, in contrast to the other techniques, this approach does
not allow investigators to monitor a given parameter over time, but
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only provides a snapshot: Pimonidazole is injected at a single time
point in vivo, and pimonidazole adducts formed in severely hypoxic
tissue are visualized in ex vivo samples [53–55]. Second, although
the technique has been used for two decades, it was subjected to
close scrutiny only recently [55]. Upon this careful investigation
major pitfalls were identified and detailed—which, at least in part,
cast doubts on the reliability of previously published results—and
methods to address and overcome these issues have been
proposed [55].

In the final part of this chapter, a few selected examples of
methods are discussed that are not (yet) generally available but
presently established in only one or a few laboratories.

3.1 Transonic Flow

Probes

Today’s gold standard for whole kidney blood flow measurements
is a flow probe attached to the renal artery or to the renal vein that
makes use of ultrasound transit time differences. This method was
established in the late 1970s and provides continuous absolute
measurements of blood flow (in mL per min) independent of the
actual flow velocity profile, the actual vessel diameter, and the actual
hematocrit [56]. The commercially available device (Transonic™,
Transonic Systems Inc.) comprises an electronic flow detection unit
(flowmeter) and perivascular probes [57, 58]. The flow probe
consists of two ultrasonic transducers and a fixed acoustic reflector
(see Fig. 2a). The flow probe is positioned on the blood vessel so
that the vessel lies within the acoustic sensing window defined by

A

B

C

Fig. 2 Photographs of typical probes for invasive measurements. (a) Perivascular
Transonic™ flow probe for measurement of total renal blood flow. (b) Combined
fluorescence-quenching-laser-Doppler probe (OxyLite/OxyFlo™) for simulta-
neous measurements of local tissue pO2 and assessment of local tissue perfu-
sion in the same circumscribed area. (c) Clark-type electrode for measurement
of local tissue pO2
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the transducers and the metallic reflector. Probes are available in
various sizes to fit the dimensions of the blood vessel of interest.

The flowmeter directs the flow probe through measurement
cycles [57, 58]. First, a wide beam of ultrasound is emitted by the
downstream transducer. It intersects the vessel in the upstream
direction, is reflected by the acoustic reflector, then intersects the
vessel again before being received by the upstream transducer. The
flowmeter records the transit time. Then, the transit–receive
sequence is repeated, but with the transmitting and receiving func-
tions of the transducers reversed, that is, the vessel is bisected by the
beam in the downstream direction. The transit time during the
upstream cycle is higher than during the downstream cycle, because
the ultrasound beam travels against the blood flow in the first, and
with the blood flow in the latter cycle. The difference in the transit
times is directly proportional to blood volume flow. Due to the
wide ultrasonic beams, all flowing blood is accounted for; thus, the
transit time is sampled at all points across the vessel diameter, and
the volume flow measurement is independent of the flow velocity
profile [57, 58].

An accurate measure of volumetric flow is obtained by the
perivascular probes even when the vessel is smaller than the acoustic
window, because the parts of the ultrasonic beam that do not
intersect the vessel do not contribute to the signal [57, 58]. How-
ever, air effectively blocks ultrasound transmission, and even small
air bubbles compromise measurement accuracy. Therefore, all
spaces between the vessel and probe must be filled with a suitable
acoustic coupling agent. In case of “terminal experiments” in
anesthetized animals, where the abdomen is opened, this can be
achieved by simply filling the abdominal cavity with isotonic saline
(at 37 �C) [27]. Acoustic coupling gels can also be used and are
available from the supplier of the probes. Fatty tissue also affects the
ultrasonic beam; thus, the vessel of interest must be thoroughly
prepared by gently removing fatty tissue [27].

Measurements of total renal blood flow by means of Tran-
sonic™ devices have also been performed in chronically instrumen-
ted animals [22, 31, 33, 58, 59]. Here, the perivascular probe
becomes encapsulated by tissue, which stabilizes its position. En
route to calibration of functional MRI for the study of renal hemo-
dynamics and oxygenation, an integrated multimodality approach
was developed that enables measurements of invasive gold standard
parameters and functional MR parameters simultaneously for the
same kidney in an ultrahigh field small animal scanner
(MR-PHYSIOL) [25–28]. For such a setup, a special Transonic™
flow probe is used: its acoustic reflector is made of Macor ceramics
instead of stainless steel or brass to meet the safety and compatibil-
ity requirements of MRI (see the chapter by Cantow K et al.
“Monitoring Renal Hemodynamics and Oxygenation by Invasive
Probes: Experimental Protocol”).
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With the introduction of the Transonic™ technique, all other
methods used for quantitative assessment of total renal blood flow
in experimental animals including but not limited to electromag-
netic probes and microsphere techniques were rendered obsolete.

