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Abstract. The use of positron emission tomography (PET) in drug development
has become more common in the pharmaceutical industry in recent years. One
of the biggest challenges to gaining acceptance of this technology is for project
teams to understand when to use PET. This chapter reviews the usage of PET in
drug development in the context of target, mechanism and efficacy biomarkers.
Examples are drawn from a number of therapeutic areas, but we also show that
the relative penetration of this technology beyond CNS and oncology applica-
tions has been relatively small. However, with the increasing availability of PET
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and development of novel radiotracers it is expected that the utilization will be
much broader in future years, with the additional expectation that the use of PET
as an efficacy biomarker will also become more evident.

13.1 Introduction

The goal of this manuscript is to describe how noninvasive imaging us-
ing positron emission tomography (PET) is positioned to significantly
impact drug development. In order to best illustrate this opportunity, ex-
amples will be given in the context of a biomarker framework (Littman
and Williams 2005) that deals with target, mechanism and efficacy ap-
plications. It will be clear from this paper that PET (as well as other
noninvasive imaging modalities) can be applied at all stages of the phar-
maceutical life-cycle.

One of the key challenges to achieving the optimal use of this tech-
nique is to ensure that project teams have clearly identified the questions
that are faced at a particular juncture in the discovery and development
paradigm. With this information in hand, technology groups can iden-
tify the range of potential solutions and find the optimal solution, while
avoiding the problem of using technology for technology’s sake.

13.2 Biomarker Definitions

There are three definitions of biomarker levels that are commonly used
to describe the particular application of a biomarker:

1. Proof of Target (POT)
In this category, techniques are used to confirm that the pharmaceu-
tical candidate is reaching the desired target in order to confirm the
pharmacological mechanism of action. A target biomarker will ide-
ally be able to measure the level of pharmacological inhibition and the
duration of action at the target site. In some cases it may be more lim-
ited in nature and simply confirm that the drug has reached the target
site (for example, brain penetration or tumor uptake). Typically these
types of studies are acute in nature and involve looking at changes
within a subject from a baseline condition to one following dosing
with the candidate pharmaceutical (either single dose or multi-dose).
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Demonstration of POT is something that is ideally demonstrated as
a part of a phase 1 clinical trial, and so typically examples of this
technique are conducted in healthy volunteers.

2. Proof of Mechanism (POM)
In this category we are looking to confirm that the candidate phar-
maceutical is affecting a downstream component of the biochem-
ical pathway related to target inhibition. This might be related to
metabolism, flow, proliferation or one of many outcomes. Some
mechanistic biomarkers can be evaluated in normal subjects, while
others are restricted to patient populations (e.g., tumor effects, etc).

3. Proof of Efficacy (POE)
Biomarkers of this category are of the highest value to a develop-
ment program. Changes associated with these biomarkers will have
been demonstrated to be directly linked to clinical outcome, and
these changes will manifest ahead of the standard clinical response.
It is conceivable that a POM biomarker could become an efficacy
biomarker following rigorous qualification; examples of biomarkers
in this situation will be discussed later. By default, efficacy biomark-
ers are restricted to a patient population and may require the use
of large patient populations in multi-center studies, which raises the
need for standardization in the technique and central data analysis.

As one progresses across this biomarker paradigm, it is clear that
the rigor in, and cost of, validation of the biomarker increases dramat-
ically for efficacy biomarkers. Target and mechanism biomarkers are
likely to be used for internal go/no-go decision making, while qualified
efficacy biomarkers will form a pivotal component of a regulatory sub-
mission package. However, it is likely that regulatory agencies will be
interested in supplemental biomarker data to demonstrate that a novel
therapeutic agent is able to elicit specific target- and mechanism-related
changes.

13.3 PET as a Tool for Proof of Target

Historically the application of PET to drug development has its origins in
the CNS therapeutic area. In the 1980s significant advances were made
in the development of radiopharmaceuticals to target specific receptor
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subtypes. Of those the dopamine D2 receptor drew significant interest
from the community and a number of candidate radiotracers were de-
veloped (Volkow et al. 1996). One of the earliest examples reported for
receptor occupancy measurements using PET of a novel therapeutic can-
didate was for ziprasidone (CP-88,059–01); dose-dependent blockade
of [11C]raclopride was demonstrated in healthy male volunteers follow-
ing oral administration of this pharmaceutical and 85% blockade was
confirmed with the highest doses administered (Bench et al. 1993).

