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Abstract

Treatment decisions in oncology are increasingly
guided by information on the biologic characteristics
of tumors. Currently, patient-specific information on
tumor biology is obtained from the analysis of biopsy
material. Positron emission tomography (PET) pro-
vides quantitative estimates of regional biochemistry
and receptor status and can overcome the sampling
error and difficulty in performing serial studies inherent
with biopsy. Imaging using the glucose metabolism
tracer, 2-deoxy-2-fluoro-D-glucose (FDG), has demon-
strated PET’s ability to guide therapy in clinical
oncology. In this review, we highlight PET approaches
to imaging two other aspects of tumor biology: cellular
proliferation and tumor steroid receptors. We review the
biochemical and biologic processes underlying the
imaging, positron-emitting radiopharmaceuticals that
have been developed, quantitative image-analysis con-
siderations, and clinical studies to date. This provides a
basis for evaluating future developments in these
promising applications of PET metabolic imaging.
Neoplasia (2000) 2, 71-88.
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Introduction

One of the recent trends in cancer therapy is to use the
biologic characteristics of tumors in formulating individua-
lized treatment plans. Besides the size, location, and extent
of the tumor, more specific tumor biologic properties,
including measures of cellular proliferation and the expres-
sion of particular tumor proteins, can also guide therapy [1].
Examples of biologically based treatment decisions include
using the expression of estrogen and progesterone recep-
tors (ERs and PRs) [2,3] and the expression of the HER2/
Neu oncogene [4] to select therapy for patients with breast
cancer.

The standard cancer work-up includes anatomically
based imaging methods, such as computed tomography
(CT), magnetic resonance imaging (MR), and ultrasound
(US), to determine the extent of tumor by depicting
properties such as tumor size, shape, density, vascularity,
and relative fat and water content. Specific biologic features

such as cellular proliferation and the expression of tumor
gene products are determined from the analysis of biopsy
material. Although this combination of approaches has
yielded some notable successes in treatment planning [3—
6], it has important limitations. Anatomically based imaging
provides regional information but provides limited functional
information and can only differentiate tumors from normal
tissue based on shape, density, vascularity, and fat and water
content. Analysis of biopsy material provides detailed
information on tumor biology but has an inherently limited
capacity to determine extent and regional variation. Further-
more, it has significant sampling error due to the macroscopic
heterogeneity of large tumors or site-to-site variation in
patients with metastases [7—9]. The ability to image regional
tumor biology would benefit biologically directed treatment
planning and would form a bridge between tissue-based
methods of tumor characterization arising from laboratory
science and the clinical environment.

To monitor the effectiveness of a chosen treatment, there
is an important and complementary need for a timely
assessment of response. Treatment-response monitoring
is currently based on following changes in tumor size from
physical examination or anatomically based imaging [10].
Again, this approach has significant limitations. Reduction in
the bulk tumor size is a relatively late consequence of
successful therapy. Change in tumor size is preceded by
important physiologic and biochemical steps, which include a
decrease in tumor cellular proliferation and/or an increase in
cellular death rate and a subsequent decline in viable tumor
cell number. Decreases in tumor size become notable only
after these steps have occurred [1], and it therefore usually
takes weeks to months to gauge successful therapy.
Furthermore, successful therapy may kill the tumor but leave
behind a fibrotic mass. A prime example occurs in treating
bulky mediastinal Hodgkins lymphomas [11]. Studies have
shown that serial biopsy can detect response earlier than
tumor-size measurements and are more accurate in asses-
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sing the degree of response [12—14]. Biopsy, however, is
invasive and must be performed at multiple time points to
measure response. Again, as in assessing tumor biology, an
imaging method that characterizes regional biochemistry
should be able to detect response at a much earlier time than
anatomically based methods and overcome the inherent
limitations of serial biopsy.

Nuclear medicine, the specialty of radionuclide-based
tracer imaging methods, is ideally suited to measuring
regional biology. Radioisotope imaging can trace biochem-
ical pathways without perturbing native biochemistry using
submicromolar quantities of tracers [15]. Competing mod-
alities such as CT or magnetic resonance imaging (MRI)
require tracer concentrations that are typically orders of
magnitude higher for practical imaging [15]. Radioisotope
imaging occurs with little chance of pharmacologic toxicity
and minimal radiation burden for the patient. Of available
radioisotope imaging methods, positron emission tomogra-
phy (PET) is a more recently developed radiotracer imaging
technique which has significant advantages over conven-
tional single-photon emitting isotope imaging [16,17]. It
offers a greater range of radiopharmaceuticals for cancer
imaging, provides a superior combination of sensitivity and
spatial resolution over single-photon imaging, and allows
accurate quantification of dynamic regional tracer concen-
tration [17]. PET has become an increasingly important tool
for clinical oncology [16,18—20]. Most clinical PET studies
reported to date have used the tracer, 2-deoxy-2-fluoro-D-
glucose (FDG). FDG was developed based on earlier work
using deoxyglucose to explore brain physiology [21,22].
FDG traces glucose metabolism, a nonspecific process
essential for tumor growth but also necessary for inflamma-
tory responses and tissue repair [23,24]. Although the
success of FDG PET in oncology has been widely
documented, the utility of PET in the management of cancer
is not limited to FDG [25]. Other PET tracers have been
developed and are targeted to areas of tumor biology which
include cellular proliferation [26,27], protein and membrane
biosynthesis [28—-30], tissue hypoxia [31], and tumor
receptor and/or gene product expression [15]. In this
review, we highlight two types of PET tracers highly relevant
to biologically directed cancer therapy: 1) tracers specifically
designed to measure cellular proliferation and 2) tracers
designed to measure sex steroid receptors in breast and
prostate cancer. These tracers relate to tumor features,
namely proliferative rate and hormone receptor expression,
for which there is a large body of in vitro laboratory and
clinical work. Consequently, these are tracers for which it is
possible to interpret the results of in vivo imaging studies in
light of known tumor biology and established clinical
treatment paradigms. These tracers would therefore also
have rapid translation into clinical practice after validation.
We will review the biologic and biochemical principles
underlying the imaging studies, review the radiopharmaceu-
ticals that have been developed, discuss issues in the
quantitative interpretation of imaging data, and review
clinical progress. Because both types of tracers have
undergone only preliminary clinical evaluation, we highlight

basic science and preclinical work as a basis for under-
standing the results obtained to date and for predicting future
developments.

