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1. PET Images as Biomarkers

Biomarkers are biological characteristics that can be used as indicators of normal and
pathological processes and they can serve as probes of pharmacologic response to treatment
(1). Biomarkers may be utilized at all stages of disease including screening, early diagnosis,
prognosis, assessment of disease progression, assessment of disease regression and
measurement of drug effects. Surrogate endpoints are biomarkers that are used as substitutes
for clinical end points. Due to their quantitative character, PET studies of the function and
molecular composition of the organs are well suited to be biomarkers. As any biomarker, new
PET methods must go through established developmental phases that include discovery,
preclinical research, clinical testing and commercial establishment. PET imaging methods for
renal imaging are currently in either the discovery or preclinical research phases.

The steps involved in the development of a new renal PET imaging method are analogous to
the steps of biomarker development. The first important question to address is which
characteristics of the organ, i.e. functional or molecular, should be the focus of imaging? If the
goal is to image renal blood flow, the best available tracer and imaging protocol to do this
should be selected. The method has to be validated in the preclinical as well as in the clinical
setting to insure that it provides reliable, reproducible, quantitative information that is
diagnostically useful. On the other hand, if the goal is imaging of molecular targets, such as
the level of expression of receptors, the important questions are, which proteins are
significantly altered in specific diseases and in which diseases is a specific protein altered in
a consistent fashion? Is the molecular target expected to provide disease specific information
and will it be helpful to guide treatment?

Gamma camera studies of the kidneys have a long history. Recently magnetic resonance
imaging (MRI) and computerized tomography (CT) have adopted imaging protocols and data
processing algorithms that were originally developed in nuclear medicine (2,3). The
development of clinical PET imaging of the kidneys has been slow. This is in part due to the
success of single photon renal imaging, planar or tomographic, and in part due to the usefulness
of other noninvasive imaging modalities such as ultrasound, magnetic resonance angiography
and CT angiography.
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2. Physics and Instrumentation

Multiple PET methods have been applied for performance of physiological and
pharmacological studies in humans or experimental animals. This section will review the
developments of functional and molecular renal PET imaging and discuss those aspects of PET
and renal imaging that are being considered for clinical applications. Positron emission
tomography has achieved a high level of technological perfection due to the improvements in
detector technology, computer hardware and image processing software.

Detector Technology

Bismuth germanate detectors have replaced Nal(Tl) detectors. Other competitive detector
materials, including lutetium oxyorthosilicate that result in shorter deadtimes and improved
countrate responses have emerged (4). The faster detector response has been further boosted
by higher light output which can be of particular use for blood flow studies of the kidneys with
short-lived isotopes such as Rb-82. To take advantage of the high signal density, data
acquisition boards have been improved and have been enhanced with powerful reconstruction
processors and graphics boards (5). Iterative reconstruction algorithms are continually being
improved. Image optimization is achieved using algorithms that are based on statistical
principles and take into account the response characteristics of detector systems (6,7).

In comparison to SPECT, PET offers multiple advantages for imaging the kidneys. PET has a
tomographic spatial resolution similar to the thickness of the renal cortex, an excellent method
for attenuation correction, and a very effective way to correct for scatter. Improved image
reconstruction also helps reduce artifacts arising from high radioactivity concentrations in the
renal collecting system. PET images can be expressed in Sl units (MBg/mL; KBg/mL/MBq
injected dose), MKS units (ng/mL), pharmacological units (mEg/mL) or the clinically
established SUV values. These properties of PET make quantification of renal blood flow and
glomerular filtration rate (GFR) straightforward and also make quantitative imaging of
molecular targets possible.

Three types of PET imaging systems devices are available today: 1) small animal PET scanners
to image mice and rats, 2) PET scanners and 3) hybrid PET/CT systems to image larger animals
and humans. A significant step forward was made with the introduction of hybrid PET/CT
imaging systems. PET/CT merges the benefits of two imaging modalities. PET provides the
high sensitivity and quantitative accuracy required for molecular and functional imaging, while
CT provides tomographic images with the spatial resolution necessary for accurate localization
of lesions (4,8). Combination of molecular PET imaging with renal CT arteriography has the
potential to improve the diagnosis of renovascular hypertension. The accuracy of CT
angiography to detect renal artery stenosis is very high (9-11). PET radioligands have to be
developed that will provide complementary information about tissue viability and the adaptive
molecular processes that arise in chronic and repetitive hypoxia.

The introduction of inexpensive computers with high computational speeds and storage
capacities has contributed significantly to the clinical acceptance of PET. Further improvement
of iterative reconstruction methods will have an impact on PET imaging studies of the kidneys
since the artifacts caused by high variance in the regional distribution of the radiotracer can be
corrected. These methods will also make it possible to quantitatively model the data and
minimize attenuation and scatter.

Radioisotopes

Multiple positron emitting radioisotopes can be used for renal imaging. Rubidium-82 is a
generator product with a very short half life and relatively high positron energy. Images
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obtained with Rb-82 are unfavorably affected by rapid decay and by the increased positron
range caused by high positron energy.

Carbon-11 has been extensively used for studies of the heart and brain and most recently also
for molecular imaging of the kidneys. Since carbon-11 is chemically identical to stable carbon,
its introduction into radiopharmaceutical molecules will not alter their chemical and biological
properties. The short half life of 20 minutes may prevent a widespread clinical application of
radiopharmaceuticals labeled with carbon-11.

Fluorine-18 has a longer T1/2 (110 min) and is well suited for molecular imaging studies. The
longer half-life also permits synthetic procedures of longer duration and F-18 labeled
radiopharmaceuticals can be used for receptor binding studies that require longer time periods
between injection and imaging. Fluorine-18 also has relatively low positron energy; the shorter
positron range will further contribute to better image quality.

Less frequently used positron emitting radioisotopes are gallium-68, copper-62 and 64, N-13
and Co-55 [Table 1]. Copper-62 is a generator product with a half life of 9.8 min that may
become clinically useful in the future.

