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Abstract

Positron emission tomography (PET) scanning is evolving as a unique tool for drug development in oncology for improving both
the efficacy of established treatment and in evaluating novel anticancer agents. As a non-invasive functional imaging modality, PET
has an unrivalled sensitivity when monitoring the pharmacokinetics and pharmacodynamics of drugs and biochemicals when

radiolabelled with short living positron-emitting radioisotopes. This is of particular relevance in assessing newer molecular-targeted
therapy where conventional evaluation criteria (maximum tolerated dose and tumour shrinkage for example) may be inappropriate.
PET has already been applied to a wide number of drugs to demonstrate activity in vivo from standard chemotherapy such as

5-fluorouracil (5-FU) [J Clin Oncol 17 (1999) 1580], to novel molecular agents such as those involved in tumour angiogenesis [Br J
Cancer 83 (2000) P6] and antivascular therapy [Proc Annu Meet Am Soc Clin Oncol 19 (2000) 179a]. This review will evaluate the
achievements of PET in the drug development process, an approach that promises to facilitate the rapid translation of scientific

research into current clinical practice.
# 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The field of oncology has undergone a revolution in
drug discovery and therapeutic approaches led pri-
marily through an increased understanding of genetic
and molecular mechanisms in cancer evolution. Corre-
spondingly, the previously held empirical random
screening method in oncological drug development is
being gradually replaced with the concept of rational
drug design. This process identifies specific targets
responsible for malignant cellular transformation and
more importantly, drugs that can overcome them,
rather than simply using the antiproliferative activity of
a drug as an endpoint. New agents discovered for pos-
sible use as anticancer therapy include genes, proteins,
growth factors and receptors, and those involved in
specific pathways, for example, angiogenesis, signal
transduction, cell cycle, cell apoptosis, invasion, meta-

stasis, drug resistance and blood flow. Further expan-
sion of drug development has resulted from
combinatorial chemistry, another new technology that
has grown at a tremendous rate to produce a plethora
of novel therapeutic targets [4]. However, drug devel-
opment is still a protracted and expensive business. It is
estimated that of 5000 possible drugs screened, only one
drug is successfully approved and introduced into the
market [5]. In addition, the candidate drug finally selec-
ted takes an average of 10 years of development and
requires an investment of several million pounds before
eventually proceeding to clinical trial [6]. Consequently,
there is a need for an additional method of evaluating
potential new drugs and to optimise existing treatment
strategies. There is an increasing realisation that radio-
tracer drug imaging as used in positron emission tomo-
graphy (PET) has a major role to play in expediting
drug development both in the clinical and preclinical
setting, and which may in addition reduce the sub-
stantial costs currently incurred.
The objectives of drug development in oncology are

clearly defined. The aims involve the determination of
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optimum delivery of drug to the site of the tumour with
minimum exposure to normal tissue, thereby achieving
maximum therapeutic benefit. This requires accurate
monitoring of drug pharmacology including pharmaco-
kinetics (absorption, distribution, metabolism and elim-
ination) and pharmacodynamics (tumour response,
enzyme induction/inhibition receptor binding, toler-
ance, etc.). At present, these parameters are measured
by analysis of blood and urine samples and occasionally
using biopsy specimens of relevant tissues. Whilst this
strategy is suitable for certain anticancer drugs, plasma
monitoring may be irrelevant with the next generation
of therapies such as anti-angiogenesis, where treatment
is designed to target specific tissues. In this situation, the
availability of a positron emitting radiotracer to quan-
titate drug delivery and response in the relevant tissue
can significantly advance our knowledge of drug phar-
macology. The ability of PET to meet the challenges
and demands of drug development relies on a multi-
disciplinary team consisting of radiochemists, biologists,
mathematical modellers, pharmacologists and clinicians.

2. Radiotracers

There are many positron emitting isotopes available
for commonly occurring elements including carbon,
oxygen, nitrogen and fluorine with half-lives ranging
from seconds to several days (Table 1). They are usually
made in a cyclotron, although some (copper 62) can be
manufactured in a nuclear generator. Radiotracers are
produced after replacement of a molecule in a com-
pound of interest with a radionuclide without modifying
their pharmaceutical, biological or biochemical proper-
ties. For example, positron emitting fluorine-18 is used
as a substitute in fluorine-containing compounds, such

as in 5-fluorouracil (5-FU). In addition, fluorine-18
(18F) can be utilised instead of hydrogen in certain drugs,
(as there is no suitable hydrogen isotope available), with-
out compromising the behaviour of the molecule in the
human body as with fluorinated anti-oestrogens [7].
An important consideration in PET is the half-life of