In reviewing PET imaging of cellular proliferation and
tumor receptors, it is important to consider two roles for PET
in oncology [17,25,32]: 1) PET provides a powerful clinical
tool for cancer treatment planning and therapy monitoring.
2) PET is a unique methodology for examining the “clinical
biology” of cancer and can therefore function as a transla-
tional bridge between in vitro biologic discovery and clinical
medicine. Some of the tracers and imaging methods
developed in a research setting may be impractical for
routine clinical imaging, owing to factors such as short tracer
half-life, difficult tracer synthesis, and/or complex imaging
protocols. However, failure to investigate radiopharmaceu-
ticals or imaging approaches simply because they are not
practical for everyday use in the clinic would deprive medical
science of potentially valuable tools for understanding how
cancer behaves in vivo. Techniques such as PET will be
important in helping to select from a vast array of new
therapeutic approaches, both by investigating response
mechanisms in preclinical studies and by providing end-
points for clinical trials [32,33].

Pet Imaging of Cellular Proliferation
Proliferation: Biology and Biochemistry

Cellular proliferation and tumors Uncontrolled proliferation is
one of the characteristic features of malignant tumors.
Information on growth rates can by inferred by determining
the fraction of cells going through mitosis; however,
conventional anatomic pathology is limited in its ability to
quantify the rate of cellular proliferation. Nevertheless, it
became clear that measurement of proliferation provided a
means for characterizing tumor behavior and for directly
measuring changes in tumor growth in response to therapy
[18,34]. Over the years, a variety of techniques have been
developed to measure tumor growth rates aimed at
characterizing tumor behavior and response to therapy;
however, most relied on the use of tissue specimens, limiting
the material available for study and making it difficult to
obtain serial measurements to follow response. New imaging
modalities now offer the opportunity to measure tumor
growth noninvasively and repeatedly. This provides a tool
for early assessment of response to therapy as well as a
means of characterizing response to therapies which may be
cytostatic, as opposed to cyotoxic. In the case of cytostatic
agents, treatment will not alter the quantity of viable tumor;
therefore measuring changes cellular proliferation may be
the only effective means of assessing therapeutic success
[27,33].

Labeled thymidine to measure cellular proliferation The DNA
synthetic pathway requires four nucleoside triphosphates

(TTP, ATP, CTP, and GTP) to synthesize DNA. Because
thymidine is the only base that is not also incorporated into
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RNA, it is the logical choice for cell growth measurements
[35]. Growth measurements are accomplished by the
introduction of labeled thymidine into the medium of cells
grown in culture or by intravenous injection in animals.
Labeled thymidine nucleotides (TMP, TDP, TTP) are not
useful as tracers because they do not cross the cell
membrane. Thymidine, however, is rapidly transported by
cells using a facilitated, non—energy - dependent transporter
that produces equilibration within seconds [36]. Once it is
intracellular, thymidine can be phosphorylated by thymidine
kinase (TK) to TMP, and sequentially converted to TTP
before use in DNA synthesis. This is called the exogenous
(salvage) pathway because it allows the cell to use sources
of thymidine produced elsewhere [34,35]. Most of the
thymidine used by cells is produced by endogenous (de
novo) synthesis from uracil. This pathway converts deox-
yuridine monophosphate to TMP using thymidylate synthase
(TS). Itis notable that both TK and TS are closely regulated
by cells; the levels of both generally go up 5- to 10-fold as
the cells enter S phase [34,35].

Many of the first studies to measure growth were done
with tritiated thymidine [35,37] injected into animals before
tumor removal. After tumors were excised and fixed,
histologic sections were placed on slides and autoradio-
graphed with films of photographic emulsion to record
emissions from the tritium. Microscopic examination of the

exposed sections yielded estimates of the fraction of cells
incorporating thymidine into their DNA at time of injection,
i.e., the fraction in S phase [35,37]. This analysis measured
the fraction of cells actively replicating, but did not tell one
how fast cells were moving through the cell cycle. Counting
silver grains over the cells could have provided quantitative
estimates of DNA synthesis, but it was very tedious.
Scintillation counting and quantitative autoradiography pro-
vided more efficient methods of measuring the total radio-
activity incorporated into a volume of tumor as a measure of
cell growth. However, they shared the same limitations for
clinical studies, namely the need for tumor biopsies and the
radiation burden of a long-lived tracer. Radiotracer techni-
ques, in particular PET, offer a noninvasive approach to
quantifying DNA synthesis using short-lived tracers that
carry minimal radiation burden.

Proliferation: Radiopharmaceuticals

[""C] thymidine Work with tritiated thymidine in vitro led to
the development of thymidine for PET imaging, labeled
with ''C in the methyl [38,39] and ring-2 positions [40,41].
Both tracers have been used successfully in patient studies.
The difference in the labeling results in different profiles of in
vivo labeled metabolites, as highlighted in Figure 1. Methyl-
labeled thymidine generates a number of labeled acidic
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Figure 1. Thymidine catabolism in vivo. The labeled species for ring - 2 and methyl - labeled thymidine are indicated as follow: (®) Indicates labeled species for ring -
2-labeled thymidine and (*) indicates labeled species for methyl- labeled thymidine. Abbreviations are as follows: TdR: thymidine, DHT: dihydrothymine, BUIB: (3 -

ureidoisobutyric acid, BAIB: [3 -aminoisobutyric acid.
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metabolites [42,43]. The compounds typically have access
only into tissues that also accumulate thymidine; therefore,
they may not contribute to the image background to the same
extent as more freely distributed labeled metabolites
[43,44]. In contrast, the principal metabolite of 2-[''C]thy-
midine, [''C]CO,, is readily transported into tissue and is
therefore fairly ubiquitous [45,46]. It is, however, less likely
to be trapped in tissue than the metabolites of the methyl-
labeled compound [47-49] and therefore more confidently
distinguished from thymidine incorporated into DNA in
quantitative models of thymidine kinetics [50]. In either
case, to fully interpret time—activity curves obtained after
injection of [''C]thymidine requires accounting for labeled
metabolites.

Thymidine analogs The rapid catabolism of thymidine in
vivo has two disadvantages: 1) Once metabolized, labeled
thymidine is no longer available for incorporation into DNA,
and thus only a fraction of the injected dose is used for
measuring DNA synthesis. 2) Labeled metabolites con-
found image interpretation. In addition to these factors, the
half-life of ''C (20 minutes) is impractical for routine
clinical imaging. These considerations prompted develop-
ment of thymidine analogs for PET imaging (Figure 2).
The analogs have fewer labeled metabolites and use
longer-lived isotopes, but they are not components of
normal DNA. Therefore, their uptake in tissue may not
directly reflect the rate of thymidine precursor incorporation
into DNA and may be influenced by factors other than
cellular proliferation.