Image Processing

Research PET studies of the kidneys require placement of an arterial catheter to collect the
input function which is needed for estimation of radioligand kinetic parameters from tissue
time activity curves. For routine clinical applications it will be very important to develop
methods in which the arterial input function will be replaced by time activity curves derived
from the aorta (12). To equate total blood activity with plasma activity, radiotracers will be
needed that have slow metabolism and insignificant uptake into circulating blood cells.

Tracer kinetic models are used to quantify the uptake and release of radioligands in the kidney
and other parenchymal organs. Ideally, quantitative parameters of these models reflect
physiological variables such as renal blood flow, glomerular filtration or receptor density. The
basic operational equation that describes the tissue concentration of the radioligand in the renal
parenchyma is a convolution integral of the arterial input function with the tissue impulse
response function of the radioligand. Ethylene-diamine tetraacetic acid (EDTA) labeled with
positron emitting isotopes Co-55 or Ga-68 is excreted into the renal tubules by glomerular
filtration and its kinetics are described by a noncompartmental (nondeterministic or stochastic)
impulse response function identical to the impulse response function. This is identical to the
impulse response function of Tc-99m DTPA that has been extensively studied in the past
(13-15). The glomerular filtration rate can be measured with Ga-68 EDTA/PET and can also
be displayed as a parameteric image. The glomerular filtration rate obtained with Ga-68 EDTA
normalized to 100 g renal mass was 58 ml/min in a young subject and 30 mI/min/100 g in older
subjects (16).

The kinetics of freely diffusible tracers and radioligands that bind to molecular recognition
sites can be described by compartmental (deterministic, non-stochastic) impulse response
functions (17). Using these kinetic models, exact parameter estimation is achieved by nonlinear
least squares curve fitting. Full compartmental models are too cumbersome for practical
applications. Graphical methods are simpler and more applicable to everyday situations. They
can provide quantitative parametric images within reasonable computational times. Tracers
with shorter tissue residence times (reversible binding) are typically quantified by the Logan
graphical technique which results in parametric images of distribution volumes DV (18).
Reversibility is either attained by backflow of the tracer into the circulation (example: O-15
labeled water) or by excretion of the tracer into the tubular system (example: Co-55 labeled
EDTA (19)). Accumulation of radioligands with slow dissociation from binding sites

Semin Nucl Med. Author manuscript; available in PMC 2007 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Szabo et al. Page 4

(irreversible binding) is quantified with the Gjedde-Patlak graphical method (20,21) (example:
C-11 L-159,884 a radioligand used for imaging the angiotensin AT1 receptor (22)).

3. Functional Imaging

Category | and Il Tracers

Functional PET imaging studies of the kidneys are currently being performed for research
purposes and measurements of renal blood flow and glomerular filtration function are well
established. Tracers used for perfusion imaging belong to two categories (23): category | tracers
such as O-15 labeled water are freely diffusible between tissue and blood; category Il tracers
such as Rb-82, N-13 ammonia and Cu-62 PTSM are physiologically retained in the tissue.

Renal Blood Flow

The kinetic model of O-15 water is based on the assumptions that all activity is extracted by
the parenchyma, extraction is very rapid, and tubular transport has not started or is insignificant
at a level that does not influence the calculation of renal blood flow. Parametric images can be
obtained using the aorta for estimation of the input function [Figure 1] (12). O-15 has a very
short half-life and its production requires the availability of a medical cyclotron. The
significance of O-15 labeled water for research studies of the kidneys will probably increase
in the future but its wide clinical application is unlikely. The renal blood flow normalized to
100 g tissue measured with O-15 water was 340 mL/min/100g in healthy individuals. In a
group of patients with renal dysfunction the renal blood flow was 210+110 mL/min/100g
(12). Glomerular filtration represents 20 % of the total renal blood flow, thus, these values are
in good agreement with the glomerular filtration rates obtained with Ga-68 EDTA.

Rubidium-82 has a much better chance for clinical utilization. Rubidium-82 is a generator
produced potassium analog with a half-life of 75 seconds. It demonstrates high first pass
extraction (> 80 %) and slow washout in the kidneys (24). It can therefore be considered a
category Il tracer and renal blood flow can be calculated using a (modified) microsphere model.
A simplified model has been proposed when the tracer is administered by continuous infusion,
an equilibrium state is reached and the tissue/blood activity is used to assess renal blood flow.
This simplified method requires only one blood sample per measurement and is particularly
practical for serial measurements. It has been applied in animal models of renal artery
obstruction, occlusion and reperfusion (25).

Copper(Il)-pyruvaldehyde bis (n-4-methylthiosemicarbazone) (Cu-PTSM) is another
Category Il tracer that is labeled with the positron emitting isotopes of copper, Cu-64 or Cu-62.
Cu-PTSM could be used in the clinical setting to image both myocardial and renal blood flow.
Since the extraction fraction of Cu-PTSM is high and its tissue clearance is slow, the modified
microsphere model is applied for quantification. Renal blood flow measured with Cu-PTSM
correlated well with the renal blood flow obtained with radioactive microspheres (26,27). In
rats, comparison studies with Co-57 labeled 15 pm microspheres yielded an apparent renal
extraction fraction of 93 % and an apparent myocardial extraction fraction of 62% (28). Both
values were higher than the extraction fraction values measured during first pass (hence the
expression apparent extraction fraction) which indicated that recirculation of the tracer had
occurred. In dogs, renal cortical blood flow determined with Cu-PTSM was 300-550 mL/min/
100g and correlated well with the blood flow values determined with the reference microsphere
method (27). Correlation between flow values determined with Cu-PTSM and microspheres
is much better in the renal cortex than the medulla, an effect which can result not only from
the partial volume effects with PET but also from the documented underestimation of
medullary flow by microspheres (27).
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N-13 labeled ammonia has also been used for imaging both myocardial and renal perfusion
(19). Parametric images are obtained with the pixel based Gjedde-Patlak plot (17,21).
Extraction occurs in two steps, from blood to a more reversible compartment and then from
this more reversible to an irreversible compartment (19). Despite the presence of a reversible
compartment, the renal extraction of this tracer is nearly 100 %. The renal blood flow measured
with N-13 ammonia in dogs was 400 mL/min/100g and correlated well with renal blood flow
values obtained with O-15 water (19). N-13 ammonia can be used in patients at research
institutions equiped with a medical cyclotron (29).