the radionuclide. A radiotracer with a long half-life
can be produced at a site different to that of actual
administration, though multiple scans in one subject on
the same day will not be possible. Alternatively, whilst
radiotracers with a short half-life do permit sequential
scanning on the same day, there are other limitations.
Ideally, a radiopharmaceutical should be synthesised
within 2–3 half-lives of the radionuclide to maintain
high radiochemical yield and specific activity. This
involves isolation of the target drug, purification, for-
mulation into a sterile, pyrogen-free, isotonic solution
and accurate quality control prior to injection. For
drugs radiolabelled with carbon-11, which has a short
half-life of 20 min, this necessitates manufacture at the
site of delivery. Another disadvantage occurs if the drug
to be studied has a long half-life (several hours) com-
pared to the physical half-life of the label. Furthermore,
as a result of the short physical half-life, larger amounts
of radioactivity have to be handled. Generally, radio-
tracers with a very high specific activity (5000–15 000
mCi/mmol) are preferred so only small quantities (mg)
of stable compound are required. For these reasons, the
potential exposure of staff involved with radiotracers
remains high. To minimise this, rapid remote controlled
and robotic-based chemistry has been designed and
adopted for use by radiochemistry experts on site.8

At present, compounds containing N-, S-, or O-
methyl (or -ethyl) groups, proteins and antibodies are
fairly easily radiolabelled. It is not possible to radiolabel
all drugs with sufficient radioactivity to derive useful
information from them when used in investigational
studies. This may occur if the length of synthesis and
purification of the radiotracer is extensive and leads to
substantial decay of radioactivity. Constraints in the
availability of potential labelling reagents including
precursors can also limit synthesis of radiotracers. The
position of the radiolabel should be robust to avoid
metabolic degradation, again restricting the number of
compounds available. However, this can be fashioned
advantageously when demonstrating the metabolic
routes of specific compounds in vivo. It is anticipated that
drug development authorities requiring PET imaging will
begin to include precursor strategies into their drug
development programmes to overcome these hurdles.

3. Acquisition and modelling of PET images

A 3D image of the distribution of the radiolabelled
drug within the body comes from the simultaneous

Table 1

A list of positron emitters and their half-lives

Radioisotope Half-life Positron decay (%)

Bromine-75 98 min 76

Bromine-76 16.1 h 57

Carbon-11 20.4 min 99.8

Cobalt-55 17.5 h 77

Copper-62 9.7 min 97.8

Copper-64 12.7 h 19.3

Fluorine-18 109.8 min 96.9

Gallium-68 68.1 min 90

Iodine-124 4.2 days 25

Iron-52 8.3 h 57

Nitrogen-13 10 min 100

Oxygen-15 2.03 min 99.9

Rubidium-82 1.25 min 96

Technetium-94m 53 min 72

Yttrium-86 14.7 min 34

Zirconium-89 78.4 min 25
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detection of two gamma rays from the decay of the
positron emitting radionuclide. The two 511 keV
gamma rays are emitted at approximately 180� and are
each recorded coincidentally by rings of external nuclear
detectors, with the inference that the decay event
occurred between the opposing two detectors. Data are
obtained as sinograms that are reconstructed into
tomographic images after correction for attenuation
and detector efficiency. The data depict the spatial and
temporal distribution of total radioactivity within a
number of planes. Several physical restrictions impose a
spatial resolution attainable with PET to 2–3 mm on
clinical scanners (4–8 mm in most commercial scanners)
and 0.5–1 mm on animal scanners. Images are analysed
by defining a sample region or region of interest (ROI)
on the PET scan after correlation with anatomical ima-
ging and extracting radioactivity versus time curves
from this area. This procedure is performed for several
ROIs to allow analysis of tumour and normal tissue, for
example liver and kidney.
Mathematical kinetic modelling of information

derived from a PET scan expands data interpretation
within a preconceived framework of important kinetic
behaviour to obtain quantitative parameters of rele-
vance. In practice, this involves comparing the con-
centrations of radioactivity in tissue (ROI) with that in
arterial plasma and determining plasma-tissue exchange
rate constants to construct a pharmacokinetic model.9

Modelling is necessary for accurate calculation of all
aspects of drug pharmacology, and to measure physi-
ological variables such as tissue perfusion and metabolic
rate. A tracer kinetic model is a mathematical descrip-
tion of the fate of the tracer in the human body, in par-
ticular the organ(s) under study. The usual method of
establishing a mathematical description is to assign the
possible distribution of tracer into a limited number of
discrete compartments, within which tracer can be free,
specifically or non-specifically bound. The compart-
ments do not necessarily represent actual separate phy-
sical compartments, but are a simplification of complex
biological interactions. A tracer kinetic model for [18F]
fluorodeoxyglucose is illustrated in Fig. 1.
When drugs are not metabolised in the body, calcula-

