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H&O How has the role of imaging in drug
development changed in recent years?

EA The role of imaging in drug development has come a
long way. Not long ago, imaging was considered by many
to be mainly a decorative technology for drug develop-
ment programs. Over the past few years, the potential
contribution of imaging modalities such as magnetic reso-
nance imaging (MRI) and positron emission tomography
(PET) in drug development has become clearer, changing
the perspective of many industry and academic researchers
regarding their use. Currently, imaging is viewed as a key
component to decision-making in drug development.

H&O How was imaging initially used in drug
development?

EA Some of the initial work involved microdosing. A drug
was administered at very low levels, below 1/100¢h of the
starting phase I dose. This microdosing enabled the bio-
distribution of a compound to be determined very early in
the drug development process, answering certain questions
that arise whenever a drug transitions from animal models
to the clinical setting. This was one of the earliest uses of
imaging, from a pharmacokinetic (PK) perspective.

From a pharmacodynamic perspective, imaging has
always been part of clinical trials, particularly computed
tomography (CT). More recently, PET has been imple-
mented with increasing frequency. The use of fluorode-
oxyglucose (FDG)-PET in the study of imatinib mesylate
(Gleevec, Novartis) is a good example of the usefulness of
imaging in drug development.

H&O Could you describe this example?

EA FDG-PET scans were taken during the initial
stages of the clinical trial process, some within 24 hours
after imatinib dosing, and others at 8 days after dosing.
In both cases, a dramatic reduction in FDG uptake
was observed. One study found that most patients
who showed early reductions in tumor FDG uptake
also showed responses to treatment on CT scans taken
approximately 8 weeks later."* These findings had an
early impact in terms of knowing whether the drug was
hitting its intended target.

The studies also highlighted the potential role of
FDG-PET imaging in drug development. Of relevance to
drug development, other types of PET studies are worth
mentioning, First, demonstration that the test-retest repro-
ducibility of FDG-PET in tumors was within 10% in
imaging studies that preceded imatinib? allowed definition
of the cut-off for metabolic response. Furthermore, studies
in other settings at 2 weeks into treatment, and after the
first or second cycles of chemotherapy or chemoradiother-
apy have demonstrated that patients who show a reduction
of tumor FDG uptake after treatment usually have a sur-
vival benefit.* However, the imatinib trials brought PET to
the forefront in terms of drug development.

H&O What is the exact information that imaging
contributes to the drug development process?

EA In general, there are two main aspects to this contribu-
tion. The first aspect pertains to PK and biodistribution.
The drug of interest is radiolabeled and its distribution is
followed throughout the body. It is possible to measure
how much of the drug reaches the tumor and how much
enters the heart, for example, where it could cause toxic-
ity.® Such studies are allowed by the regulatory agencies,
as they have the potential to aid optimization of a drug’s
pharmacologic properties prior to large clinical trials; see
for instance the US Food & Drug Administration’s guid-
ance on exploratory IND applications.”

Another aspect pertains to their use as biomarkers.
Here, the imaging probe is radiolabeled and is used to track
modulation of a particular target or cognate biochemical
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processes. This approach provides information on whether
the target is being inhibited and to what extent, as well as
how quickly the target recovers, if at all.

These are the two main uses of imaging in drug
development. Together with profiling patients for a
particular target, these data create the so-called pharma-
cologic audit trail, constituting a very rational approach
to drug development.®

H&O How does FDG-PET work in terms of drug
development?

EA FDG is a glucose analog that is taken up via glucose
transporters into the cell, where it is phosphorylated by
hexokinase. Most tumors express high levels of glucose
transporters together with high activities of hexokinase,
and would therefore show high levels of FDG uptake.
The generally accepted hypothesis is that most anticancer
drugs decrease FDG uptake because of a reduction in
cell viability through, for instance, increased cell kill or
cell-cycle blockade. It is becoming increasingly clear that
another mechanism exists that involves direct targeting
of the glucose uptake mechanism. For example, it has
been postulated that P13 kinase inhibitors might target
the glucose uptake mechanism directly, and it has been
demonstrated that imatinib does s0.”'® As with imatinib,
administration of active doses of this latter class of com-
pounds is likely to cause a rapid reduction in tumor FDG
because of direct targeting of the glucose uptake mecha-
nism. With both classes of compounds—those that target
the glucose uptake mechanism directly and those that
inhibit proliferation or induce apoptosis—it is possible
to see an effect on FDG uptake, usually 1-4 weeks after
commencing treatment.