One strategy has been to develop analogs labeled with
isotopes with a sufficiently long half-life to allow imaging
after labeled metabolites are largely cleared from tissue.
Two such tracers are IUdR labeled with "2 (half-life=4.2
days) [51] and BUdR labeled with “®Br (half-life=16 hours
[52]). There is considerable experience with both IUdR
and BUdR, which have been successfully applied to tumor
growth measurements in a variety of applications [34].
Both are incorporated into DNA and retained in tissue, but
they share the problem of rapid dehalogenation, which
liberates the label as a free halide. As an imaging agent,
there have been studies using IUdR labeled with a variety
of iodine isotopes in both animals and patients [53—-55].
The development of an [?*I]1UdR provides the opportunity
for PET studies, with improved image quality and image
quantification [51]. For both iodine- and bromine-based
PET compounds, the relatively long half-life of the
positron-emitting isotopes makes them attractive as
compounds that can be shipped from a central production
site; however, the longer lived tracers carry a higher
radiation burden, leading to lower injected activity and
poorer imaging statistics.

Several ['®F]-labeled analogs resistant to catabolism
have been tested [56—59]. Most compounds were found to
be inadequate cell proliferation tracers, either because much
of activity was trapped in RNA rather than DNA or because
they had insufficient concentration in proliferating tissues
[60,61].
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Figure 2. Chemical structure of thymidine and labeled analogs IUdR/BudR,
FMAU, and FLT (see text for full names). (*) Indicates sites that have been
labeled with positron emitters. “X” in the IUdR/BUAR structure is iodine for
IUdR and bromine for BUdR.

Two thymidine analogs resistant to metabolism have
shown promise as imaging agents in recent studies. FMAU
[1-(2'-fluoro-2'-deoxy- 3-D-ribofuranosyl) thymine] is an
analog with a single fluorine substitution in the sugar [62]. It
is phosphorylated by TK and is, to a variable extent,
incorporated into DNA. It is stable to degradation; most of
the tracer is cleared unchanged in the urine. Preliminary
studies suggest its suitability for cell proliferation imaging
[63,64], and further studies are underway to determine its
utility in patients.

Another promising compound, ['8F]3’-deoxy-3'-fluor-
othymidine (FLT), is related to azidothymidine (AZT),
which has important use in the therapy of HIV. FLT was
also tested for the treatment of HIV, but toxicity limited its
application as a therapeutic agent [65]. However, at tracer
doses, toxicity is not an issue and, importantly, FLT can be
labeled with the more convenient '8F isotope, as opposed to
AZT, which requires ''C labeling for PET. FLT is taken up by
cells and phosphorylated by TK at about 30% of the rate of
thymidine [66]. Itis resistant to degradation in dog blood and
is excreted unchanged in the urine [67]. FLT acts as a chain
terminator in DNA synthesis, so little is incorporated into
DNA. However, its retention is dependent on the presence of
TK, and thus it indirectly reflects cellular proliferation.
['8F]FLT imaging in dogs demonstrated high uptake in the
marrow and tumors and low background activity outside of
the kidneys and bladder.
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Proliferation: Preclinical Studies and Image Analyis Con-
siderations

Preclinical studies of [''C]thymidine Several preclinical
studies of [''C]thymidine demonstrated its feasibility as a
cellular proliferation imaging agent. Experiments in mice
showed that intravenously injected thymidine had increased
uptake in proliferative tissues that was independent of blood
flow, despite thymidine’s high first pass extraction from the
blood [68—70]. Other studies established the nature of the
species retained in tissues after thymidine injection and
showed that retained label was in the form of labeled DNA
and TTP, with little label in RNA [49,71]. Finally, several in
vitro studies in treated cell lines compared the uptake of
thymidine to tracers of energy metabolism such as deox-
yglucose or FDG and to labeled amino acids [72,73]. These
studies showed that, compared to energy metabolism and
biosynthesis tracers, changes in labeled thymidine uptake
more closely depicted changes in cellular growth.

General considerations for measuring cellular proliferation
with labeled thymidine The goal of thymidine PET imaging is
to measure regional in vivo cellular proliferation. In addition
to answering the qualitative question, “Is the tumor growing
or not?” PET offers the capability of providing quantitative

regional estimates of proliferation. Because multiplying cells
must generate DNA for cell division, the synthetic rate of
DNA (SRpna, gmol DNA/min per gram tissue) is a
quantitative measure of proliferation. The approach to using
thymidine to estimate SRpna is based on the four-factor
model of Cleaver [35]. In this model, thymidine nucleotides
arising from de novo synthesis (endogenous pathway) and
from the exogenous pathway freely mix in the phosphory-
lated nucleotide (DNA precursor) pool (see Figure 3).
Unless there is a shortage of DNA precursors, the rate of
DNA synthesis depends on the “proliferative state” of the
tissue and not on the concentration of precursors. In
equilibrium, the total biochemical flux of nucleotides through
the nucleotide precursor pool and into DNA equals the rate of
DNA synthesis. Therefore, assuming that half the nucleotide
base pairs contain thymidine [50],

SRDNA =2 i . F/UXTd/q (1)
fext

where Fluxtqr is the total flux of thymidine nucleotides from

the precursor pool into DNA (units gmol/min per gram). The

term, foy, reflects the fact that intravenously injected labeled

thymidine follows the exogenous pathway and therefore

estimates only a fraction of total thymidine flux and corrects

DNA
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Figure 3. Four-factor model of thymidine utilization (adapted from Ref. [35]). The chemical species entering and leaving the precursor pool are shown.
Abbreviations in parentheses refer to enzymes at control points in the model: TS: thymidylate synthetase; TP: thymidine phosphorylase; TK: thymidine kinase. The
line following the exogenous pathway into DNA indicates exogenous thymidine flux measured by labeled thymidine.
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for thymidine arising from the endogenous pathway. Early
studies of the exogenous versus the endogenous thymidine
pathways indicated that the two might be handled indepen-
dently by the cell and have different intracellular pools [74].
Subsequent work, however, demonstrated that both endo-
genous and exogenous thymidine freely mix within the cell
and that relative utilization could be predicted based on the
level of extracellular thymidine [75].

Quantitative analysis of [''C]thymidine images The least
complex approach to image quantitation uses static uptake
measures such as the standardized uptake value or SUV:
A

SUV = (ID/weight) @)
where A is the average tissue activity (uCi/g), ID is the
injected dose of tracer (mCi), and weight is the patient
weight (kilograms). Although SUV is simple to calculate, it
leads to significant bias in estimating thymidine flux into DNA
because it fails to consider the time course of imaging and
does not account for labeled metabolites. Several kinetic
models have been formulated to address these issues
[44,50,76,77]. Using time—activity curves obtained from
blood sampling as input data to the model, kinetic para-
meters can be estimated by optimizing the fit of the model to
the observed time course of tissue uptake measured by
dynamic PET imaging.