tion of drug concentration is relatively straightforward.
However, most drugs do undergo some metabolism in

vivo and metabolites are produced. This poses no diffi-
culties if the metabolite does not contain the radio-
tracer, but if it does, PET cannot distinguish the signal
as coming from radiolabelled parent or radiolabelled
metabolite. A number of strategies have been developed
to extract the parent contribution from the total mea-
sured activity in this situation. One approach is cor-
recting for metabolites by performing an additional
scan of the radiolabelled metabolite. This has been
applied for correction of 2-[11C] thymidine scans in
which the principle metabolite is carbon dioxide, by
doing a PET scan after administration of [11C] CO2 [10].
Alternative methods include, (1) mathematical model-
ling of metabolites, (2) washout strategies for radio-
tracers with long half-life, where non-specific
metabolites are allowed to be eliminated, leaving speci-
fically bound species which are imaged at a late time
point [11], or (3), by conducting paired studies, one of
parent drug alone and one of parent drug combined
with a compound to inhibit its metabolism [12].
Compartmental modelling relies on sufficient a priori

knowledge of the tracers’ outcome in vivo to construct a
kinetic model. This can be problematic for anti-
neoplastic agents due to tissue heterogeneity and often
the lack of information on behaviour in the body. Spe-
cial data-led approaches such as spectral analysis [13]
and graphical analysis [14] have been explored as alter-
natives to compartmental modelling.

4. PET and drug evaluation

There are a number of generic issues in drug devel-
opment that can be addressed by PET imaging. These
can be described in the form of questions: (1) does the
drug sufficiently distribute to target (tumour) and how
much goes to normal tissue, where toxicity may be pro-
duced, (2) how is the drug eliminated from tumour and
normal tissue, (3) does the drug modulate its target in a
predictable way, (4) is the drug efficacious. Points (1)
and (2) can be classified as pharmacokinetic studies, and
(3) and (4) can be broadly classified as pharmacody-
namic studies. During this review, PET studies will be
described under these two categories.
It is envisaged that for newer drugs there will be a

change in paradigm, from ensuring that plasma con-
centrations which are associated with antitumour activ-
ity in rodents are achieved in humans, to ensuring that
the degree of modulation of PET probes in rodent
tumours (associated with activity) is achieved in
humans.

4.1. Pharmacokinetic studies

Despite extensive application in psychiatry and neu-
rology in drug evaluation, PET has not yet reached its

Fig. 1. Compartmental model of glucose utilisation for [18F]fluoro-

deoxyglucose. K1, K2, K3 and K4 are rate constants for delivery,

washout, phosphorylation and dephosphorylation, respectively.
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full potential in cancer therapeutics. PET can provide
valuable information on drug pharmacokinetics in
tumour and normal tissue by mathematical modelling of
data. In some institutions, rapid plasma radioactive
profiling during the PET scan can be used for calcula-
tion of plasma input function and to provide evidence
of specific metabolic processes in humans and animals.
In vivo assessment of drugs can be performed follow-

ing administration of radiotracer either alone (high
specific activity) or mixed with cold (non-radioactive)
drug (low specific activity). If the drug is of high activity,
the total amount injected is minimal and the concentra-
tions at these doses are much lower than the km for
saturable metabolic processes. In this section, previous,
ongoing and future work with PET will be reviewed.

4.1.1. Temozolomide: evaluation of distribution and
mechanism of action
Temozolomide is a new oral cytotoxic agent with

good oral bioavailability, that has demonstrated anti-
tumour activity against gliomas [15–18], malignant
melanoma [19–21] and paediatric solid tumours [22,23].
No activity was seen against previously treated low
grade non-Hodgkin’s lymphoma (NHL) [24], hormone-
refractory prostate cancer [25], untreated pancreatic
adenocarcinoma [26], nasopharyngeal cancer [27] or
soft-tissue sarcoma [28]. Temozolomide is an imidazote-
trazine derivative, which though a prodrug, does not
require metabolic activation to activate DNA alkylation,
as does dacarbazine [29]. The drug undergoes pH-
dependent ring opening and decarboxylation to 5-(3-
methyl)-1-imidazole-4-carboxamide (MTIC) [30]. MTIC
decomposes to 5-aminoimidazole-4-carboxomide (AIC)
and methyldiazonium ion, which is assumed to be the
reactive species that alkylates DNA (Fig. 2). Alkylation
of DNA guanine in the O6 position may be the primary
cytotoxic event. PET studies using radiolabelled temo-
zolomide have been performed to acquire knowledge
about differences in tumour and normal tissue biodis-
tribution and to confirm the proposed mechanism. It
was anticipated that such data could help optimise
therapy and patient selection.
Temozolomide was labelled with carbon-11 in either