The typical paradigm used to measure receptor occupancy involves
obtaining a baseline PET scan and magnetic resonance (MR) image (as
an anatomic reference), the subject is then dosed with the experimental
pharmaceutical (typically oral dosing) in either a single- or multi-dose
regimen. A subsequent PET scan is obtained along with plasma pharma-
cokinetic (PK) samples to determine exposure levels of the experimen-
tal compound. From these data, receptor occupancy can be derived and
a dose- or exposure-to-occupancy relationship obtained from a group of
subjects. By addition of the third imaging session after discontinuation
of dosing, one is also able to look at the central washout of the drug and
compare this with the peripheral PK.

In the case of ziprasidone, temporal binding to striatal D2 receptors
was investigated and the measured binding potential was found to cor-
relate significantly with the serum levels of ziprasidone (Bench et al.
1996). Since ziprasidone also had activity at the 5HT2 receptor, addi-
tional studies were conducted to investigate the time course of 5HT2

receptor occupancy following a single oral dose of ziprasidone using
[18F]septoperone, a 5HT2 selective radiopharmaceutical (Fischman et al.
1996).

Another more recent example using [11C]raclopride to measure cen-
tral receptor occupancy described studies of the antipsychotic drug arip-
iprazole (OPC 14597). In these studies, occupancy was measured (Yokoi
et al. 2002) after 14 days of oral dosing and dose-dependent receptor oc-
cupancy ranged between 40% and 95%. This study highlights another
key facet of target biomarkers; it is extremely important to link receptor
occupancy with a clinical endpoint in order to fully comprehend the
data. In this case the highest receptor occupancies were not accompa-
nied by extrapyramidal side effects (common issue for dopamine-D2

antagonism at high levels of occupancy). These data helped to build
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confidence that aripiprazole was acting as a partial dopamine receptor
agonist (Gründer and Wong 2003).

One of the most valuable contributions of PET-based target biomark-
ers is to provide sufficient data to confidently stop a research program
early. Confirming that a molecule does not reach its target in sufficient
concentrations to likely have a therapeutic effect can lead to signifi-
cant savings by not advancing to a phase 2 “proof of concept” (POC)
study; instead alternative chemical matter can be identified and brought
forward to the clinic. On the other hand, if acceptable receptor oc-
cupancy levels are obtained and one has a negative POC outcome in
phase 2, then a clear decision can be made that the underlying hypoth-
esis for that therapeutic approach is invalid. A recent example of this
has been highlighted by Merck in the development of NK1 antago-
nists (Hargreaves 2002), which have been successful in treating emesis,
but have failed in other indications. By using PET ([18F]FSPA-RQ) to
demonstrate that adequate levels of target inhibition had been achieved,
confidence was increased in terminating development for those indica-
tions.

13.4 PET as a Tool for Proof of Mechanism

[18F]Fluorodeoxyglucose (FDG) is currently the most widely used diag-
nostic PET radiopharmaceutical; utilization of this radiotracer to stage
and re-stage various cancers has grown enormously in recent years
(Juweid and Cheson 2006). Technological advances have also helped to
seed this growth; for example, the introduction of the combined PET/CT
camera has revolutionized the ability to delineate metastatic disease. In
recent years, a growing body of data has suggested that FDG-PET has
the potential to monitor cancer therapy (Weber 2005). This has been
driven by the need to identify biomarkers of response that occur sooner
than reduction in tumor burden.

While FDG-related changes have been investigated in standard che-
mo- and radio-therapy regimens, a growing number of examples are
emerging for novel targeted therapies, especially antiangiogenic agents.
One of the most widely cited examples has been the treatment of patients
with gastrointestinal tumors (GIST) using a receptor tyrosine kinase in-
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hibitor, imatinib mesylate (Gleevec). Profound changes in FDG uptake
were noted after a single cycle of therapy (Joensuu et al. 201); this ef-
fect has also been observed in other kinase inhibitors, such as sunitinib
(SU011248, or Sutent) (Demetri et al. 2003). In both cases the manifes-
tation of an early metabolic response ahead of clinical benefit helped to
confirm that the drug was having an effect at the target site.