In summary, renal blood flow studies in humans with PET are feasible. Some tracers such as
0O-15 water and N-13 ammonia, will likely remain research tools, others, such as Rb-82 and
Cu-PTSM have a good chance of clinical utilization. Potential applications include
measurements of renal blood flow in renovascular disease, in rejection or acute tubular necrosis
of transplanted organs, in drug induced nephropathies, ureteral obstruction, before and after
revascularization, and before and after placement of ureteral stents.

Glomerular Filtration

Glomerular filtration has been imaged and quantified in experimental animals using PET and
either gallium-68 EDTA or cobalt-55 EDTA as radiotracers. (30). Human studies have not
been reported with cobalt-55 EDTA but renal function has been studied in healthy human
subjects using Ga-68 EDTA. Organ activity was corrected for blood content using C1°0 gas
which binds to circulating red blood cells. The renal blood volume was 19 mlI/100 g for a
younger (21 years old) subject and 12 ml/100 g for older (65—77 y) subjects. The glomerular
filtration rate was 57.8 ml/min/100 g for the 21 years old subject and 30.4 ml/min/100 g for
the older subjects (16). If multipled by 5 to correct for glomerular blood flow contribution,
these values are comparable to the renal blood flow measurements.

The most important clinical application for imaging glomerular function with PET would be
the captopril test in renovascular hypertension. Some technical difficulties related to that test
such as the effect of background activity could be easily resolved since PET images are virtually
background free. Furthermore, the postulated uncoupling of glomerular filtration from renal
perfusion after administration of an angiotensin converting enzyme inhibitor (ACEI) or an
angiotensin receptor blocker (ARB) (31) could be better quantified. Subtle changes of renal
perfusion or glomerular function with exercise (32) or after aspirin (33) administration could
also be exactly quantified.

4. Molecular Imaging

Molecular imaging is the hallmark of the rapidly expanding area of clinical PET/CT. PET
studies have been successfully used as surrogate endpoints in the management of cancer and
ischemic heart disease. Molecular imaging of the kidneys with PET is rather limited. The
following list shows some potential applications of renal molecular imaging, the emphasis
being on in vivo imaging:

Regulation of the receptors, enzymes, membrane transporters and signal transduction
proteins in physiology and renal diseases

Tissue hypoxia and apoptosis in renovascular renal disease and obstructive
nephropathy

Monitoring of the molecular signatures of atherosclerotic plaques

Endothelial dysfunction and response to balloon revascularization and restenosis
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Early molecular assessment of the nephrotoxic effects of cyclosporine, anticancer
drugs and radiation therapy

Imaging of renal and prostate carcinoma, primary tumor detection and assessment of
the potential for metastatic spread

Kinetics of drug delivery systems based on the organic anion or cation transporters,
glucose transporters or peptide transporters

Delivery and deposition of prodrugs
Reporter gene technology and delivery of gene therapy (nuclear and mitochondrial).

Monitoring gene therapy of renal diseases including transplant rejection and ischemia
reperfusion injury.

Assessment of the delivery of cellular, viral and non-viral vectors (liposomes,
polycations, fusion proteins, electroporation, hematopoietic stem cells)

Stem cell kinetics including local presence, bloodborn migration, activation, seeding
and role in renal remodeling (physiological, pathological and therapy induced).

Role of receptors and oncoproteins in cellular proliferation, apoptosis, tubular atrophy
and interstitial fibrosis.

Monitoring ras gene targeting in kidney diseases

Assessment of cell therapy devices (bioartificial filters, renal tubule assist devices)
and, ultimately, of bioartificial kidneys.

Targeting of signal transduction molecules with growth factors and cytokines.

The above list may sound overly optimistic today, but it is certain that radioisotope imaging
in general, and PET imaging in particular, offers advantages that will lead to their increasing
role in molecular nephrology. The subsequent paragraphs describe the present status of
molecular renal imaging including targeting of metabolism, transporters and receptors.

Imaging metabolism can be regarded as a form of functional imaging because it measures an
important functional aspect of an organ and the tracer is a substrate that undergoes metabolic
changes. Metabolic imaging can also be categorized as a form of molecular imaging because
the radiotracer to be metabolized has to first undergo protein-ligand interactions. The proteins
to which the tracer binds are membrane transporters and the enzymes involved in the metabolic
process. Available imaging methods include studies of the citric acid cycle with C-11 labeled
acetate and glucose metabolism with sugar analogs.

Of particular interest for renal imaging is Carbon-11 acetate which is a probe of citric acid
cycle flux and oxidative metabolism. After intravenous administration Carbon-11 acetate
demonstrates prompt uptake in the kidneys, which results in excellent images. The metabolic
product carbon-11 dioxide is cleared from the renal parenchyma by way of circulation. C-11
acetate has been used in patients with parenchymal renal disease and hemodynamically
significant renal artery stenosis (34). A linear correlation between the renal uptake (K1) and
release (ky) has been described in normal kidneys and kidneys with stenosed arteries, in diabetic
nephropathy, hypertensive nephropathy and membranous glomerulonephritis. Disassociation
of the kinetic parameters (k, decreased to larger degree than K1) has been found in renal cell
carcinoma. This dissociation results in high tumor-to-non-tumor ratios and makes possible to
delineate renal cancer from normal kidney tissue (34).
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Carbon-11 acetate is not excreted into urine and this property has been utilized to image prostate
cancer. The diagnostic accuracy of carbon-11 acetate PET in prostate cancer is higher than the
accuracy of [18F]FDG PET (35) and is similar to carbon-11 choline PET (36). The effective
radiation dose from C-11 acetate is clinically acceptable; the critical organ is the pancreas with
an absorbed dose of 0.017 mGy/MBq (37).