Because the imaging device measures the total regional
radioactivity concentration and cannot distinguish individual
radiochemical species, labeled metabolites arising from the
parent compound can affect quantitative interpretation of
labeled thymidine, which is rapidly catabolized in vivo.
Correction for labeled metabolites can be handled in several
ways. In tumor imaging the approach of subtracting the
metabolite background estimated from a reference tissue
does not work because there is no tissue with properties
similar enough to be valid. To overcome this, Mankoff et al.
[60] proposed a detailed model accounting for both
thymidine and metabolites using data obtained from blood
analysis as input to the model. Animal studies validated this
model’s ability to predict the time course of ["'C]thymidine
incorporation into DNA, and simulations and animal studies
suggested that this analysis provided reliable values for
thymidine flux [78]. Alternate simplified methods can
provide estimates of thymidine flux into or retention in DNA
[79-82] but do not provide detailed kinetic insights.

Kinetic analyses are usually applied to time-—activity
curves obtained by region-of-interest (ROI) analysis of
the dynamic images, but recently developed methods
provide pixel-by-pixel images of physiologic parameters,
such as thymidine flux into DNA. The graphical method and
spectral analysis are both attractive for pixel-by-pixel
parameter estimation because of their computational effi-
ciency [83]. Another approach, mixture analysis, separates
each pixel of dynamic image data in to a small set of
characteristic time—activity curves and is attractive in that it
retains the power of compartmental analysis with computa-
tional efficiency suitable for pixel-by-pixel analysis [84].

Pixel-by-pixel methods are likely to be important for
compounds such as [''C]thymidine, where simple summed
images provide a biased picture of cell proliferation, due to
radioactivity not incorporated into DNA.

Brain tumor imaging Because the intact blood—brain barrier
limits the transport of thymidine in the brain, imaging the
cellular proliferation of brain tumors requires special con-
sideration. Eary et al. [85] showed that thymidine provided
unique information for brain tumors, but the interpretation of
static thymidine images was confounded by the blood—brain
barrier (BBB) breakdown that frequently accompanies brain
tumors and their treatment. In somatic tissues, thymidine and
metabolites have similar rates of transport [78], but in the
brain the ["'C]CO, metabolite has higher rates of transport
across the BBB than thymidine [86]. Preliminary results
using a separate [''C]CO, study to independently measure
metabolite kinetics [85] showed that compartmental analy-
sis can correct for the metabolite background in the brain and
thereby separate the effects of transport across a damaged
BBB versus retention by DNA incorporation in the tumor.

Proliferation: Clinical Studies

IUdR and BUdR The initial studies of cellular proliferation
imaging in patients used IUdR and BUdR [87], but
dehalogenation produced a high background, and they did
not find regular clinical use. In a more recent study using
planar imaging of [ '®'1]1UdR, about 50% of tumors showed
tracer localization [88]. The simplest way to overcome the
problem of free halogen is by imaging 24 to 48 hours after
injection [54], which allows for clearance of much of the free
iodide. In a study of patients with brain tumors imaged with
['3"I71IUdR and SPECT, Tjuvajev et al. [54] showed that 2
hours after injection, uptake around the tumor site was
similar to that seen on the contrast enhanced MRI and was
consistent with BBB breakdown. However, when patients
were re-imaged at 24 hours, the level of activity in the tumors
went down and the pattern of localization changed to the
periphery of the tumor, consistent with active tumor. Ongoing
studies are investigating IUdR labeled with '2*], a positron
emitter that offers the possibility of significant refinements in
image quality and quantitative analysis [51].

[""C]thymidine Labeled thymidine has been employed in
imaging trials utilizing both the methyl- and ring-2-labeled
compounds. The initial trials with the methyl-labeled
compound studied 10 patients with non-Hodgkin’s lympho-
ma [76]. Uptake tended to be higher in those with more
aggressive histologies. In another study of nine patients with
squamous cell head and neck cancer, the tumors were
visible in all patients [77]. They also studied three patients
with higher-grade tumors, including non-Hodgkin’s lympho-
ma and neuroendocrine tumors, and found higher uptake
than in the other tumors. Increased activity was also seen in
the liver, kidney, and heart wall. This group subsequently
worked on a compartmental model to assist in quantifying
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thymidine uptake and found that taking blood pool activity
into account was necessary [89]. They also extended their
work to cerebral neoplasms, where [”C]thymidine was able
to visualize most brain tumors [90].

Ring-2-labeled thymidine has been used in brain tumors,
sarcomas, and lung cancers [85,91,92]. In the initial studies
by Vander Borght [92], PET thymidine imaging identified 11
of 14 untreated brain tumors with an average uptake
approximately twice that of normal brain. No correlation
was seen between tumor grade and thymidine uptake. This
was primarily driven by the high uptake seen in four patients
with low-grade meningiomas. In most cases, better contrast
was seen between the tumor and normal cortex with
thymidine than FDG, because of the high uptake of FDG in
the normal brain. Eary et al. [85] compared PET imaging
with ring-2 thymidine, FDG, and MRI in 13 patients.
Although nearly equal number of tumors were visualized
with each technique, distinct differences could be seen in
individual patients. The thymidine scans showed different
uptake patterns compared to the other studies in about half
of the patients, indicating that different information was being
obtained. The expectation was that images of proliferation
would more closely match the clinical progression, and was

seen with some, but not all, cases. Part of the discrepancy
was thought to result from label accumulation associated
with BBB disruption. Preliminary application of a kinetic
model to brain tumor showed promising results and
suggested an improved ability to delineate active tumor from
treatment effects (see Figure 4).

Ring-2-labeled thymidine has also been used to image
high-grade sarcomas and small-cell lung cancer and to
monitor their response to chemotherapy [91]. In four
patients with successful treatment, the fractional decline in
thymidine retention was greater than with FDG. Thymidine
SUV declined by an average of 64%, the thymidine flux
constant declined a mean of 84% (see Figure 5). This pilot
study indicates that thymidine may be of particular use in
measuring early response to therapy.