3.2 Laser-Doppler

Optodes

In the 1970s, laser-Doppler probes were developed that estimate
local blood perfusion within circumscribed areas of tissue
[60, 61]. For this purpose, pulsed light of a distinct wavelength
(e.g., 785 nm) is guided via an optical fiber into the tissue subjacent
to the tip of the fiber, where it is scattered within the tissue. A
fraction of the light encounters erythrocytes, is reflected, and is fed
back via the fiber to the photodetecting device of the apparatus.
From the amount of reflected light the concentration of erythro-
cytes per tissue volume is estimated. Because erythrocytes move
with the bloodstream, the reflected light becomes frequency shifted
due to the Doppler effect. The photodetected signal comprises a
broad spectrum of Doppler frequency shifted signals from which
the average velocity of erythrocytes is derived. An estimate of
microvascular blood perfusion is than calculated by the apparatus
as the product of mean erythrocyte velocity and mean erythrocyte
concentration in the volume of tissue under illumination from the
probe [61].

The most important limitation of the laser-Doppler technique
is that it can only provide arbitrary, nonabsolute, units for blood
perfusion rather than an absolute value of blood flow, which is why
the method is often termed laser-Doppler-fluxmetry [25]. This is
due to the fact that the actual sampling volume could only be
determined if it were possible to identify which erythrocytes have
interacted with the light reflected from the tissue. The latter
depends on the optical scattering and absorption coefficients of
the tissue. Since these coefficients vary considerably with regard
to the local microvasculature and its perfusion at the time of mea-
surement, it is impossible to determine the actual sampling volume
and thus the blood flow in absolute terms [61].

Estimated mean sampling depths for mammal tissues range
from 0.5–1.5 mm, corresponding to “captured” volumes of
roughly 1 mm3 of tissue. However, these values must be lower in
regions with large light absorption due to large amounts of ery-
throcytes per volume such as the renal cortex, and lower in the
inner medulla with its low amount of erythrocytes per volume [38–
40, 61].

Considering the rather small volume of tissue for which the
laser-Doppler data are obtained versus the heterogeneity of intrar-
enal perfusion, extrapolation of the results of one area to other
areas, even of the same renal layer, is unfeasible. Because of the
impossibility to provide absolute data, laser-Doppler-fluxmetry
allows investigators only to report relative changes occurring
while the optode is fixed in place. Therefore, only continuous and
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Fig. 4 Time courses of invasively measured parameters of renal hemodynamics and oxygenation in two
groups of anesthetized rats that both received a 1.5 mL bolus injection of an X-ray contrast medium (iodixanol
320 mg iodine per mL) into the thoracic aorta at time 0. In the blue group, a low dose of nitrite was
administered by continuous infusion, while in the red group saline was infused (control). Conductance values
(the reciprocal of vascular resistance) were calculated by dividing the respective perfusion values by arterial
blood pressure, in order to distinguish flow changes that result from passive circular distension/compression
of vessels from those actively exerted by vascular smooth muscles. Values (mean� SEM) are given as relative
changes from baseline. Redrawn from Ref. 20

Fig. 3 Original tracings of invasively measured parameters of renal hemodynamic and oxygenation in an
anesthetized rat (left panel) and sketch of the left kidney with the locations of the used probes (right panel).
The rat was exposed to staircasewise reductions in renal perfusion pressure followed by staircasewise
pressure restorations performed by means of a servo-controlled inflatable occluder placed around the
suprarenal aorta (pressure servo) [22]. This was done under normoxic (inspiratory fraction of O2, FiO2 ¼ 0.2),
hyperoxic (FiO2 ¼ 1.0), and hypoxic (FiO2 ¼ 0.1) conditions



quantifiable changes relative to baseline (control) measurements
are recorded, typically induced by acute interventions such as
changes in renal arterial pressure or the inspiratory O2 fraction, or
by the administration of drugs (see Figs. 3 and 4) [18–20, 22, 23,
25, 28, 62]. Yet even interpretation of changes in laser-Doppler
data recorded during such maneuvers must be done with due
caution: they could rely on changes in local hematocrit, for exam-
ple, due to changes in plasma skimming, rather than changes in
blood flow [25, 39, 48].