Membrane Transport

Peptide Transporters—Proton-coupled di/tri-peptide transporters are localized at the
brush-border membranes of intestinal and renal epithelial cells. PepT1 is exclusively expressed
in the small intestine, whereas both PepT1 and PepT2 are expressed in the kidneys. PepT1
localizes to segment S1 of the proximal tubule and PepT2 localizes to segments S2 and S3.
PepT1-mRNA is predominantly found in the renal cortex while PepT2-mRNA resides in the
outer medulla (38).

Peptide transporters play important physiological roles in protein absorption and amino acid
homeostasis. They are also involved in the transport of orally active peptide-like drugs such
as the beta-lactam antibiotics, bestatin, ACE inhibitors and renin inhibitors (39,40). Studies of
receptor-mediated regulation have shown that PepT1-mediated transport is up-regulated at the
level of gene transcription in response to fasting and starvation and by exposure to receptor
agonists such as EGF, insulin, leptin, and clonidine (41).

Because they interact with a broad array of substrates, PepT1 and PepT2 transporters are not
drug targets per se but they have proved to be relevant at the level of drug transport. They are
involved in the uptake of prodrugs of aciclovir and ganciclovir and are major target for
development of novel drug delivery systems. Targeted prodrug design represents a new
strategy for directed and efficient drug delivery. Targeting the prodrugs to a specific enzyme
or a specific membrane transporter, or both, has the potential to be a selective drug delivery
system (39).

A series of dipeptide derivatives have been synthesized as competitive inhibitors of the PepT2
transporter (42). The dipeptide Gly-Sar has been radiolabeled with carbon-11 for functional
imaging of the renal PepT2. C-11 Gly-Sar could be used to probe the renal pharmacokinetics
of drugs (38). The micro PET images obtained with C-11 Gly-Sar show accumulation of this
radioligand in the renal medulla [Figure 2], a distribution different from other radiotracers that
typically accumulate in the renal cortex.

Organic Cation and Anion Transporters—Transporter imaging with radionuclides has
been used for a long time in renal diseases. Radioiodine labeled ortho-hippuric acid and Tc-99m
mercaptoacetyltriglyceride (MAG3) have been used extensively as substrates of the organic
anion transporter. A second class of single photon radiopharmaceuticals is represented by
Tc-99m diaminocyclohexane (DACH), which is a substrate of the organic cation transporters
(43).

Of potential interest for PET imaging studies are macrocyclic compounds that are the analogs
of cyclen and cyclam [Scheme 1]. Replacement of the four displayed hydrogens in cyclen
results in the chelator DOTA while replacement of the hydrogens in cyclam results in the
chelator TETA. DOTA, TETA and other macrocycles have been used as chelators for
radioactive metals. Examples are gallium-68 labeling of a somatostatin analog for tumor
receptor imaging (44) or rhenium 188 and 186 for targeted radiotherapy (45).

Macrocycles have also been investigated as chelators of copper isotopes suitable for PET

imaging. The biodistributions of these Cu-64-labeled complexes depended on the the size of
the macrocycle backbone and the formal charge of the complex. All compounds showed uptake
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and clearance through the liver and kidneys; however, the positively charged Cu-64 complexes
showed significantly higher uptake in both of these organs than did the negatively charged or
neutral complexes (46).

Copper-64 macrocycles have been evaluated as substrates for the organic anion transporter for
potential use as a diagnostic tool for Dubin-Johnson’s syndrome. Small animal studies
indicated that the cMOAT was involved in the excretion of the Cu-64 complex of compound
5 (47). A gene mutation of this organic anion transporter appears to cause Dubin-Johnson
syndrome in humans (48). It is plausible that radiometal chelating macrocyclic compounds that
are substrates of the renal organic transporters will be designed in the near future.

Sun et al. synthesized three monooxo-tetraazamacrocyclic ligands with a cyclam backbone,
that had different ring sizes and oxo group positions (49). While the exact mechanism of their
accumulation in the kidneys has yet to be investigated, they all demonstrated significant
accumulation in the renal cortex [Figure 3].

Glucose Transporters—Two major classes of glucose transporters present in the renal
tubular cells are the GLUT and the SGLT. The members of the GLUT glucose transporter
family are ATP-independent facilitative transporters which catalyze the transport of glucose
down its concentration gradient. Several glucose transporters have been identified in the
kidneys including the isoforms GLUT1, 3 and 4. A different class of transporters, the sodium
dependent glucose transporter (SGLT) is ATP-dependent and can transport glucose against its
concentration gradient. Both transporter types can be saturated under normal glucose
conditions (50).

Fluorine-18 labeled FDG (fluoro-deoxyglucose) is the most important substrate of the GLUT
transporter family that has been introduced for PET imaging. F-18 FDG is not appropriate for
imaging glucose kinetics in the kidneys because it is excreted into the tubular lumen and
accumulated in the renal collecting system.

The sodium dependent glucose transporter (SGLT) class is responsible for reuptake of glucose
from the filtrate in the proximal tubules. (The same type of glucose transporter is also
responsible for uptake of glucose in the small intestine). The most important subtypes are
SGLT1, SGLT2, and SGLT3 (51).

Methyl-D-glucoside is a substrate of SGLT. Carbon-11 labeled methyl-a-D-glucoside
accumulates in the renal cortex that contains S1 and S2 segments of proximal tubules (52). The
beta isomer, 2'-[18F]fluoroethyl-B-D-glucoside accumulates in the outer medulla, a kidney
region that contains the S3 segments of renal proximal tubules (53). Both radioligands are
potentially useful for molecular imaging of the kidneys in diabetes mellitus. Glucosides have
been studied as drug delivery vectors to the kidneys (54) and the SGLT is being investigated
as a molecular target of anti-diabetic drugs. Imaging will certainly play a role in monitoring
this form of drug delivery.