A key mechanistic feature of antiangiogenic or antivascular thera-
pies is the direct effect on the tumor vasculature, which is unlikely
to elicit immediate morphological changes within the tumor. There-
fore, the ability to noninvasively monitor changes in tumor blood flow
would clearly be of great value in exploratory development. Using PET,
changes in tumor perfusion and specific measurements of tumor blood
flow can be achieved using [15O]water. The first reported use of this
approach in a clinical trial was for the novel tubulin-binding inhibitor,
combrestatin A4 phosphate (CA4P). In this phase 1 dose-escalation trial,
subjects treated with CA4P demonstrated rapid changes in tissue perfu-
sion demonstrating the immediate mechanistic interaction of this agent
upon the tumor vasculature.

It is worthwhile digressing for a moment to mention another non-
nuclear-based approach to study the effects of these types of interven-
tions. Using diffusion contrast-enhanced MRI (dceMRI) one is able to
monitor changes of two key parameters, Ktrans and IAUC, which are
hallmarks of perfusion and vascular permeability. In a recent phase 1
trail of AG-013736, a novel receptor tyrosine kinase inhibitor, this ap-
proach was used to show antivascular effects in subjects within 2 days
of treatment (Liu et al. 2005).

Returning to FDG, it should be mentioned that as a mechanistic
biomarker, a positive signal of target modulation is not limited to de-
creases in uptake of FDG. An example of increased uptake following
therapeutic intervention has been shown in the treatment of metastatic
breast cancer with tamoxifen (Moritmer et al. 2001). In this study in-
creases in FDG uptake shortly after treatment with tamoxifen were asso-
ciated with a good response to therapy and indicative of the mechanism-
related hormonal flare associated with this therapy.

The examples highlighted in this section emphasize the value of
mechanistic PET biomarkers across programs, which contrasts with tar-
get biomarkers whose utility is typically restricted to individual projects
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or programs, due to the specific nature of the biomarker. Strategically, in-
vestment in the development of novel mechanistic biomarkers that have
broad utility and can therefore be used for various therapeutic strategies
is extremely useful from both economic and operational perspectives.
There are a number of other PET radiotracers that are in development
and likely to have a significant impact on cancer drug development in
the future (Jager et al. 2005); these include markers of proliferation,
hypoxia and apoptosis. In the meantime FDG continues to be evaluated
in other therapeutic applications and has been demonstrated to be of
great value in many areas including diabetes (Virtanen et al. 2003) and
neurodegenerative diseases (Reiman et al. 2004).

13.5 PET as a Tool for Proof of Efficacy

The use of PET as a biomarker of efficacy has not fully been exploited,
but it is quite likely that this will change in the near future. Since the
qualification of an efficacy biomarker involves relatively large clinical
trails, the costs of acquiring the PET data have been a barrier to progress.
As an example we can return to the application of FDG in oncology,
where data are needed to link the response in serial FDG images with an
accepted clinical endpoint such as overall survival, or response as defined
by RECIST. A number of small single-center trails have demonstrated
that FDG-PET changes are correlated with clinical benefit in a number
of cancers (Goerres et al. 2005), but the overall numbers of subjects
studied have been too small to provide the statistical significance for
qualification.

The issue of efficacy biomarker qualification is currently a major
focus of the Food and Drug Administration (FDA) and forms a central
component of the “Critical Path Initiative” (FDA 2005). This is occurring
in collaboration with the National Cancer Institute (NCI) and their efforts
(NCI 2006) in the Oncology Biomarker Qualification Initiative (OBQI).
At the present time consortia are being assembled in order to conduct the
first large-scale demonstration projects of FDG PET as a biomarker of
efficacy. These initial projects will lay the groundwork for qualification
of PET and other molecular imaging methods as efficacy biomarkers,
by identifying and solving many of the questions related to multi-center
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image acquisition and analysis. A central issue to this whole program is
the need for standardization of the entire process.