2-[""C]thymidine has also been used to guide the
application of new anti-cancer agents, both to assess
response and to provide information on mechanisms of
action [27,82]. For example, thymidine imaging was used in
a preliminary study of patients receiving a thymidylate
synthetase (TS) inhibitor, which would be expected to
increase the utilization of the salvage (exogenous) thymi-
dine pathway for DNA synthesis. Images showed increased

Figure 4. Images of a patient with a high - grade glioma status post surgery, chemotherapy, and radiotherapy with a clinical suspicion of recurrent tumor on MRI
imaging. (A) Contrast-enhanced T1-weighted MRI, (B) summed FDG image, (C) summed ['"C ]Jthymidine image, (D) thymidine flux image obtained using
compartmental model and mixture analysis. The thymidine flux image, which corrects for labeled metabolites and unincorporated tracer, most clearly delineates the
tumor. The patient’s subsequent clinical course was consistent with recurrent tumor.
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Figure 5. Images from a patient imaged before and after one cycle of chemotherapy for small- cell lung cancer. Images on the left show pre - therapy summed FDG
and thymidine images; images on the right are summed images after one week of therapy. Images show the lung tumor and vertebral bone marrow metastases.
Although both tracers indicate a decline in tracer uptake in response to therapy, the decline is much greater in the thymidine images, even without metabolite
subtraction. The patient went on to have a complete clinical response after several more cycles of chemotherapy.

thymidine retention in tumors after the administration of the
TS-inhibiting drug compared to pre-drug uptake [82].

Thymidine analogs other than IUdR and BUdR Recent
patient studies have been conducted with FLT [67]. Similar
to the results in dogs, studies in patients have shown
superior tumor to background activity with SUV levels in the
range of 2—7. Normal bone marrow, a rapidly proliferating
tissue, also demonstrated high uptake (SUV 4-6). Low
background was seen in the normal brain, muscle, heart,
lungs, and most other organs. Increased activity was seen in
bowel (SUV 2-3) and in the kidney, resulting from
excretion. Unlike the dog, significant FLT accumulation
was found in the normal liver in humans. FLT appears to
be a promising agent to measure tumor proliferation, but
further validation is needed.

Proliferation: Summary

Cell proliferation imaging is based on extensive data
obtained from laboratory investigation of labeled thymidine.
[''C]thymidine, labeled in the ring-2 or methyl position, is
the natural extension of earlier work using tritiated thymidine.
Proliferation imaging using [''C]thymidine requires con-

sideration of labeled metabolites; however, quantitative
approaches can provide reliable estimates of cellular
proliferation by measuring thymidine flux from the blood into
DNA in tumors. ['8F]-labeled thymidine analogs that are
resistant to catabolism in vivo, such as ['®F]FLT and
["8F]FMAU, may simplify quantitative analysis and may be
more suitable for clinical studies, but will require careful
validation to determine how their uptake is quantitatively
related to cell growth. Early clinical studies, mostly using
[''C]thymidine, have demonstrated the power of cellular
proliferation imaging to characterize tumors and monitor
response early in the course of therapy. Patient imaging
using the PET thymidine analogs is at an earlier stage but
appears promising as a clinically feasible approach to
cellular proliferation imaging.

Tumor Receptor Imaging

Tumor Receptors: Biology and Biochemistry

Proliferation of some types of cancer is regulated by
hormones that bind to membrane and intracellular receptors.
The hormone—receptor complex activates signal transduc-
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tion pathways that are important in controlling transcription
and cell growth. Tumor receptors can be targeted by
hormones for treatment of these tumors. Drugs based on
hormone antagonists or agonists have been successfully
used in regulating growth of breast and prostate cancers
[93,94]. The presence of tumor receptors provides a
mechanism for selective uptake of radiolabeled hormones
as tumor imaging agents. Receptor-based imaging can
provide information about the location of the tumor and
assess the level and functional status of the receptor.
Determination of the presence or absence of receptors in
tumors can be important in directing therapy. Particularly in
the case of advanced disease, where within - site or site-to-
site heterogeneity of receptor expression can occur, imaging
methods to assess regional receptor expression can offer
significant advantages over biopsy-based methods in
directing therapy.

Hormone receptors and breast cancer Approximately two-
thirds of breast cancers are hormone sensitive, and it has
been established that ER and PR status are indicators of
prognosis [2]. Estrogen-receptor-positive (ER+) cancers
have a more favorable prognosis than do estrogen-
receptor-negative (ER—) cancers. Tumors that are both
ER+ and progesterone-receptor-positive (PR+) have the
best prognosis. In addition, the ER and PR status of the
breast cancer determines the likelihood of response to
hormonal therapy [5], and thus directs the choice of
systemic therapy. It is best to assess the receptor
concentration of the primary tumor at initial diagnosis.
Knowledge of the receptor status of the metastatic or
recurrent disease is also important in selection of subse-
quent systemic treatment. The receptor status of the
metastatic or recurrent disease may be different than the
receptor status of the primary tumor. A discordance rate of
3% to 35% in ER status between primary tumors and their
metastases, as well as between different metastases from
the same tumor, has been reported [7,8,95]. This difference
is considered clinically significant and may account for the
lack of response to hormonal therapy of some patients with
presumably ER+ tumors.

In vitro receptor assays Currently, the ER and PR status of
breast cancer are routinely assessed by in vitro assays of
biopsy tissue. These assays, however, have limited ability to
assess the functional status of the receptors and to predict
tumor responsiveness to hormone therapy. Only 55% to 60%
of patients with ER+ cancers respond to hormonal therapy;
conversely, 8% to 10% of patients with ER— cancers
respond [5]. The conventional in vitro radioligand compe-
titive binding assays used to assay for ER, require fresh or
fresh-frozen tumor specimens of adequate size and tumor
cellularity, because the receptor distribution within a given
tumor is very heterogeneous [95,96]. This technique cannot
be used to measure receptor content on bodily fluids or bone
specimens, and, furthermore, false-negative results can
occur with high levels of competing estrogens in the blood in
patients undergoing hormone therapy. Newer immunohisto-
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chemical techniques are less dependent on the sample size,
can identify receptors in bodily fluids and bone, and give
results that are independent of exogenous hormone used by
the patient. However, immunohistochemical techniques are
limited in that the receptor may be detected even if the ER is
nonfunctioning [97]. Both techniques suffer from interla-
boratory variability. A better method for functional assess-
ment of receptors is critically needed to reliably identify
patients likely to benefit from hormonal therapy. This is
especially true in clinical scenarios where the sampling error
from biopsy is likely to be a problem, such as patients with
large tumors or multiple sites of disease.