The best known proteins of the renin angiotensin system that could be targets of imaging are
the angiotensin converting enzyme (ACE), renin and the angiotensin receptors. Fluorine-18
labeled captopril was the first radioligand introduced for PET imaging of the ACE. After
intravenous administration to humans, this radioligand showed high specific binding in the
lung and kidney (55). A compartmental model of receptor binding has been designed to
quantify the binding of F-18 captopril (56,57) and a study has been carried out in humans to
determine the dose of ACE inhibitor required to specifically block ACE.
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More recently a second ACE inhibitor, (4S)-1-[(S)-3-Mercapto-2-methylpropanoyl]-4-
phenylthio-L-proline (zofenoprilat), the active metabolite of the potent ACE inhibitor
zofenopril calcium, was labeled with carbon-11. Preliminary PET studies performed in human
volunteers showed that the drug accumulated in organs with high ACE levels such as the lungs
and kidneys, and in organs involved in drug metabolism such as the liver and gall bladder
(58).

The DD variant of the ACE gene polymorphism appears to be associated with increased risk
of developing chronic allograft dysfunction (59). In the future, radiolabeled ACE inhibitors
will permit quantification of ACE binding of the kidneys with PET and provide imaging insight
into this important association.

The Angiotensin AT1R Subtype Receptor (AT1R)

Physiology—Angiotensin Il acts on its receptors and the angiotensin receptors are considered
to be the central components of the renin-angiotensin system (RAS). In the human body two
receptor subtypes of angiotensin Il have been identified: AT1R and AT2R. Vasoconstriction,
aldosterone release, vasopressin release, sodium reabsorption, water retention and many other
physiological effects of angiotesin 11 are mediated by the AT1R. In addition to its physiological
roles, this receptor also plays an important role in postinfarct myocardial remodeling,
nephrosclerosis, vascular media hypertrophy, endothelial dysfunction and athero-thrombosis
(60).

Before clinical imaging studies are started, it is important to understand to what degree the
ATIR is affected by physiological factors. If effects of aging, dietary sodium, sex hormones,
stress etc. are all involved in the changes of the AT1R, one or more of these factors may cause
difficulty during interpretation of the PET studies. It is known that expression of the AT1R is
enhanced by factors that contribute to development of arterial hypertension. These include:
dietary sodium (61) which causes hypertension in salt sensitive subjects, hypercholesterolemia
(62) which can result in arteriosclerosis and increased arterial wall stiffness, and renal hypoxia
(63) which will lead to renovascular hypertension. The AT1R is modulated by stress hormones
and sexual hormones as well (64,65) and there is evidence that post-ovarectomy (and likely
post-menopausal) hypertension is linked to increased renal AT1R receptor and salt sensitivity
(66). Well controlled human studies need to be designed to separate the changes caused by
physiological and pathological variables.

Hypertension—AT1R is upregulated by hyperinsulinism (67) and by elevated LDL (68) and
is involved in the development of insulin resistance, metabolic syndrome, hypertension and
other disorders associated with increased body weight (69,70). Patients with insulin resistance
often develop salt sensitive hypertension. Experimental data indicate that increased expression
of the AT1R is associated with the development of hypertension of hyperinsulinemia, an effect
that can be prevented by short- and long-term AT1 receptor blockade (70). In a mouse genetic
model of metabolic syndrome, treatment with angiotensin receptor blockers inhibited the
development of hyperinsulinemia, hypertension, obesity, cardiac hypertrophy, and
atherosclerosis (71). In humans, treatment with the angiotensin receptor blocker valsartan
decreases the incidence of diabetes in high-risk hypertensive patients (72).

Renal diseases—Expression of renal AT1R is increased in reflux nephropathy (73),
myocardial infarction (74), and experimental renovascular hypertension (75). In these disease
states, AT1R activation results in vasoconstriction, water and salt retention, accumulation of
reactive oxygen species, cellular hypertrophy, hyperplasia and apoptosis. Interventional studies
demonstrate that drugs that reduce AT1R activation can improve endothelial dysfunction,
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inhibit the onset and progression of atherosclerosis, decrease abnormal arterial blood pressure
and protect renal function (76).

Radioligands—Due to the great significance of AT1R, considerable effort has been made
for its investigation in vivo with PET (77-80). PET is well suited for in vivo investigations of
ATIR regulation in animals (79,81). Human studies are expected to provide additional
important insights into the regulation of the AT1R and elucidation of its role in arterial
hypertension, renal diseases and myocardial remodeling. In human arterial hypertension AT1R
may be upregulated or may become hyperresponsive by another mechanism (82). Hypertension
could result from multiple changes of the renin angiotensin system including an increased total
number of receptors, increased number of physiologically active receptors, inappropriate
upregulation of receptors in response to sodium intake, stress, altered hormone levels, and
increased levels of circulating renin and angiotensin I1.

Angiotensin receptor blockers (ARBS) are an important resource for the development of
radioligands for PET. Losartan, eprosartan, and telmisartan are competitive, surmountable
antagonists which do not impair the maximum response to angiotensin Il. Non-competitive,
insurmountable ARBs such as candesartan, valsartan and irbesartan decrease the sensitivity of
the receptor and also reduce its maximal response to agonist stimulation (83). Radiolabeled
insurmountable antagonists are suited for single time point organ imaging or whole body PET
imaging. Their binding can be quantitatively analyzed by the Gjede-Patlak ploit (22). An
example of an insurmountable antagonist for PET is C-11 L-159,884 or N-[[4'-[(2-ethyl-5,7-
dimethyl-3H-imidazo[4,5-b]pyridin-3-yl)methyl][1,1’-biphenyl]-2-yl]sulfonyl]-4-
methoxybenzamide [Scheme 2] (84).

Tissue accumulation and receptor binding of surmountable antagonists is best analyzed by the
Logan plot and quantified by the distribution volume DV or binding potential BP. An example
is 2-Butyl-5-methoxymethyl-6-(1-oxopyridin-2-y1)-3-[[2-(1H-tetrazol-5-yl)biphenyl-4-yl]
methyl]-3H-imidazo[4,5-b]pyridine (KR-31173), the newest ligand that has been radiolabeled
with carbon-11 for imaging the AT1R with PET [Scheme 2]. KR-31173 is a derivative of the
potent AT1R antagonist SK-1080 (85,86). Specific binding of this radioligand in the adrenals,
kidneys, lungs and heart of rodents is 90% (78).