13.6 PET as a Tool to Monitor Pharmacokinetics

One application of PET in drug development that is not adequately
identified in this biomarker paradigm is the information obtained from
simply radiolabeling the drug candidate itself. By administering a ra-
diolabeled candidate, one is able to collect direct pharmacokinetic in-
formation about the compound itself and this is a fundamental premise
of the microdosing concept (Lappin and Garner 2003). A few exam-
ples have been published which demonstrate the spectrum of questions
that can be answered with this technique, ranging from monoclonal an-
tibody distribution (Jayson et al. 2002) to the inhaled distribution of
antiinflammatory steroids (Berridge et al. 2000).

13.7 The Role of Preclinical PET Imaging
in Drug Discovery and Development

This document has focused on the clinical applications of PET in drug
development. A significant effort is currently underway within the phar-
maceutical industry to evaluate the value of preclinical PET imaging
to address the biomarker questions outlined here. A number of com-
panies have made significant internal investments into the technology,
while others have entered into strategic alliances with diagnostic imag-
ing companies or academic partners. The challenges of incorporating
this technology into such a time-sensitive environment are enormous;
however, some early indications of success have been reported (Hamill
et al. 2005).

13.8 Conclusion

In this paper the application of PET imaging as a key enabling tool for
drug development has been outlined. As can be seen, there are many
opportunities for PET in this arena. It is anticipated that the utilization of
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this and other noninvasive imaging technologies technology will grow
rapidly in drug development in the years to come.

References

Bench CJ, Lammertsma AA, Dolan RJ, Grasby PM, Warrington SJ, Gunn K,
Cuddigan M, Turton DJ, Osman S, Frackowiak RSJ (1993) Dose dependent
occupancy of central dopamine D2 receptors by the novel neuroleptic CP-
88,059–01: a study using positron emission tomography and11C-raclopride.
Psychopharmacology 112:308–314

Bench CJ, Lammertsma AA, Grasby PM, Dolan RJ, Warrington SJ, Boyce
M, Gunn KP, Brannick LY, Frackowiak RSJ (1996) The time course of
binding to striatal dopamine D2 receptors by the neuroleptic ziprasidone
(CP-88,059–01) determined by positron emission tomography. Psychophar-
macology 124:141–147

Berridge MS, Lee Z, Heald DL (2000) Pulmonary distribution and kinetics of
inhaled [11C]triamcinolone acetonide. JNucl Med 41:1603–1611

Demetri GD, George S, Heinrich MC, Fletcher JA, Fletcher CDM, Desai J,
Cohen DP, Scigalla P, Cherrington JM, Van Den Abbeele AD (2003) Clin-
ical activity and tolerability of the multi-targeted tyrosine kinase inhibitor
SU11248 in patients with metastatic gastrointestinal stromal tumor (GIST)
refractory to imatinib mesylate (abstract). Proc Am Soc Clin Oncol 3273

FDA (2005) http://www.fda.gov/oc/initiatives/criticalpath/
Fischman AJ, Bonab AA, Babich JW, Alpert NM, Rauch SL, Elmaleh DR, Shoup

TM, Williams SA, Rubin RH (1996) Positron emission tomographic analysis
of central 5-hydroxytryptamine2 receptor occupancy in healthy volunteers
treated with the novel antipsychotic agent, ziprasidone. J Pharmacol Exp
Ther 279:939–947

Goerres GW, Stupp R, Barghouth G, Hany TF, Pestalozzi B, Dizendorf E,
Schnyder P, Luthi F, Schulthess GKV, Leyvraz S (2005) The value of PET,
CT and in-line PET/CT in patients with gastrointestinal stromal tumours:
long-term outcome of treatment with imatinib mesylate. Eur J Nucl Med
Mol Imaging 32:153–162

Gründer G, Wong DF (2003) Mechanism of new antipsychotic medications.
Occupancy is not just antagonism. Arch Gen Psychiatry 60:974–977

Hamill TG, Krause S, Ryan C, Bonnefous C, Govek S, Seiders TJ, Cosford NDP,
Roppe J, Kamenecka T, Patel S, Gibson RE, Sanabria S, Riffel K, Eng W,
King C, Yang X, Green MD, O’Malley SS, Hargreaves R, Burns HD (2005)
Synthesis, characterization, and first successful monkey imaging studies



338 T.J. McCarthy

of metabotropic glutamate receptor subtype 5 (mGluR5) PET radiotracers.
Synapse 56:205–216