Hormone receptors and prostate cancer The majority of
prostate cancers express androgen receptor (AR). The
presence of AR in tumor may predict the patient’s respon-
siveness to hormonal therapy with estrogens, androgen
antagonists, inhibitors of androgen biosynthesis, or castra-
tion [98,99]. However, the correlation between AR positivity
and response to hormonal therapy in prostate cancer is not
as good as that between ER and PR positivity and response
to hormonal therapy in breast cancer [98—100]. This may be
related to the heterogeneity of prostate cancer with respect
to AR localization [101]. Most prostate cancers that initially
respond to hormonal therapy eventually become hormone
independent [94,102,103]. The use of an AR-based
imaging agent to assess AR function may provide a better
representation of AR status in prostate cancer and may help
to understand some of the mechanisms responsible for
resistance to hormonal therapy.

Why PET imaging of hormone receptors? In vivo measure-
ment of the receptor content of breast and prostate cancers
could offer several advantages over current in vitro methods.
These include assessing the receptor status of the entire
tumor volume rather than just a part of the tumor (addressing
the intrinsic heterogeneity of receptor expression), asses-
sing the biologic availability of the receptors in vivo; and
evaluating the effects of therapy on the receptor content of
the tumor. In addition, in vivo imaging can simultaneously
assess the receptor status of the primary and metastatic
lesions, many of which may be inaccessible to biopsy. PET’s
ability to image ligand binding quantitatively at tracer
concentrations well below typical blood steroid concentra-
tions provides a distinct advantage over other imaging
modalities, such as SPECT [15]. This has encouraged
considerable efforts to develop steroid-based imaging
agents, especially estrogenic radiopharmaceuticals.

Tumor Receptors: Radiopharmaceuticals

Several radiolabeled estrogenic compounds have been
developed, including agents for conventional scintigraphy
and for PET. This review will focus on positron-emitting
radioligands.

Requirements for steroid-based radioligands Requirements
for successful design of a steroid-based imaging agent
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include high binding affinity for the receptor, high target to
nontarget selectivity, high specific activity, and appropriate
in vivo metabolism and clearance. Katzenellenbogen and
colleagues demonstrated that the ratio of receptor binding
affinity to nonspecific binding was an important predictor of
in vivo uptake efficiency and selectivity of the ligand [104—
109]. Ligands with ratios close to those of the natural
hormones are preferred. In vivo selectivity is measured by
the radiotracer uptake in the target tissue compared with
nontarget tissues. In addition, the uptake should be
selectively displaced from the target tissues. The specific
activity of the ligand is important because the receptors are
saturable and have limited uptake capacity. Specific
activity of at least 1000 Ci/mmol [110,111] is needed for
successful imaging of steroid receptors with PET. A
suitable radioligand should have slow in vivo metabolism
to allow adequate uptake by the target tissue. Recently, it
has been recognized that the uptake of steroid ligands in
the target tissue can be improved if the ligand has high
affinity for the sex-hormone-binding globulin (SHBG or
SBP) [112,113], a serum glycoprotein that acts as a
transporter for steroid hormones, facilitating uptake into
receptor-positive cells and providing protection from
metabolism [113-116].

Estrogen-receptor-based imaging compounds Several ha-
logenated derivatives of estrogens, estradiol (steroidal) and
hexestrol (nonsteroidal), have been developed and eval-
uated as ER-based radiopharmaceuticals for imaging breast
cancer [104,105,117,118]. The nature of halogen label and
its site of substitution affect receptor binding affinity and
nonspecific binding (see Figure 6). When a large halide,
such as bromine and iodine, is positioned on the A-ring of
either estradiol or hexestrol [119], the resulting ligands have
poor selectivity and unfavorable in vivo distribution. Con-
versely, when a large halogen is substituted at the 16«
position of estrogen, it results in selectivity similar to the
natural hormones and a favorable in vivo distribution
[100,118,120].

The use of '8F has several advantages. Fluorine is a
smaller halogen and can substitute many positions of the
estrogen molecule without significantly changing binding.
The half-life is long enough to allow for multistep synthesis of
ligands as well as uptake into the target tissue with clearance
from nontarget tissues during imaging. Several '®F-labeled
estrogens with high specific activity have been synthesized
and evaluated in animals [121-123]. The most promising,
16a- [ '®F]fluoroestradiol-173 (FES) can be prepared with
high specific activity, generally greater than 1000 Ci/mmol,
in 90 minutes with an automated procedure [122—-126].

Since the development of FES, other compounds have
been developed and tested [104,127], but none have
demonstrated significant advantages over FES. One com-
pound, ['®F]moxesterol, was superior to FES in in vitro
testing and in vivo studies in rats, but showed poor uptake in
patients [128]. This disappointing result may be due to poor
binding to SBHG. Poor SBHG binding would not affect
studies performed in vitro, and rodents do not have SBHG.

A.
OH

HO D-ring

A-ring

OH

.nllF

HO

Figure 6. Chemical structure of estradiol (A) and FES (B). Ring positions
described in text are noted.

However, lack of SBHG binding would adversely effect
patient imaging. Estradiol analogs with improved SBHG
binding are being developed and tested.

In addition to ER imaging compounds related to estradiol,
an analog of tamoxifen labeled with '8F has been developed
as a tracer to assess tumor ER status and responsiveness to
tamoxifen therapy [129,130]. Limited studies of this
compound in patients with breast cancer demonstrated low
specific binding to ERs and high nonspecific binding in other
tissues [130].

Progesterone-receptor-based imaging compounds Sev-
eral radiolabeled progesterone analogs have been devel-
oped for imaging by PET [131-133]. One of these, 21-
['8F]fluoro- 16c-ethyl-19-norprogesterone  (FENP), an
analog of the potent progesterone, ORG 2058, has been
made with high specific activity and has high affinity for PRs
(60 times that of progesterone), and receptor-mediated
uptake in target tissue in rats [131,134]. FENP had
favorable in vitro and in vivo characteristics in preclinical
testing; however, imaging results in patients with breast
cancer were disappointing due to low target-to-background
uptake ratio, poor correlation of tumor uptake with PR
content, and high nonspecific uptake [104,135,136]. The
difference between the preclinical and the clinical results was
most likely to be due to differences in metabolism between
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rats and humans. The search for a optimal progesterone-
based imaging compound continues.