PET Imaging of Physiologic Receptor Regulation—Multiple imaging studies have
been carried out with both C-11 L-159,884 and C-11 KR 31173. These studies showed that
renal imaging more successful with C-11 L-159,884 in dogs and more successful with C-11
KR 31173 in nonhuman primates. First studies (Szabo group, unpublished) in humans with
C-11 KR31173 are encouraging. The AT1R of the kidneys and left adrenal were clearly
visualized in dogs but high liver uptake interfered with the display of the right adrenal gland.
Antagonist inhibition studies showed 60 % specific binding in the kidneys. Patlak analysis of
the renal time activity curves revealed 67 % specific binding (22).

Carbon-11 L-159,884 has been used for investigation of receptor regulation in vivo in dogs. In
a sequence of experiments it was shown that both the cortical (predominantly glomerular) and
the medullary (predominantly tubular) AT1R was upregulated by increased dietary sodium. In
the renal cortex, ex vivo receptor quantification data correlated well with the in vivo PET data
(79). With the presently available image resolution and image processing, quantification of the
tubular AT1R was not possible. In a second study the effect of estrogen hormone substitution
was investigated in ovarectomized dogs. It was found that estrogen substitution downregulated
and estrogen deficiency upregulated the AT1R. Invitro tissue binding data correlated well with
the in vivo data obtained with PET (87). In both physiological perturbation models of AT1R
regulation a negative correlation between AT1R status and renin activity was measured,
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providing first time by means of in vivo PET the molecular foundation of Arthur C. Guyton’s
concept of negative feedback regulation of arterial blood pressure (88).

Model of Renovascular Hypertension—The results of the above described physiological
paradigms are quite different from those obtained with the animal model of renovascular
hypertension. We measured the left to right retention ratio of C-11 L-159,884 at 55-95 minutes
post intravenous tracer administration in two sham operated dogs and in four mongrel dogs in
which left sided renal artery stenosis was created with an ameroid occluder. In the sham
operated animals the left-to-right binding ratio was close to 1. PET showed that in dogs renal
artery stenosis resulted in reduced renal blood flow, reduced radioligand delivery but increased
radioligand retention [Figure 4].

In the four dogs on a well controlled daily sodium intake 3 weeks after placement of ameroids
on the left renal artery the left-to-right ratio was significantly increased consistent (1.43) with
an increased receptor binding in the stenotic kidney [Figure 5 left hand graph]. This increased
ATI1R binding correlated positively with increased plasma renin activity [Figure 5 right hand
graph]. This positive correlation between receptor binding and renin activity was conistent
with the concept of a positive feedback mechanism, which leads to the development of arterial
hypertension in a pathological paradigm. It will be interesting to perform PET studies in
humans and correlate the findings of receptor binding with plasma renin activity to establish
whether or not the same concept is valid in humans. Another important study group will be
subjects who have salt sensitivity hypertension. As mentioned in the previous paragraphs, salt
sensitivity hypertension has been observed in metabolic syndrome and post-ovarectomy. It will
be very interesting to corroborate whether a loss of a negative feedback between renin activity
and AT1R can be observed in such individuals similarly to renovascular hypertension.

In dogs with experimental renal artery stenosis, receptor binding was almost completely
normalized three months after placement of the ameroid. Autopsy revealed extensive
collaterals in the area of the capsular arteries of the stenotic kidneys and this could explain the
compensatory increase in perfusion and normalization of AT1 receptor expression. This
finding could be of particular significance for similar studies performed in humans with
renovascular hypertension since it indicates that: 1) the AT1R may be a sensitive probe of renal
ischemia; and 2) if an equilibrium between organ oxygen demand (atrophy) and blood supply
(collaterals) develops AT1R protein expression may return to normal levels. An important
application would be assessment of the significance of renovascular hypertension by means of
molecular imaging, another would be the assessment of the beneficial effects of arterial
revascularization.

In renovascular hypertension systemic plasma renin activity and systemic angiotensin Il levels
are increased initially (89,90). No conversion of arterially delivered angiotensin | to angiotensin
Il has been detected across the renal beds in either essential or renovascular hypertension and,
therefore, a high degree of compartmentalization of Ang Il in the kidneys has been postulated
(91). Some publications describe AT1R up-regulation, some describe no change and others
describe AT1R receptor down-regulation in renal hypoperfusion (92), (93) (94). The
differences could be caused by the differences in the methods applied (e.g. receptor binding
assays vs. mMRNA determinations), by differences in the time points of measurement, by the
age of the animals included in the experiments (95), or by species differences in AT1R receptor
regulation. It is important to emphasize that the differential regulation of ATla and AT1b
receptor subtypes applies only to rodents (93,96-98). Another limiting factor in delineating
the role of the AT1R in human renovascular hypertension has been that receptor expression
has only been studied only in tissues removed operatively or harvested at post-mortem.
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Cardiovascular Diseases—AT1R/PET imaging may not only be important in the kidneys;
potential nonrenal applications include investigations of cardiac receptor regulation in
cardiovascular diseases. Angiotensin Il and its target the AT1R are involved in the regulation
of circulating lipids, development of atherosclerosis, tissue response to myocardial ischemia,
coronary thrombosis or myocardial infarction and in the molecular mechanisms of arrhythmias,
remodeling, ventricular dilatation and heart failure (99). The density of the myocardial AT1R
is nearly 20 times lower than the density of glomerular AT1R. This may pose a problem if the
degree of upregulation is small or it may represent an advantage if upregulation is significant
since it could increase the contrast between pathological and healthy tissues in PET studies.