the 3-N-methyl or 4-carbonyl positions using a novel
radiochemistry approach [31] (Fig. 3). Pharmacokinetics
of [11C-methyl] temozolomide was investigated in con-
junction with Phase 1 and 2 trials. Temozolomide expo-
sure was greater in tumours compared with normal,
contralateral brain (Fig. 4). Using spectral analysis [32],
tumour uptake of temozolomide was found to be inde-
pendent of tumour perfusion [33,34]. Tumour exposure
to [11C-methyl] temozolomide derived radioactivity cor-
related with the duration of patient response, but not
overall survival [35]. Continuing work involves the eva-
luation of the presumed mode of action of temozolomide.
It was postulated that labelling temozolomide in the 3-N-

methyl position will result in incorporation of the radi-
olabel in DNA, whilst labelling in the 4-carbonyl position,
will result in the loss of label as [11C] CO2 in expired air
prior to its incorporation into DNA (Fig. 3). Paired clin-
ical studies have so far demonstrated higher levels of
plasma and exhaled [11C] CO2 for [

11C-carbonyl] temozo-
lomide compared with [11C-methyl] temozolomide [120].

4.1.2. DACA: Pharmacokinetic assessment of DACA
prior to conventional phase 1 trials
N-[2-(Dimethylamino)ethyl]acridine-4-caboxamide or

DACA (XR5000) is a novel DNA-intercalating acridine
derivative that stimulates DNA breakage via the for-
mation of cleavable complexes between DNA and
topoisomerase 1 and 2 [36]. It has a high activity against
multi-drug resistant human tumour cell lines [37–39]
and in experimental solid tumours such as implanted
Lewis lung tumours in mice, with little ensuing myelo-
suppression [40]. This varied activity is thought to arise
because DACA has dual interaction with both topoi-
somerases 1 and 2, and has ability to overcome P-glyco-
protein and atypical (topoisomerase 2-mediated)
multidrug resistance [37,38,40]. Other attractive properties
exhibited by DACA such as high lipophilicity, suppression
of ionisation of the acridine molecule at physiological pH,
and capacity to cross the blood–brain barrier, led to the
selection of DACA for clinical development. There were
several important translational research questions that
needed to be addressed including whether (1) the meta-
bolic profile of DACA was altered in humans compared
with pre-clinical models, (2) the drug distributed well to
human tumours (predictive of activity), and (3) the degree
of uptake into normal tissues was high, e.g. brain, (pre-
dictive of neurotoxicity). To address these issues, carbon-
11 labelled DACA ([11C] DACA) was synthesised [41,42]
and used in a pre-phase 1 radiotracer study to evaluate
the tissue pharmacokinetics and plasma metabolite
profile of DACA [43]. Prephase-1 studies were per-
formed at a radiotracer dose equivalent to 1/1000 of the
phase 1 starting dose (Fig. 5). To establish whether
administration of pharmacological doses of DACA altered
tracer kinetics, [11C] DACA tracer studies were repeated in
patients undergoing phase 1 clinical trials [43,44]. Analysis
of plasma samples in this pre-phase 1 and other studies
show that DACA is extensively and rapidly metabolised
[45–47]. Radioactivity was shown to localise in vertebra
<brain< tumour<kidney< lung<myocardium<spleen
< liver. The low peak concentrations and overall dis-
tribution of radioactivity in brain and vertebral bodies
suggest that myelotoxicity and neurotoxicity are less
likely to be dose-limiting. In contrast, high localisation
of radioactivity was observed in the myocardium (which
was saturable at phase 1 doses), implicating that cardio-
vascular toxicities may be dose-limiting. Tumour uptake of
[11C] DACA was variable and demonstrated a moderate
relationship with blood flow. This [11C] DACA work
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constitutes the first such study using PET to provide
information on intratumoral and normal tissue dis-
tribution data to aid drug development, and in parti-
cular, having the advantage of using such low levels of
radiolabelled drug, so that toxicity would not be
expected.

4.1.3. 5-Fluorouracil: biomodulation of fluorouracil
tissue pharmacokinetics
5-FU has been used either as a single agent or in

combination chemotherapy regimes in many malig-

nancies including colorectal, gastrointestinal and breast
cancers for over 30 years. As an antimetabolite, the
action of 5-FU depends on its conversion to the anabolite
5-fluoro-20deoxyuridine-50monophosphate (FdUMP) via
a series of enzymatic steps. FdUMP is responsible for
inhibition of thymidylate synthase, which is necessary
for the production of 20-deoxythymidine-50-monopho-
sphate (TMP), a critical element in the repair and
synthesis of DNA [48]. Up to 80% of systemically
administered 5-FU is rapidly catabolised to an inactive
toxic metabolite, a-fluoro-b-alanine (FBAL) by the

Fig. 2. Postulated mechanism of action of temozolomide.