There is one caveat though: inflammatory response
can confound FDG-PET measurements. For instance,
when macrophages infiltrate tumors after therapy, there
may be an anomalous increased uptake of FDG. This
situation has led researchers to search for alternative
approaches to using FDG-PET. Probes for imaging pro-
liferation and apoptosis avoid this potential problem.

H&O How is proliferation imaged?

EA This is one of the most rapidly developing areas in
PET imaging. Much work has been done with carbon-
11-radiolabeled thymidine, a natural compound that is
taken up by the classical nucleoside transporter and then
phosphorylated and incorporated into DNA. By this
method, it was possible to examine response by measur-
ing the changes in thymidine uptake. Because carbon-
11-radiolabeled thymidine is rapidly metabolized in vivo,
there are limitations to this approach.

A new analog of thymidine, fluorothymidine (FLT;
Figure 1), was developed,'? which is a more metabolically
stable probe for imaging proliferation. The mechanisms
of uptake are slightly different from those of thymidine,
but the method is fairly similar in that the probe enables
measurement of the initial process of thymidine incorpo-
ration into the cell.

More recently, our group and others have been
evaluating the utility of FLT for monitoring the effects of
different compounds, including cytotoxic agents as well
as some of the newer molecular therapeutics that have
been developed, such as histone deacetylase inhibitors
and receptor tyrosine kinase inhibitors. Preclinical studies
are showing that FLT can be used to measure changes in
proliferation that occur with treatment."> This approach
may become a very important use of PET technology
because it enables imaging of one of the key biologic
pathways for drug response.

There are several other intriguing endpoints for which
PET probes are being designed, including apoptosis, cho-
line metabolism, and angiogenesis-regulated cell surface
receptors. Existing probes are also being used in new
trial designs to inform drug development. For instance,
measuring blood flow with oxygen-15-radiolabeled water
has shown some interesting results in the early clinical
development of the antivascular agent combretastatin
A4." These techniques, in which one can study not just
the overall toxicity of a compound but the actual direct
effect on a target, have much to offer to the drug develop-
ment process.

H&O What other types of imaging have a role in
drug development?

EA There are a number of other types of imaging. The
use of CT scans to provide anatomic information is stan-
dard practice.'® Now, new contrasts are available for CT
that enable evaluation of tumor perfusion,'” key data in
the development of antiangiogenic agents. In addition,
new methods for ultrasound, including ultrasound with
microbubble contrast agents that enable measurement
of blood flow are being developed; again, this technique
could be very useful in the development of angiogenesis
inhibitors and is likely to be cheaper than most of the
other technologies.

A number of advances are being made with MR.
Dynamic contrast—enhanced MRI is often used to study
blood flow, blood perfusion, and permeability. These
measures are all useful to the development of antian-
giogenic and antivascular therapies.”” MR spectroscopy
can be employed to study tumor drug pharmacokinetics
directly or to study response using proton MR spectros-
copy or phosphorus MR spectroscopy.® These modalities
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Figure 1. Imaging of cell proliferation by positron
emission tomography (PET). (A) Transverse section of
BF-fluorothymidine PET image of a patient with grade III
ductal carcinoma showing right-sided breast carcinoma with
high uptake around the periphery. (B) Corresponding Ki-67
immunostain (45.2% labeling index). Such quantitative
images can be performed before and during treatment to

assess the efficacy of novel therapies.

have been used in a number of clinical trials to measure
response and drug kinetics.

H&O What is the potential effect of imaging on
the drug development process?

EA Imaging can enhance the rational selection of the dose
or schedule and can aid in the go/no-go decision-making
process. Overall, it should reduce the attrition rate and
improve our ability to select phase II doses. Many phar-
maceutical companies have now integrated imaging into
their drug development process. In general, it is thought
that this approach will increase the cost effectiveness of
drug development.

References

1. van Oosterom AT, Judson I, Verweij J, et al. European Organisation for
Research and Treatment of Cancer Soft Tissue and Bone Sarcoma Group. Safety
and efficacy of imatinib (STI571) in metastatic gastrointestinal stromal tumours: a
phase I study. Lancer. 2001;358:1421-1423.

2. Stroobants S, Goeminne J, Seegers M, et al. 18FDG-Positron emission tomog-
raphy for the early prediction of response in advanced soft tissue sarcoma treated
with imatinib mesylate (Glivec). Eur J Cancer. 2003;39:2012-2020.

3. Weber WA, Ziegler SI, Thodtmann R, Hanauske AR, Schwaiger M. Repro-
ducibility of metabolic measurements in malignant tumors using FDG PET.
J Nucl Med. 1999;40:1771-1777.