Imaging of vulnerable atherosclerotic plaques is another potential application of AT1R PET.
One recent study demonstrated that components of the RAS, including AT1R, were expressed
at strategically relevant sites of human coronary atherosclerotic plaques. Angiotensin 11 was
detected in close proximity to the presumed plaque rupture site in coronary artery sections from
patients who died acutely after myocardial infarction. Co-localization of the components of
the RAS with interleukin 6 was observed in stable coronary plaques and atherectomy tissues,
and angiotensin 1l induced the expression of interleukin 6 in vitro, both in macrophages and
in SMC. These findings are consistent with the notion that the RAS may contribute to the
inflammatory processes within the atherosclerotic vascular wall and to the development of
acute coronary syndromes. (100).

5. Development of Molecular Tracers

The rapid spread of PET and PET/CT imaging can be partially explained by the rapid
development of treatment options that are based on molecular pharmacology and the ability of
PET to predict and monitor the variance of individual responses to therapy. For PET imaging
to expand in nephro-urology, its necessity must be established. Overall, there have been
relatively few molecular based PET imaging studies in nephrological and urological diseases.
One potential problem is the high background activity by the renal elimination of tracer through
the kidneys, ureters and urine. Another technical challenge is caused by difficulties in obtaining
reproducible and reliable information about a mobile organ as the kidneys are subject to
respiratory movements and they are susceptible to abdominal artifacts. Small lesions may be
“blurred” due to respiratory movement.

The previous section described membrane transporter tracers and tracers for receptor imaging.
However, new molecular probes that are more disease-specific need be explored.

Gene imaging

With the advent of functional genomics and pharmacogenomics, medicine will shift towards
personalized gene-based therapies. There are many effective gene treatment regimens
emerging for urological disorders, but most carry significant risks to the patient. The field of
PET molecular imaging is rapidly evolving and will permit a meaningful understanding of in
vivo regulation of vital gene molecular events in real-time.

Recently, a study was performed to monitor experimental gene therapy using PET imaging
technology (101). Micro-PET small animal studies with F-18-FHBG (F-18-labeled 9-[4-
fluoro-3-(hydroxymethyl)butyl]guanine), a substrate for the sr39TK enzyme, were used to
successfully demonstrate the expression of a herpes simplex virus thymidine kinase (HSV1-
tk) reporter gene within prostate tumor xenografts. Only the CL1-SR39 tumor xenograft in
severe combined immunodeficient (SCID) mice with stable sr39TK expression could be
visulaized. Wild-type CL1 tumors that lacked the sr39tk gene needed to convert and retain
F-18-FHBG metabolites to a significant degree were not delineated. Both tumor xenografts
could be easily imaged with F-18 FDG. This work demonstrates that noninvasive tracking of
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the distribution of adenoviral gene delivery is possible and suggests that PET could be used to
assess the therapeutic effect and toxicity of gene therapy for nephrological and urological
disorders as well.

Ischemic Nephropathy

Patients with ischemic kidney disorders develop loss of renal function in addition to large-
vessel occlusive disease (102). Success in managing ischemic nephropathy depends on
identification of progressive lesions and on revascularization of critical stenoses before renal
parenchymal injury becomes irreversible.

Receptor imaging is already a very successful branch of nuclear medicine and the expectation
is that it will be used in ischemic diseases in the future. A clinical PET study was conducted
with [11C](R)-PK11195 in a small cohort of patients after ischemic stroke to define the time
course of microglial activation (103). PK11195 (1-[2-chlorophenyl]-N-methyl-N-[1-methyI-
propyl]-3-isoquinoline carboxamide) is a specific ligand for the peripheral benzodiazepine
binding site (PBBS). The PBBS is particularly abundant on activated microglia and other cells
of the mononuclear phagocyte lineage. Increased binding of [*1C](R)-PK11195 in the post-
ischemic period was observed both in the affected zone and in remote areas such as the pons,
3 to 150 days after the infarct. The receptor imaging probe [11C](R)-PK11195 may have
promise to assess the effects of pharmacological intervention in vivo. With this tracer one could
test under which conditions the activation of microglia is potentially deleterious or beneficial
for an extended period after the actual stroke event. Similar studies are very likely to be
developed for renovascular disease as well. One example is the previously mentioned AT1R.

PET probes targeting the fibrogenic molecular pathways will produce useful information to
improve patient selection and make it possible to analyze the risks and benefits of early
intervention in atherosclerotic renovascular injury. A major focus of ischemic nephropathy
research until now has been on the role of fibrogenic cytokines. The roles of TGF-$ and NF-
Kk in the atherosclerotic disease processes and vascular repair has been studied (102).
Meaningful predictors of renal function after revascularization are sparse and such
investigation will offer major contributions both in the understanding of the pathophysiology
of tissue injury and in clinical outcomes. The monitoring of TGF- 3, NF-k activity during
disease development in a real-time manner would be important to validate the efficacy and
tissue distribution of potential TGF-B, NF-x modulating drugs.

PET Imaging of Tumor Hypoxia

The major clinical indications for PET have been in the field of oncology. Renal cell carcinoma
accounts for 3% of all cancers in adults and is the most common malignancy of the kidney
(104). Kidney cancer is steadily increasing at a rate of about 2.5% per year (105,106).