Fig. 3. Radiosynthesis of [11C]temozolomide in the 3-N methyl (Route A) or 4-carbonyl (Route B) position. The carbon in the 3-N-methyl position

is assumed to remain with methyl diazonium which alkylates DNA, whilst that in the 4-carbonyl position is converted to carbon dioxide.
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enzyme dihydropyrimidine dehydrogenase (DPD) [49].
Despite extensive experience and use of 5-FU, response
rates and improvement in survival remains unsatisfac-
tory. Different approaches have been developed to
improve efficacy, such as biochemical modulation, dose
and schedule modification, and regional drug-delivery
systems.
The pharmacokinetics of 5-FU has been successfully

investigated using radiotracers, and is the most common
anti-cancer drug imaged with PET [51–55]. This is due
to the ease of chemical synthesis of 18F-fluorouracil
(5-[18F] FU) and the favourable half-life of fluorine
allowing kinetic studies to be performed with good
reproducibility [50]. Dynamic PET images for 5-FU in
liver metastasis and normal tissue are illustrated in
Fig. 6. From these and other results [56], it can be
assumed that the high signal intensity in normal liver is
an indication of its capacity to catabolise 5-[18F] FU to
[18F] FBAL. Furthermore, analysis of arterial blood by
high performance liquid chromatography (HPLC) has
detected the presence of 5-[18F] FU and high levels of
[18F] FBAL. This has been validated by magnetic reso-
nance spectroscopy (MRS) studies which confirmed the
presence of [18F] FBAL [56]. The increase seen in kidney
activity with time is consistent with elimination of 5-FU
and associated metabolites. A pharmacodynamic rela-

tionship between tumour uptake of 5-FU and response,
first seen in mice [57] has also been demonstrated in
humans by PET methodology [58,59]. Studies showed
that colorectal liver metastases with a higher uptake of
5-FU at 2 h, as measured by a standard uptake value
(SUV) had a negative growth rate, whereas those with a
low SUV had disease progression. These results have
also been obtained using MRS studies of 5-[18F] FU
[60,61].
PET has helped examine whether different com-

pounds can biomodulate 5-FU pharmacology to
increase the therapeutic ratio and antitumour activity.
One study [1] examined the differences in pharmacoki-
netics of 5-[18F] FU in combination with folinic acid,
alpha interferon (IFNa) or N-Phosphacetyl-l-aspartate
(PALA), in addition to clinical trials that have pre-
viously shown variable benefit in patients with colo-
rectal cancer. Results demonstrated that blood flow to
the tumour was an important determinant of tumour
exposure to total 18F radioactivity (consisting of fluor-
ine-18 radiolabelled 5-FU, anabolites and catabolites).
The relevance of drug delivery in the initial uptake and
retention of radioactivity was emphasised by a sig-
nificant correlation between tumour blood flow and tis-
sue exposure to 18F radioactivity at 8 and 60 min. Blood
flow to the tumour, and hence tumour exposure to
5-[18F] FU showed significantly reduced radioactivity
after modulation with PALA and a non-significant
increase was seen with IFNa. However, no changes in
tumour pharmacokinetics were seen with 5-FU when
given in conjunction with folinic acid.
Another strategy to enhance the systemic activity of

5-FU has concentrated on inhibition of dihydropyr-
imidine dehydrogenase, which is the proximal and rate-
limiting catabolic enzyme responsible for the degrada-
tion of 5-FU. Eniluracil is an oral DPD inhibitor [62]
and its affect on the metabolism of 5-FU has been
studied using PET. As high radioactivity is observed in
normal liver after 5-[18F] FU due to accumulation of
radiolabelled parent and metabolite, proof of principle
of action of eniluracil was formulated to show a
decrease in radiotracer uptake and retention of 5-[18F]
FU in normal liver. This study demonstrated that in
eniluracil-naive patients, 5-[18F] FU derived radio-
activity localised more strongly (0.0234% of the injected
activity per ml at 11 minutes) in normal liver than in
liver metastases (0.0032%) [12]. There was a distinct
localisation of radioactivity in the gallbladder consistent
with hepatobiliary clearance of [18F] FBAL-bile acid
conjugates. By contrast, after eniluracil administration,
a substantial reduction of radiotracer exposure in nor-
mal liver and kidneys was seen, with no uptake in the
gallbladder (Fig. 7). Another effect observed was an
increase in plasma uracil and unmetabolised 5-[18F] FU
levels and prolongation of radiotracer half-life from 2.3
to >4 h with eniluracil. This study illustrates how PET

Fig. 4. Positron Emission Tomography (PET) [11C-methyl]temozolo-

mide image in a patient with glioma. Increased uptake is seen in the

tumour compared with normal brain.
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Fig. 6. Transaxial Computed Tomography (CT) (Left) and PET image after injection of 5-[18F]FU (right) of the abdomen of a patient with meta-

static colorectal carcinoma. Images show liver with metastasis in left lobe, with corresponding large photopenic area seen on PET scan.