Androgen-receptor-based imaging compounds Sever-
al '8F-labeled androgens have been developed as potential
imaging agents for prostate cancer. The most promising of
these has been 163- [ '®F]fluoro-5a-dihydrotestosterone

(FDHT), a fluorinated analog of the naturally occurring male
sex hormone dihydrotestosterone. FDHT has been synthe-
sized with adequately high effective specific activity [137].
Studies in male rats treated with diethylstilbestrol to
suppress in vivo biosynthesis of androgen and therefore
increase concentration of unoccupied ARs demonstrated
high selective uptake of FDHT in the prostate, with a mean
prostate -to-muscle ratio of 25 at 4 hours after administration
of the tracer [137]. In addition, FDHT showed high affinity for
SHBG. Studies in male baboons demonstrated high FDHT
uptake in the prostate that was blocked with administration of
testosterone, indicating AR-mediated binding [138]. Pre-
liminary studies with FDHT in patients with prostate cancer
have been less successful due to relatively low uptake in the
prostate cancer and high activity in the normal organs in the
abdomen and pelvis (unpublished data). Further patient
studies and the development of other AR imaging com-
pounds may be able to overcome these limitations and

provide a method for quantifying AR expression in prostate
cancer.

Tumor receptors: Preclinical Studies and Image Analysis
Considerations

Preclinical studies of FES in animals Studies in immature
female rats demonstrated high uptake of FES in ER-rich
uterus compared with nontarget tissues, giving average
uterus-to-blood ratios exceeding 80:1 at 2 hours [122]. In
addition, target tissue uptake was blocked by coadministra-
tion of estradiol. To investigate the relationship between FES
uptake and ER content of mammary tumors, FES was
evaluated in mammary tumors in rats [139]. The metabo-
lism of FES was rapid and most of the activity in blood and
nontarget tissue resulted from metabolites; however, the
target tissue (uterus and tumor) activity was mainly
unmetabolized FES. No correlation was found between ER
content of the tumor and tumor uptake of FES at 3 hours after
administration, even after normalizing for differences in
blood flow [139]. This study suggested that quantitative
estimates of tumor ER content would require a complex
pharmacokinetic model involving ligand uptake, retention
and washout from target and nontarget tissues. Never-
theless, preliminary studies of FES in patients showed an

(thick sagittal planes)
FDG

— Liver

Figure 7. Images of ER expression in breast cancer. Thick sagittal images, similar in orientation to medial—lateral oblique (MLO) mammograms, are shown for two
patients imaged with FDG (left) and FES (right). The patient on the top had an ER - positive right breast tumor faintly seen on FDG images and clearly seen on FES
images. Uptake in the liver, the site of steroid metabolism, is also seen on FES images. The patient on the bottom had an extensive ER - negative cancer in the left
breast. Despite markedly abnormal uptake on the FDG image, no significant FES accumulation is seen.
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excellent correlation between tracer uptake and in vitro
radioligand assays of ER content [140]. Subsequent
analyses have suggested that uptake of labeled estrogens
correlates with receptor expression in tissues with inter-
mediate levels of expression, such as breast cancers, but not
necessarily in tissues with higher levels of expression, such
as the uterus [141].

Approaches to image analysis A precise model for quantify-
ing ER content from FES imaging has been elusive. This is
not surprising in view of the complexity of estrogen
metabolism and transport, as noted above. Furthermore,
the likelihood that SHBG significantly affects transport
makes many animal studies, including rodent models,
inadequate for studying tracer kinetics. Recent data from
patient studies [142] confirmed that FES is rapidly
metabolized to glucuronide and sulfate conjugates, metabo-
lites which would not be expected to have access to the
intracellular space and would be unlikely to bind to ER. If
metabolites are not trapped, quantitative analysis of FES
images might be improved by relatively simple metabolite
subtraction approaches, such as the graphical method
described above for thymidine image analysis [80]. An
alternate graphical approach proposed by Moresco et al.
[143] is based on the same principle, but estimates FES
distribution volume rather than flux. This approach was
used to estimate ER expression in meningiomas using

FES-PET, and showed some degree of correlation to in
vitro ER estimates. Further testing is needed to under-
stand the influence of labeled metabolites in patient
studies, including whether or not metabolites are trapped
in ER-containing tissues, and whether approaches to
account for metabolites improve the estimation of tissue
ER content.

Recent patient studies directly measured FES binding to
SHBG and showed that 40% to 70% of circulating FES is
bound to SHBG [144], supporting the concept that SBHG
binding is important. The extent of binding to SHBG
depended on the concentration of SHBG in the blood. It
may therefore be necessary to account for the influence of
SBHG concentration on tracer uptake in devising ap-
proaches to quantitative analysis. The use of primate models
or recently developed transgeneic rodent models which
express SHBG [145] may shed further light on how SBHG
affects the quantitative uptake of FES and other estrogen
analogs in ER tumors.

In the absence of a model for image quantification,
investigators have relied on simple uptake measures, such
as the SUV (Equation 1), to quantify tracer uptake. To allow
for clearance of metabolites and unbound tracer, measure-
ment of uptake typically starts 90 minutes after tracer
injection [146], although earlier imaging times may be
feasible [142]. Simple uptake measures have shown a high
degree of correlation with in vitro measures of ER content

FDG

Axillary
Tumor

FES
‘ !i -

L

- Ll

Figure 8. Heterogeneous ER expression demonstrated by PET imaging. Coronal images of FDG (left) and FES (right) are shown for a patient with an extensive
breast cancer involving the left axillary tail of the breast and much of the left axilla. The tumor was ER - positive by a limited biopsy of the axillary portion of the tumor.
FES imaging shows uptake in only a portion of the axillary tumor and no accumulation in a spinal metastasis seen on FDG imaging and confirmed by bone scan,
suggesting an ER-negative metastasis. On clinical follow-up after chemohormonal therapy, the axillary lesion resolved; however, the patient experienced
widespread progression of her bony disease. Follow - up FDG and FES imaging (not shown) again demonstrated that the bony metastases did not bind estrogen, as
had been the case on initial imaging studies.
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[140], and a recent study of FES uptake as a predictor of
response of hormonal therapy [147] showed a good
correlation between pre-therapy FES uptake and response
to tamoxifen, discussed in more detail below.

Tumor Receptors: Clinical Studies

Based on the promising results in preclinical studies,
FES has been evaluated in humans as an agent for
receptor imaging of breast cancer (see examples in Figure
7). The first human study of FES-PET was performed on
12 postmenopausal women with primary breast cancer.
Mintun et al. [140] found a good correlation between the
tumor FES uptake measured on PET images (expressed
as the percentage of injected dose per milliliter) and the
ER concentration of the tumor determined by conventional
quantitative ligand binding assays of the tumor tissue
(r=0.96, P<.001). This human study suggested that FES
uptake could be used to assess ER content of the tumor
noninvasively. In a subsequent study of 16 patients with
ER+ metastatic breast cancer, FES-PET identified 53 of
57 (sensitivity 93%) hormone-sensitive metastatic foci
[148]. In addition, following initiation of anti-estrogen
therapy, tumor uptake of FES decreased, further confirm-
ing that the tumor uptake of FES is a receptor-mediated
process, and suggesting that FES-PET could be used to
evaluate the availability of functional ERs in breast cancer

SUV=5.5

Pre-Rx

SUV=6.4

to predict the likelihood of response to anti-estrogen
therapy.