4, Wieder HA, Brucher BL, Zimmermann F et al. Time course of tumor meta-
bolic activity during chemoradiotherapy of esophageal squamous cell carcinoma
and response to treatment. / Clin Oncol. 2004;22:900-908.

5. Aboagye EO, Price PM. Use of positron emission tomography in anticancer
drug development. Jnvest New Drugs. 2003;21:169-181.

6. Saleem A, Harte RJ, Matthews JC, et al. Pharmacokinetic evaluation of N-
[2-(dimethylamino)ethyl]acridine-4-carboxamide in patients by positron emission
tomography. / Clin Oncol. 2001;19:1421-1429.

7. US Department of Health and Human Services, Food and Drug Adminis-
tration, Centre for Drug Evaluation and Research (CDER). Draft guidance for
industry, investigators and reviewers. Exploratory IND studies. Available at: htep://
www.fda.gov/cder/guidance/index.htm. Accessed April 4, 2006.

8. Workman P, Aboagye EO, Chung YL, et al; Cancer Research UK Pharmaco-
dynamic/Pharmacokinetic Technologies Advisory Comittee. Minimally invasive

pharmacokinetic and pharmacodynamic tecnologies in hypothesis-testing clinical
trials of innovative therapies. / Nat/ Cancer Inst. 2006;98:580-598.

9. Tarn C, Skorobogatko YV, Taguchi T, Eisenberg B, von Mchren M, Godwin
AK. Therapeutic effect of imatinib in gastrointestinal stromal tumors: AKT signal-
ing dependent and independent mechanisms. Cancer Res. 2006566:5477-5486.

10. Prenen H, Stefan C, Landuyt B, et al. Imatinib mesylate inhibits glucose
uptake in gastrointestinal stromal tumor cells by down regulation of the glucose

transporters recruitment to the plasma membrane. Am ] Biochem Biotechnol.
2005;1:95-102.

11. Anderson HL, Yap JT, Miller MP, Robbins A, Jones T, Price PM. Assessment
of pharmacodynamic vascular response in a phase I trial of combretastatin A4
phosphate. / Clin Oncol. 2003;21:2823-30.

12. Shields AE, Grierson JR, Dohmen BM, et al. Imaging proliferation in vivo
with [F-18]FLT and positron emission tomography. Nat Med. 1998:1334-1336.

13. Barthel H, CleijMC, Collingridge DR, etal. 3'-deoxy-3'-[18F]fluorothymidine
as a new marker for monitoring tumor response to antiproliferative therapy in vivo

with positron emission tomography. Cancer Res. 2003;63:3791-3798.

14. Leyton J, Alao JP, Da Costa M, et al. In vivo biological activity of the histone
deacetylase inhibitor LAQ824 is detectable with 3'-deoxy-3'-[18F]fluorothy-
midine positron emission tomography. Cancer Res. 2006;66:8558-8564.

15. Waldherr C, Mellinghoff IK, Tran C, et al. Monitoring antiproliferative
responses to kinase inhibitor therapy in mice with 3'-deoxy-3'-18F-fluorothymi-
dine PET. J Nucl Med. 2005;46:114-120.

16. Therasse B, Arbuck SG, Eisenhauer EA, et al. New guidelines to evaluate the
response to treatment in solid tumors. / Natl Cancer Inst. 2000;92:205-216.

17. Miles KE. Measurement of tissue perfusion by dynamic computed tomogra-
phy. Br ] Radiol. 1991;64:409-412.

18. Blomley MJ, Eckersley R]. Functional ultrasound methods in oncological
imaging. Eur | Cancer. 2002;38:2108-2015.

19. Rustin GJ, Galbraith SM, Anderson H, et al. Phase I clinical trial of weekly
combretastatin A4 phosphate: clinical and pharmacokinetic results. / Clin Oncol.
2003;21:2815-2822.

Additional Suggested Reading

Aboagye EO. Positron emission tomography imaging of small animals in antican-
cer drug development. Mol Imaging Biol. 2005;7:53-58.

Aboagye EO, Price PM. Use of positron emission tomography in anticancer drug
development. Tnvest New Drugs. 2003;21:169-181.

El-Deiry WS, Signman CC, Kelloff GJ. Imaging and oncologic drug development.
J Clin Oncol. 2006;24:3261-3273.

Saleem A, Charnley N, Price P. Clinical molecular imaging with positron emission
tomography. Eur ] Cancer. 2006;42:1720-1727.

Wiessleder R. Molecular imaging in cancer. Science. 2005;312:1168-1171.

Clinical Advances in Hematology & Oncology Volume 4, Issue 12 December 2006