Fig. 5. Transaxial abdominal Computed Tomography (CT) scan (top left) and corresponding Positron Emission Tomography (PET)-[11C]N-[2-

(dimethylamino)-ethy]acridine-4-carboxamide] (DACA) image (top right) demonstrating radiotracer uptake in kidneys, spleen and renal tumour.

Uptake of radiotracer is seen in heart, and mesothelioma (bottom left) and brain and glioma (bottom right). Reproduced with permission from

Lippincott Williams & Wilkins (J Clin Oncol 2001, 19(5), 1424, Fig. 2)
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can provide in vivo imaging of the postulated action of a
novel enzyme inactivator.

4.2. Pharmacodynamics

PET offers an opportunity to observe key steps
involved in carcinogenesis due to its ability to radiolabel
and image the behaviour of several biological probes. In
this section, we will describe how PET can be used to
monitor various targets including genes, ligand–receptor
interactions and components involved in apoptosis,
drug resistance and angiogenesis.

4.2.1. Evaluation of tumour metabolism and
proliferation
Conventional imaging modalities for tumour response

assessment relies on changes in tumour volume and
mass which may not be apparent for several months
after treatment and cannot easily distinguish between
necrotic cells and viable, proliferating cancer cells. 18F-
2-fluoro-2-deoxyglucose ([18F] FDG) is being increas-
ingly utilised as a physiological imaging modality to
evaluate sub-clinical tumour response to treatment.
[18F] FDG essentially measures cellular metabolic
activity, as the rate of its accumulation into tumours is
proportional to the rate of glucose utilisation. Recent
studies have examined changes in [18F] FDG uptake as
a pharmacodynamic endpoint after treatment of glio-
mas with single-agent temozolomide [63] and after
combination chemotherapy in pancreatic cancer, fol-

lowing administration of 5-FU and mitomycin C [64].
Brock and colleagues [63] performed [18F] FDG scans in
patients with recurrent high-grade gliomas 7 days after
treatment and found these results could predict clinical
and radiological response recorded at 2 months. The
European Organisation for Research and Treatment of
Cancer (EORTC) PET study group have recently
defined guidelines for the use of [18F] FDG in response
assessment in oncology [65].
Radiolabelled thymidine (in autoradiography and

flow cytometry) has long been the gold standard for
measuring DNA synthesis. PET methodology has
recently been developed for measuring radiolabelled
thymidine (2-[11C] thymidine) incorporation into DNA
to provide an index of DNA proliferation in vivo. This
may serve as a more direct technique of monitoring
tumour response (Fig. 8) than [18F] FDG, which is not
specific for malignant tumours, and may show uptake in
inflammatory cells such as macrophages. A study has
shown that fractional retention of 2-[11C] thymidine-
derived radioactivity correlates with MIB-1, a well
established marker of cell proliferation, making 2-[11C]
thymidine a suitable radiotracer for monitoring
response to antiproliferative therapy. In another pilot
study in patients undergoing chemotherapy, 2-[11C]
thymidine flux constant measured at 1 week after treat-
ment declined by 100% in complete responders and
35% in partial responders, compared with a much
smaller decrease in a patient with progressive disease
[65]. One limitation of using 2-[11C] thymidine is its

Fig. 7. Typical transabdominal Computed Tomography (CT) (a) and corresponding Positron Emission Tomography (PET) blood flow (b) and PET
18F-fluorouracil images without eniluracil (EU) (c) after eniluracil (d), showing liver, spleen and multiple hepatic metastasis (reprinted with per-

mission from Elsevier Science (Lancet 2000 355 2128).
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rapid conversion to a number of systemic metabolites
making data analysis difficult. An alternative, promising
probe for measuring DNA proliferation is 30-deoxy-30-
[18F] fluorothymidine (FLT) [66] which is metabolised
to a lesser extent than 2-[11C] thymidine. Retention of
FLT is determined not only by the degree of DNA
proliferation, but also by levels of cell cycle-regulated
thymidine kinase-1 protein. Detection of tumour
response using PET will be advantageous in assessing
new cytostatic drugs when obvious tumour shrinkage is
not expected and to avoid unnecessary chemotherapy in
patients not shown to have responsive disease poten-
tially after only one course of treatment [67].
One emerging area of research is the use of 2-[11C]

thymidine to measure thymidine salvage and provide an
in vivo surrogate marker of thymidylate synthase (TS)
inhibition. Increased 2-[11C]thymidine retention has
been demonstrated in tumours 1 h after administration
of nolatrexed, an oral TS inhibitor [68]. Another group is
investigating the use of 20-[18F]fluoro-ara-deoxyuridine
to image TS activity for selection of potential patients
likely to benefit from prodrugs activated by TS [69].