Hargreaves R (2002) Imaging substance P receptors (NK1) in the living human
brain using positron emission tomography. J Clin Psychiatry 63:[Suppl
11]18–24

Jager PL, de Korte MA, Lub de Hooge MN, van Waarde A, Koopmans KP,
Perik PJ, de Vries EGE (2005) Molecular imaging: what can be used today.
Cancer Imaging 5:S27–32

Jayson GC, Zweit J, Jackson A, Mulatero C, Julyan P, Ranson M, Broughton L,
Wagstaff J, Hakannson L, Groenewegen G, Bailey J, Smith N, Hastings D,
Lawrance J, Haroon H, Ward T, McGown AT, Tang M, Levitt D, Marreaud
S, Lehmann FF, Herold M, Zwierzina H (2002) Molecular imaging and
biological evaluation of HuMV833 anti-VEGF antibody: Implications for
trial design of antiangiogenic antibodies. J Natl Cancer Institute 94:1484–
1493

Joensuu H, Roberts PJ, Sarlomo-Rikala M, Andersson LC, Tervahartiala P,
Tuveson D, Silberman SL, Capdeville R, Dimitrijevic S, Druker B, Demetri
GD (2001) Effect of the tyrosine kinase inhibitor STI571 in a patient with
a metastatic gastrointestinal stromal tumor. New Engl J Med 344:1052–1056

Juweid ME, Cheson BD (2006) Positron-emission tomography and assessment
of cancer therapy. New Engl J Med 354:496–507

Lappin G, Garner RC (2003) Big physics, small doses: the use of AMS and
PET in human microdosing of development drugs. Nat Rev Drug Discov
2:233–240

Littman BH, Williams SA (2005) The ultimate model organism: progress in
experimental medicine. Nat Rev Drug Discov 4:631–638

Liu G, Rugo HS, Wilding G, McShane TM, Evelhoch JL, Ng C, Jackson E, Kelcz
F, Yeh BM, Lee Jr. FT, Charnsangavej C, Park JW, Ashton EA, Steinfeldt
HM, Pithavala YK, Reich SD, Herbst RS (2005) Dynamic contrast-enhanced
magnetic resonance imaging as a pharmacodynamic measure of response
after acute dosing of AG-013736, an oral angiogenesis inhibitor, in patients
with advanced solid tumors: results from a phase I study. J Clin Oncol
23:5464–5473

Mortimer JE, Dehdashti F, Siegel BA, Trinkaus K, Katzenellenbogen JA, Welch
MJ (2001) Metabolic flare: indicator of hormone responsiveness in advanced
breast cancer. J Clin Oncol 19:2797–2803

NCI (2006) http://www.cancer.gov/newscenter/pressreleases/OBQI
Reiman EM, Chena K, Alexander GE, Caselli RJ, Bandy D, Osborned D, Saun-

ders AM, Hardym J (2004) Functional brain abnormalities in young adults
at genetic risk for late-onset Alzheimer’s dementia. Proc Natl Acad Sci USA
101:284–289



Application of PET to Drug Development 339

Virtanen KA, Hällsten K, Parkkola R, Janatuinen T, Lönnqvist F, Viljanen T,
Rönnemaa T, Knuuti J, Huupponen R, Lönnroth P, Nuutila P (2003) Differ-
ential effects of rosiglitazone and metformin on adipose tissue distribution
and glucose uptake in type 2 diabetic subjects. Diabetes 52:283–290

Volkow ND, Fowler JS, Gatley SJ, Logan J, Wang GJ, Ding YS, Dewey S (1996)
PET evaluation of the dopamine system of the human brain. J Nucl Med
37:1242–1256

Weber WA (2005) Use of PET for monitoring cancer therapy and for predicting
outcome. J Nucl Med 46:983–995

Yokoi F, Gründer G, Biziere K, Stephane M, Dogan AS, Dannals RF, Ravert
H, Suri A, Bramer S, Wong DF (2002) Dopamine D-2 and D-3 recep-
tor occupancy in normal humans treated with the antipsychotic drug arip-
iprazole (OPC 14597): A study using positron emission tomography and
[C-11]raclopride. Neuropsychopharmacology 27:248–259