To extend these results, tumor uptake of FES was
compared with in vitro ER levels and tumor uptake of FDG
in 43 patients with untreated advanced breast cancer [146].
The results of FES-PET correlated well with in vitro ER
assays, with an overall agreement of 88%, similar to that
observed with replicate in vitro assays. However, there was
no significant relationship between tumor FDG uptake and
either FES uptake or the ER status. These results indicated
that, although ER+ tumors are expected to be less
aggressive than ER — tumors, the ER status of breast cancer
cannot be predicted by measuring FDG uptake as a surrogate
measure of tumor aggressiveness. In the same group of
patients, to assess tumor heterogeneity and within-patient
ER concordance between primary and metastatic foci, 50
tumor sites in 17 patients were evaluated with FES-PET
[149]. Complete concordance among multiple lesions within
a patient was observed in only 76% of patients. The level of
concordance observed by FES-PET is comparable to that
found by in vitro ER assays when multiple sites have been
biopsied. (See Figure 8 for an example of heterogeneous
ER expression.) This study also showed that patients with
FES+ disease had longer median survival than did patients
with FES— breast cancer [149]. These results are
consistent with earlier observations that patients with ER+

SUV=10.3

Post-Rx

Figure 9. “Metabolic flare” after the initiation of tamoxifen therapy. Transaxial images of a patient with a right locally advanced breast cancer taken before and one
week after tamoxifen treatment. Images show an increase in FDG uptake as a manifestation of increased energy metabolism after the start of treatment. In addition,
the high level of FES uptake pre - therapy and a decline after the start of therapy suggests an appropriate biologic basis for anti - estrogen therapy. The patient went
on to have a response to tamoxifen. SUV refers to standardized uptake value (see text for details).
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breast cancer have a longer overall survival than do patients
with ER — disease, independent of the stage of disease.

Patients with hormone-sensitive (ER+ and/or PR+)
advanced breast cancer are candidates for antiestrogen
therapy. Shortly following institution of treatment, 5% to 20%
of these patients experience a phenomenon known as the
hormonal “flare” reaction, characterized by increased pain in
the sites of osseous metastatic disease and pain and
erythema in soft tissue lesions [150]. Affected patients
may develop hypercalcemia and may show what appears to
be disease progression on bone scintigraphy [150—-152].
Clinically, it is sometimes difficult to distinguish a flare
reaction from disease progression. The clinical flare reaction
generally occurs within 7 to 10 days after initiation of
antiestrogen therapy and it has been shown to be predictive
of response to such therapy in 80% of individuals [150—
152]. Flare reaction is presumed to represent an initial
agonist effect of the drug on the tumor before its antagonist
effect supervenes [151].

Studies in immature female rats have shown that
tamoxifen and estrogen cause similar prompt increases in
FDG accumulation in an estrogen-responsive normal tissue
(uterus) [153]. Presumably, both estrogen and tamoxifen
initially stimulate cell proliferation and glucose metabolism
and thus cause increased FDG uptake. These observations
in animals suggested that augmentation of tumor FDG
uptake (“metabolic flare”) early during a course of tamoxifen
treatment would be indicative of an agonist effect of the drug
on functional ERs and thus predictive of a good response to
therapy. To test this hypothesis, FDG-PET and FES-PET
were performed in 11 patients with ER+ metastatic breast
cancer before and 7 to 10 days after tamoxifen therapy. As
predicted, the presence of metabolic flare, indicated by an
increase in quantitative tumor FDG uptake after tamoxifen
therapy over pre -therapy values, discriminated patients who
subsequently responded to tamoxifen therapy from those
who did not respond (see Figure 9). In addition, the pre-
therapy FES uptake in the tumor and the magnitude of ER
blockade by tamoxifen, as measured by a decrease in
quantitative tumor FES uptake after tamoxifen therapy, were
superior to in vitro ER and PR assays in predicting response
to tamoxifen therapy [147]. These results have been
confirmed in a larger series of patients with ER+ advanced
breast cancer (unpublished data). This study is an example
of how PET can help in managing patients with advanced
breast cancer, both by identifying patients likely to benefit
from hormonal therapy and by providing accurate informa-
tion about the therapeutic response early after institution of
such therapy.

Tumor Receptors: Summary

Clinical studies of ER imaging using FES have demon-
strated PET’s ability to assess ER expression in breast
cancer. These studies have shown that FES-PET can
identify heterogeneous expression of ER in tumors and
indicate the degree of anti-estrogen blockade of the
receptors. Preliminary studies have demonstrated FES-
PET’s potential to assess breast cancer prognosis and,

combined with FDG-PET, predict tumor response to
hormonal therapy. A more detailed understanding of the
mechanisms important in FES uptake in breast cancer in
humans, including tracer interactions with SHBG, are likely
to lead to improvements in ER imaging, either through
refinement of quantitative imaging approaches or the
development of new ER tracers. PET imaging of PR in
breast cancer and AR in prostate cancer are currently at a
preclinical stage; however, ongoing testing of new radioli-
gands and a greater understanding of factors important in
steroid imaging may move these approaches into the clinical
arena in the future.

Conclusions

In this review we have highlighted PET approaches to
imaging cellular proliferation and hormone receptor expres-
sion. The goal is to characterize tumor biology in individual
patients to guide therapy. Preliminary clinical evaluation of
cellular proliferation and tumor receptor imaging methods
highlight PET’s ability to provide information that is not
available from conventional imaging studies or from biopsy.
PET tracers of cellular proliferation and tumor receptors have
been designed on the basis of a large body of knowledge
gained from laboratory investigations of tumor biology. This
knowledge will be important in refining imaging approaches
and in interpreting the results of clinical studies using these
tracers.

PET imaging with FDG has improved our ability to localize
cancer and therefore to direct therapy [19,20]. Promising
initial results using PET to image cellular proliferation and
tumor receptor expression indicate that PET’s contribution to
oncology does not end with FDG. In particular, PET imaging
of cellular proliferation and tumor expression offers insights
into the clinical biology of cancer not possible through in vitro
analysis. Guided by ongoing research taking place at a
number of centers around the world, it is likely that cellular
proliferation and tumor receptor imaging will contribute to the
clinical care of cancer patients, both in managing individual
patients and in selecting and evaluating new agents for anti-
cancer therapy.
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