A variety of solid renal cell carcinomas demonstrate oxygen deficiency as a result of rapid
growth and insufficient tumor angiogenesis. Hypoxia appears to accelerate malignant
progression and metastatic potental in solid tumors, and consequently leads to resistance
against anticancer drugs and decreases response to radiotherapy. Defining hypoxia in tumor
tissue is important in optimizing the use and outcome of different therapeutic modalities.
Several compounds have been synthesized and tested in animals and humans for this purpose:
F-18 Fluoroazomycinarabinofuranoside (FAZA) (107), F-18 fluoromisonidazole (FMISO)
(108-110), Cu-60 diacetyl-bis(N4-methylthiosemicarbazone) (Cu-ATSM) (111), F-18
FETNIM (112), 2-(2-nitroimidazol-1[H]-yl)-N-(3-[F-18]fluoropropyl)acetamide (F-18-EF1)
(113), F-18 Fluoromisonidazole (FMISO) (114) and F-18 [2-(2-nitro-1[ H]-imidazol-1-yl)-N-
(2,2,3,3,3-penta-fluoropropyl)-acetamide] (EF5) (115). These compounds diffuse into
normally oxygenated and hypoxic cells but are retained in substantially higher concentrations
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in the latter tissues, which can be detected by external PET imaging. In a study (107) the uptake
of FAZA in hypoxia tissue, a recently developed hypoxia tracer for PET imaging, was
compared with an established hypoxia tracer FMISO both in vitro and in vivo. The data of in
vitro studies, using Walker 256 rat carcinosarcoma cells, that indicated hypoxia-selective
uptake of both FAZA and FMISO in tumor cells were consistent with in vivo studies in
experimental rat tumors eleven to twelve days after tumor cell implantation. Both compounds
tend to accumulate in sites of hypoxia and are therefore rendered suitable for PET imaging of
carcinoma. Hypoxia is a profound biologic phenomenon established in all solid renal cell
carcinomas. These new PET probes designed to target tumor hypoxia could provide essential
information in renal cell carcinoma that may be used for selection of anticancer therapeutic
strategies in order to improve overall tumor response.

Angiogenesis

Imaging of angiogenesis, a phenomenon noted in renal revascularization and most malignant
processes, may also provide important information in the kidneys. One promising approach
involves the assessment of the endothelin (ET) receptors (ETAR and ETBR) with C-11
L-753,037. Inhumans ET receptors are involved in angiogenesis and are expressed in the heart,
brain, lung, kidney, and aorta. L-753,037 has been described as a potent, selective inhibitor of
ETA and ETB receptors, with Ki values of 0.034 and 0.104 nmol/L, respectively, using 1-125
ET-1 competition binding assays were used in cloned human ETA and ETB receptor
preparations (116). The binding of L-753,037 to ET receptors in vitro was shown to be
reversible and competitive. In a study by our group, L-753,037 was radiolabeled with the
positron-emitting radionuclide C-11 and the new radiotracer was evaluated for its binding to
ET receptors in mice and a dog. In the dog, a dynamic PET study of the heart showed high
tracer accumulation at 55-95 min after injection. Injection of the ETA antagonist L-753,164
30 min before C-11 L-753,037 administration led to a significant reduction in tracer binding.
Administration of both ETA (L-753,164) and mixed ETA/ETB (L-753,137) receptor
antagonists resulted in dose-dependent inhibition of C-11 L-753,037 binding in mouse kidneys
(117).

Cell—cell and cell-matrix interactions play essential roles in renal angiogenesis. Integrins are
a family of heterodimeric endothelial cell membrane proteins, which are receptors for
extracellular matrix proteins containing the amino acid sequence arginine, glycine, and
aspartate (RGD). The integrin ay3 plays an important role in angiogenesis and is currently
being evaluated as a target for new therapeutic approaches. Recently, several techniques are
being studied to enable noninvasive determination of oy B3 expression (118). Haubner et al
developed a new molecular imaging technique with PET and F-18 Galacto-RGD, a F-18-
labeled glycosylated o3 antagonist (119). This technique will allow in vivo monitoring of
ayP3 expression, and can provide important information for planning and monitoring anti-
angiogenic therapies targeting the a, 3 integrins. It can also reveal the involvement and role
of the integrin family in angiogenic processes in various diseases. Measurements of endothelin
receptor and integrins are just a few examples of what can be done using PET. These studies
exemplify how the morphology and function of renal angiogenesis can be visualized.

Conclusions

Over 95% of PET procedures performed around the world use FDG as the imaging agent. For
PET and PET/CT studies of the kidneys to become clinically useful, new disease-specific

molecular probes need to be developed since many nephrological and urological disorders are
initiated at the molecular and organelle levels and may remain localized at their origin for an
extended period. With the advent of more optimal tracers, PET may serve as an invaluable tool
in the diagnosis and management of nephrological and urological disorders. Clearly, the new
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proaches mentioned above are at best in an experimental stage and more research will be
eded before their clinical implementation.
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Figure 1.

Renal blood flow images obtained with O-15 water in a healthy subject (upper row) and in a
subject with renal insufficiency (lower row).

(Reproduced with permission, Alpert et al. 2002).
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Figure 2.
Small animal PET images of the renal peptide transporter obtained with the dipeptide C-11
Gly-Sar

(Reproduced with permission, Nabulsi et al. 2005).
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Figure 3.
Renal accumulation of Cu-64 monooxo-tetraazamacrocyclic ligands
(Reproduced with permission, Sun et al. 2004).
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Figure 4.

Images of the kidneys of a dog with experimental renovascular hypertension (left sided renal
artery stenosis). Both O-15 water (left hand side image) and the early accumulation of the
AT1R specific tracer C-11 L-159,884 (middle image) demonstrate decreased perfusion of the
left kidney. Delayed images of C-11 L-159,884 retention (right hand side image) indicate
increased receptor binding.
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Figure 5.

ATIR receptor binding (left) and renin activity in dogs at baseline (1), acute renal artery
stenosis (2) and chronic renal artery stenosis (3). Open squares represent control animals (n=2),
dark squares represent animals with renal artery stenosis (n=4). Increased receptor binding
correlates with increased plasma renin activity during acute renal artery stenosis. In chronic
renal artery stenosis receptor binding and renin activity are increased but to a lesser degree
than in acute renal artery stenosis.
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Scheme 1.

Chemical Structure of cyclen, cyclam, and 1,4,7,10-tetraazacyclododecane hydrochloride salt
or compound 5 in (Yoo et al. 2005). Compound 5 is the substrate of the hepatic cMOAT
transporter.
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[11C] L-159,884

Scheme 2.
Chemical structures of C-11 L-159,884 and C-11 KR31173.
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Tables
Isotope T1/2 E(*max)
Rb-82 75 sec 3.35 MeV
0-15 2 min 1.72 MeV
10 min N-13 Cu-62 9.7 min 2.9 MeV
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