In many studies on renal hemodynamics, data from two probes
are recorded, one placed within the cortex and the other one in the
(outer) medulla. This approach has been also employed in chroni-
cally instrumented rats [22]. It must be noted, that the potential
tissue injury inflicted by the insertion of the optodes (usual tip
diameters range from 50 to 300 μm) may confound the results.
Laser-Doppler fluxmetry devices are supplied by various manufac-
turers. Oxford Optronics, Ltd., provides combined fluorescence-
quenching and laser-Doppler optodes (OxyLite/OxyFlo™) that
enable simultaneous recordings of local tissue pO2 (vide infra)
and of relative changes in local tissue perfusion in the same circum-
scribed area of renal tissue (see Fig. 2b).

3.3 Clark-Type

Electrodes

These polarographic electrodes were developed in the 1950s by
Clark and colleagues [63]. The electrodes consist of a noble metal
(e.g., silver, gold, platinum) which reduces O2 due to a negative
polarizing voltage. The difference in voltage between the reference
electrode (anode) and the measuring electrode (cathode) is propor-
tional to the amount of O2 molecules being reduced on the cath-
ode. This enables quantification of tissue pO2 (absolute values in
mmHg). The critical technical advance was electrical insulation of
the anode and cathode with a gas-permeable but liquid-
impermeable membrane. This approach provided the foundation
for the development of miniaturized versions (see Fig. 2c) with tips
as small as 1–5 μm, that enable quantification of pO2 even in
specific vascular and tubular elements of the kidney
[64, 65]. Using such small electrodes, Lübbers, Baumg€artl, and
colleagues were the first to document the vast heterogeneity of
renal tissue pO2 among as well as within the renal layers that is
depicted by Fig. 1 [43–45]. These authors generated “spatial
maps” with the frequency distribution of pO2 values (“pO2 histo-
grams”) from the cortex to the inner medulla, by moving the
electrodes through the renal tissues using a nanostepper technique
(step width 50 μm).

While “pO2 histograms” have also been obtained in a few
recent studies [66, 67], the majority of studies uses fixed electrodes,
making sure that the tips remain at the same location within the
kidney throughout the experiment. Often, one electrode is placed
within the cortex and the other one in the (outer) medulla. The
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tissue volume that is “captured” by the electrodes has probably
about the same diameter as the tip of the electrode; thus, standard
electrodes of �10 μm diameter obtain pO2 values that are repre-
sentative for a relatively small tissue volume only [67]. In the face of
the spatial heterogeneity of intrarenal pO2, this constitutes a major
limitation of this technique. On the other hand, the potential tissue
injury inflicted by the insertion of these small electrodes is less than
with bigger electrodes or fluorescence quenching optodes that
enable better “spatial averaging” (vide infra) [24, 35, 67]. Another
drawback of Clark-type electrodes is O2 consumption due to their
electrochemical reduction, which is particularly unfavorable in areas
with a fragile balance between O2 delivery and demand such as the
renal medulla [67–70].

Furthermore, it is not technically feasible to make repeated
measurements in the same anesthetized animal over time-frames
longer than a few hours. Yet, recently, a telemetric method using
carbon paste electrodes has been developed that allows assessment
of renal tissue pO2 in conscious rats [35]. This method provides
exquisite temporal resolution [24]. The major limitations of the
method are (1) that it requires considerable skill and expertise to
construct and implant the devices, (2) that tissue pO2 can only be
monitored at a single location in each animal, and (3) that only
relative changes in tissue pO2, rather than absolute levels are
measured.

3.4 Fluorescence-

Quenching Optodes

In the 1990s, a fiber-optic oxygen-sensing device was developed
that measures pO2 from the lifetime of fluorescence of a (ruthe-
nium- or platinum-based) luminophore at the tip of an optode
[70, 71]. The probe is connected to a pO2 meter developed by
Oxford Optronics, Ltd., that generates short pulses of blue LED
light, which are transmitted via the fiber to the tip of the optode
[70]. The resulting emission of fluorescent light is quenched by the
presence of O2 molecules. The OxyLite™ instrument measures the
lifetime of each pulse of fluorescence, which is approximately
inversely proportional to the pO2 according to the Stern-Volmer
equation at pO2 values between 0 and 100 mmHg [68, 71].