4.2.2. Drug–receptor interaction
There are many growth factors and hormones that

exert their therapeutic affect by interacting with specific
receptors or binding to cell surface molecules. PET can
be used to study these drug–receptor interactions with
ligands or antibodies radiolabelled with a positron
emitter. Such studies can either be direct (labelling the
molecule of interest) or indirect (displacement of radi-

oligand by the molecule of interest). The regional
kinetics of radioligands can be used to derive values for
receptor number (Bmax), affinity (Kd) and binding
potential (Bmax/Kd). With the production of radi-
oligands for hormone receptors (oestrogen [70,71], pro-
gesterone [71,72] and androgen [73–75], growth factors
(vascular endothelial growth factor (VEGF) [2] and
epidermal growth factor) and for C-erb2, a proto-onco-
gene [76], receptor studies are now being performed in
oncology.
At present, the assessment of oestrogen receptor (ER)

status in breast cancer relies on biopsy specimens and in
vitro assays. This is subject to errors such as tumour
heterogeneity, and provides little information regarding
the responsiveness of tumour to hormonal therapy. 16a-
[18F] fluoro-17b-oestradiol (FES) has been developed as
a radioligand for oestrogen receptors to assess ER sta-
tus in breast tumours in vivo. Good overall agreement
between ex vivo ER assays and FES-PET77 has led to
the conclusion that FES-PET provides direct informa-
tion on ER status. A decrease in the uptake of FES in
metastatic breast cancers after the administration of
tamoxifen has been visualised, demonstrating the pre-
sence of functional oestrogen receptors in the tumour
[78]. The reduction in FES uptake after tamoxifen was
significantly greater in patients who responded to hor-
monal therapy [79]. PET visualised drug–receptor inter-
action can therefore predict response to tamoxifen
therapy [80,81] and also help determine ER status where
there may be doubt, for example in metastatic disease in
previously ER-positive tumours [78].

Fig. 8. 2[11C]thymidine Positron Emission Tomography (PET) scan in a patient with Ewing’s sarcoma in the upper/thorax shoulder, pre- and

postchemotherapy. The white area indicates the region of highest uptake. Resection revealed almost complete histological response showing the use

of 2[11C]thymidine PET scan in early response assessment.
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Other radioligands undergoing studies in animals are
[18F]-labelled progestin 16 alpha, 17 alpha-dioxolanes
for progesterone receptors [82,83] and [18F]-labelled
androgens for prostate cancer [73–75]. Recently, [64Cu]-
TETA-ocreotide has shown promise as a PET radio-
pharmaceutical in patients with neuroendocrine
tumours [84].

4.2.3. Assessment and modulation of multidrug
resistance
Acquired multidrug resistance (MDR) is a major

obstacle to the treatment of cancer with certain classes
of compounds such as anthracyclines, vinca alkaloids,
podophyllotoxins and taxanes [85,86]. Several groups
have identified the overexpression of P-glycoprotein
(Pgp), a plasma membrane transporter encoded for by
the MDR gene, as the molecular basis for the MDR
phenotype [87,88]. A number of radiolabelled pharma-
ceuticals are being investigated to examine this process
further in conjunction with strategies to block expres-
sion or activity of Pgp. Technetium-99m Sestambi
(99mTc-Sestambi), a substrate for Pgp, has been used in
SPECT studies to visualise blockade of Pgp-mediated
transport after modulation of the Pgp pump [89]. A 2.7-
fold higher efflux rate of 99mTc-Sestambi has been
demonstrated in breast cancers with high Pgp expres-
sion [90,91]. So far in vivo PET studies involved in eva-
luation of MDR have been confined to experimentation
in animals. Carbon-11 radiolabelled drugs such as 11C-
verapamil, 11C-daunorubicin [92–94] and 11C-colchicine
[95] have been investigated as in vivo Pgp probes and
have a potential use in the selection of patients in whom
Pgp modulation may be beneficial during treatment [96].