Direct comparisons between Clark-type electrodes and
quenching optodes reveal their respective advantages and disadvan-
tages [67, 68, 70]. Both techniques share the disadvantage of
invasiveness, and the advantage of enabling absolute quantification
of pO2 (in mmHg). Advantages of the optode include the absence
of O2 consumption and a greater accuracy at low pO2, which is of
particular importance when it comes to measurements in the renal
medulla. In contrast to the electrodes that “capture” a tissue vol-
ume that is approximately equal to their tip diameter, optodes do
not “capture” a proper volume. The pO2 measured by the optodes
is that within the probe-head (at the tip) of the optode itself, which
covers a circular area of 230 μm diameter [67, 68, 70]. The larger
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diameter of the optodes as compared with that of standard pO2

electrodes increases the risk for tissue damage. On the other hand,
it facilitates a favorable “spatial averaging” of renal tissue pO2 values
in the face of their huge spatial heterogeneity. In fact, “pO2histo-
grams” of renal cortical pO2 obtained in rabbits by a fluorescence
optode were more tightly distributed than those provided by a
Clark-type electrode, which may aid detection of (patho)-
physiologically significant changes in intrarenal oxygenation
[67]. Finally, the optodes have been proven to be MR compatible
and MR safe [25, 26].

As mentioned earlier, combined fluorescence-quenching-laser-
Doppler probes (OxyLite/OxyFlo™) enable simultaneous mea-
surements of local tissue pO2 and assessment of local tissue perfu-
sion in the same circumscribed area (see Fig. 2b).

3.5 Monitoring

of Arterial Blood

Pressure

It is mandatory for in vivo studies in anesthetized experimental
animals, be it studies on control of renal hemodynamics and oxy-
genation or on every other functional parameter, to monitor car-
diovascular variables such as arterial blood pressure and heart rate
throughout the experiment in order to ascertain that physiological
cardiovascular control is maintained. In anesthetized animals this is
best achieved by use of invasive techniques: a fluid-filled catheter
inserted into a conduit artery (e.g., femoral or carotid arteries)
connected to one of the various commercially available pressure
transducers and quantitatively calibrated via a recording device (see
the chapter by Cantow K et al. “Monitoring Renal Hemodynamics
and Oxygenation by Invasive Probes: Experimental Protocol”).

Direct intra-arterial measurements in unanesthetized animals is
the most physiologically relevant means of arterial pressure deter-
mination. Telemetric pressure monitoring is the gold standard in
conscious animals, and various telemetric devices are commercially
available [72, 73]. A limitation of this technique is that implanta-
tion surgery and maintenance of catheters require considerable skill
[72]. The tail-cuff method is a simple noninvasive plethysmo-
graphic technique to assess arterial pressure in conscious rats and
mice [74, 75]. Since the conditions for tail-cuff measurements
necessarily involve heating and restraint of the animal, which almost
inevitably alter the measured parameter (arterial pressure), the
physiological meaningfulness of the results is questionable [73].

3.6 Pimonidazole

Adduct Immuno-

histochemistry

This method was originally developed for detection of hypoxia in
tumors, but subsequently adapted for use in the kidney [53]. For
this technique, pimonidazole (usually 60 mg/kg of body mass) is
administered to the experimental animal in vivo [54]. Pimonidazole
forms adducts within hypoxic (<approximately 10 mmHg) cells.
These adducts are immunohistochemically visualized in ex vivo
samples of the kidney. The advantage of this technique is that it
provides good spatial resolution of renal tissue hypoxia at the
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cellular level. Its major limitations include (1) that it detects severe
hypoxia only, with a cutoff of about 10mmHg, (2) that hypoxia can
only be assessed postmortem, and (3) only at a single time point.
Those using this technique must also be aware of twomajor sources
of false-positive detection of hypoxia, as recently revealed
[55]. Firstly, pimonidazole adducts can form postmortem in cells
that were not hypoxic in the living animal. For this reason, it is
recommended that kidney tissue be perfusion fixed, rather than
immersion fixed. Secondly, when the standard (mouse) monoclonal
antibody is used, false positive staining has been observed in dam-
aged rat kidney tissue, presumably as a result of the anti-mouse
secondary antibody binding to mouse-like antigens in the damaged
tissue. This problem can be avoided by use of a newly commercially
available polyclonal anti-pimonidazole antibody raised in
rabbits [55].