4.2.4. Quantitating angiogenesis and antivascular activity
Angiogenesis represents a crucial step in tumour

development [97] and describes neovascularisation from
existing blood vessels. Many cytokines implicated in this
process have been discovered including VEGF, whose
levels are upregulated in several cancers such as breast,
colon, ovarian and lung and which may have prognostic
significance [98,99]. There are two principal therapeutic
targets in angiogenesis: direct, by inhibition of angio-
genic factors or receptors (anti-angiogenic agents), or
indirect, by inhibition of blood flow (antivascular
agents). PET methods are being developed to measure
parameters related to the angiogenic phenotype. One
study has demonstrated the feasibility of imaging
VEGF using an anti-VEGF antibody labelled with
iodine 124-(124I-VG76e) in mice bearing human xeno-
grafts. Ex vivo biodistribution confirmed antibody loca-
lisation within tumour [2]. PET has demonstrated the
effects of the new anti-vascular agent Combrestatin A4
Phosphate (CA4P) by measuring tumour and normal
tissue perfusion and blood volume [3]. In this study,
PET scans with [15O] H2O and [15O] CO were performed

on patients receiving CA4P as part of a UK Cancer
Research Campaign phase 1 trial. Results showed a 30–
60% temporary reduction in tumour blood flow at the
higher dose level. Further analysis of data is ongoing
concerning changes in blood volume. It is anticipated
that these types of pharmacodynamic assessment will
reduce the time involved in early clinical trials provide
more objective criteria for the development of anti-
angiogenic agents and recognise patients who will ben-
efit from anti-angiogenic treatment [100].

4.2.5. Detection of apoptosis
Programmed cell death is the likely mechanism

behind the cytoreductive effects of standard chemo-
therapeutic agents. At present, there are no specific
measures of this important pharmacodynamic endpoint
other than ex-vivo analysis of tumours by immunohis-
tochemistry or flow cytometry. Annexin V, an endo-
genous protein, is a new radioligand that is capable of
detecting apoptosis in vivo due to its high (nanomolar)
affinity for membrane bound phosphatidylserine [101].
An early event in apoptosis is the rapid exposure of
phosphatidylserine groups, which are normally confined
internally within the cell. Binding of Annexin V to these
exposed phosphatidylserine groups allows apoptosed
cells to be detected. Annexin V has been labelled with
99mTechnetium for imaging with single photon emitting
computed tomography (SPECT) [102–104]. Annexin V
has more recently been labelled with iodine 124 which
can be detected with PET [119] and is being validated in
preclinical studies. This will be of greater benefit in
quantifying the efficacy of cytotoxic drugs.

4.2.6. Tumour hypoxia
Hypoxia resulting from inadequate blood supply of

oxygen to cells is an important contributor to resis-
tance of tumours to radiotherapy and some chemo-
therapeutic treatments. [18F] fluoromisonidazole has
been used as a PET marker to quantitate hypoxia in
tumours [105–107]. Rasey and colleagues found
hypoxia was present in 97% of 37 tumours when stud-
ied with [18F] fluoromisonidazole. They found a marked
variation in hypoxia between tumours of the same site
or histology and within regions of a single tumour.
Other markers of hypoxia including SR 4554 and 64Cu-
ATSM are being developed also for similar in vivo
assessments of hypoxia [108,109]. Obtaining knowledge
of hypoxia in vivo could ultimately lead to the
identification of patients for treatment with drugs to
enhance oxygenation or with hypoxia-targeted gene
therapy.

4.2.7. ADEPT
Antibody directed enzyme pro-drug therapy

(ADEPT) is being explored as a way to target therapy
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selectively to cancer cells. ADEPT is based on the
delivery of a non-toxic antibody–enzyme conjugate
specific to a tumour [110]. After a period of time, suffi-
cient to allow for clearance of unbound conjugate, a
non-toxic pro-drug is administered which is converted
to a toxic compound by the conjugate. By labelling the
pro-drug or conjugate with a positron emitter, it should
be possible to quantitate their distribution. A pro-drug,
which is a substrate for carboxypeptidase G2, has been
labelled with carbon-11 for monitoring delivery and
uptake using PET [111,112].

4.2.8. Markers of gene expression
Advances in genetic engineering have progressed to

allow therapy by transferring appropriate genes into
abnormal cells. An important question related to this is
accurate in situ monitoring and timing of gene expres-
sion, which currently can only be achieved with biopsy
specimens. PET imaging can make a major contribution
to this area [113,114] and several analogues of positron-
emitting uracil and thymidine are being developed for
this purpose [115,116]. These analogues undergo phos-
phorylation and trapping when Herpes Simplex Virus-1
thymidine kinase (HSV-1 tk) is expressed and this has
been visualised in experimental animals [117].

5. Summary

Advances in technology have made in vivo assessment
of physiological and biochemical processes in humans a
reality. This has been achieved by the integrated work
of a multidisciplinary team within a PET department.
PET is an invaluable tool in the preclinical assessment
of drugs prior to further development. Clinical assess-
ment of drugs can help elucidate mechanisms of action,
and resistance, at tracer doses. Newer therapies can be
investigated where conventional methods of drug ana-
lysis will not provide the necessary information. PET
methodology needs to be further developed as a trans-
lational tool to lessen the gap between drug discovery
and clinical application [118].
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