3.7 Examples

of Methods That Are

Not Generally Available

3.7.1 Bladder pO2

It is not technically feasible to measure renal tissue pO2 in humans.
It can also be technically difficult to measure renal tissue pO2 in
experimental animals unless they are deeply anesthetized. However,
it is technically feasible to measure the pO2 of urine in both experi-
mental animals and man. There has been a long history of interest
in this approach for monitoring renal medullary tissue oxygenation
[76]. However, with the recent development of fiber-optic probes
that can be inserted into a standard Foley bladder catheter, it has
been possible to subject this method to close scrutiny [77]. Avail-
able evidence now indicates that urinary pO2 can provide a good
estimate of renal medullary pO2 [77]. Because this technique can
be deployed in humans equipped with a bladder catheter, it pro-
vides a translational pathway for development of approaches to
improve renal medullary oxygenation in human patients at risk of
AKI. It is also noteworthy that low urinary pO2 during cardiac
surgery requiring cardiopulmonary bypass predicts development
of postoperative AKI. In light of this, urinary pO2 measurements
may provide a real-time measure of medullary oxygenation and
predict the risk of AKI in critically ill patients. The major limitation
of this approach is that the combination of low urine flow and high
arterial pO2 can confound the relationship between urinary pO2

and medullary pO2 [77].

3.7.2 Near Infrared

Spectroscopy

Near infrared spectroscopy (NIRS), together with models for dif-
fuse optical imaging affords the measurement of (1) tissue concen-
trations of oxygenated hemoglobin (oxyHb) and deoxygenated
hemoglobin (deoxyHb), (2) oxygen saturation of Hb (StO2)
within tissues, and (3) tissue blood volume fraction in vivo. In
particular, spatially resolved reflectance NIRS (SRR-NIRS),
together with Monte-Carlo simulations of diffuse light propaga-
tion, has been applied to monitor these parameters within renal
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cortical tissue [78]. Quantification of the underlying absorption
and reduced scattering coefficients of the tissue is based on analyz-
ing the decrease of the intensity of diffusely remitted light with
increasing distance from the light injection point. Recording tech-
niques for the renal cortex of anesthetized rats have been estab-
lished, with a linear fiber array placed on the ventral surface of the
exposed kidney. Measurements have been done at selected near-
infrared wavelengths between about 670 and 850 nm by multi-
plexing millisecond pulses from the different laser sources in time.
In this way, quantitative measurements of renal cortex parameters
have been achieved at a repetition rate of multiple Hz [78].

SRR-NIRS has been successfully combined with “classical”
invasive techniques to study renal hemodynamics and oxygenation
in rats [78]. Thus, SRR-NIRS-derived parameters such as the
amount of Hb per tissue volume and StO2 were obtained simulta-
neously with parameters including total renal blood flow, local
cortical tissue perfusion and tissue pO2 in the same kidney. Control
of renal hemodynamics and oxygenation was studied by dedicated
reversible test interventions including brief occlusions of the renal
artery or the renal vein, short-term hypoxia, hyperoxia, and hyper-
capnia, and administration of adenosine. The results demonstrate
that the combined approach, by providing different but comple-
mentary information, enables a more comprehensive characteriza-
tion of renal hemodynamics and oxygenation [78].

The SRR-NIRS technique could also serve to help calibrate
renal T2* MRI. This MR surrogate parameter for blood oxygena-
tion is related to the amount of deoxyHb per tissue volume. Con-
founders of the T2* to tissue pO2 relationship include the vascular
volume fraction, the local hematocrit, and shifts of the oxyHb
dissociation curve [25–28]. Since SRR-NIRS enables quantitative
monitoring of the amount of Hb per tissue volume and of StO2 it is
an ideal candidate to unravel and quantify the contributions of
confounding factors to renal T2* MRI.

By extending the wavelength range beyond 900 nm, the tissue
water content can additionally be assessed, which, together with
the reduced scattering coefficients at the different wavelengths, can
serve as a surrogate for other (patho)physiologically relevant para-
meters such as the tubular volume fraction.

Application of SRR-NIRS in reflection mode constrains mea-
surements to the renal cortex of rats. Recently it was demonstrated
that changes of rat medullary Hb parameters can also be assessed by
SRR-NIRS in transmission mode using an additional fiber placed
on the dorsal surface of the kidney [79].

3.7.3 Intravital

Microscopy

Perhaps the “final frontier” in methods for assessing renal oxygena-
tion are techniques that provide cellular resolution, in real time, in
living animals. Hirakawa and colleagues have recently reported use
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of a technique they call “intravital phosphorescence lifetime imag-
ing microscopy” [47]. This technique allows cellular pO2 in the
renal cortex of live animals to be resolved to the level of individual
tubular cross-sections. It requires injection of a molecule whose
phosphorescence is quenched by O2. Thus, pO2 can be measured
by assessing the decay curve of the phosphorescence. Such probes
are available that accumulate intracellularly or are retained within
the vasculature. Thus, it is possible to use this approach to assess the
heterogeneity of renal blood and tissue pO2 in real time with
unprecedented cellular resolution. Currently, the technique is lim-
ited for use in the superficial cortex.
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