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In Vivo Molecular Imaging Biomarkers: Clinical
Pharmacology’s new“PET"?

R Nutt!, LJ Vento? and MHT Ridinger?

Medicine, including the pharmaceutical
and biotechnology industries as well as
many clinical practitioners, has recog-
nized the importance of using molecu-
lar imaging biomarkers, including those
labeled in such a way as to be imaged by
positron emission tomography (PET),
as tools for predicting outcomes in drug
development and creating opportunities
for “personalized” medicine, for diagnos-
ing early-stage disease, and for the fol-
low-up of the effectiveness of treatment.
However, only one PET biomarker is cur-
rently approved by the Food and Drug
Administration (FDA). If the technology
is so important, we can ask why there
is such a limitation to the availability of
these biomarkers.

The FDA, the National Institutes of
Health (NIH), and many international
organizations have recognized the impor-
tance of using biomarkers and expand-
ing their use in medicine. It has now been
approximately 6 years since the sequenc-
ing of the human genome was completed,
and many new insights have been gained
from this monumental accomplishment;
however, modern systems biology has
taught us that genotypic understanding
must be expanded to include phenotypic
information about disease. This “trans-
lational” requirement is part of what
has been defined as the “critical path”
for clinical pharmacology to influence
and accelerate the development of use-
ful therapeutics. As a result of the need
for new tools and approaches, a hasten-

ing in the development of new treatment
drugs has not occurred. Instead, there
has been a recognized deceleration in
the drug development process with the
advent of the possibility of more person-
alized drugs. Although the development
cost of a new drug has now exceeded US
$1 billion and is predicted to exceed $2
billion by 2010, the new molecular entity
output has decreased by more than 40%
in the same period of time. There are sev-
eral possible solutions, including in vivo
molecular imaging, but these solutions
come with significant challenges, such
as a further evaluation of their predictive
and therapeutic significance if shown to
be as valuable as they appear at this early
stage, and how soon these new tools will
be available for use.!

The concept, definition, and impor-
tance of biomarkers in general have been
discussed at length as a characteristic
that is objectively measured and evalu-
ated as an indicator of normal biologi-
cal processes, pathogenic processes, or
pharmacologic responses to a therapeu-
tic intervention.? <2> They clearly offer
a potential pathway from our current
model of “one size fits all” to a predictive
and personalized approach.

There are several classes of biomarkers,
including in vitro and in vivo markers.
Although a biomarker can be as simple
as the measurement of blood pressure,
much more sophisticated and targeted
approaches are being developed. Just as a
sphygmomanometer was invented years

Key points

Why PET labeled biomarkers are not yet
integrated further into the diagnosis and
treatment of patients clinically:
1. Challenges in producing radioactive
isotope
2. Laborious process of labeling the
biologically active compound to the
isotope
3. Cost of production
4. High levels of radioactivity associated
with their production
5.Regulatory impediment

ago to measure blood pressure, so must
tools be developed today to measure more
sophisticated biomarkers. One such tool
is PET. PET biomarkers are labeled with
positron (a positively charged electron)-
emitting radioisotopes, primarily nitro-
gen, oxygen, carbon, and fluorine, which
are short-lived elements (2-110 min-
utes). PET distinguishes itself from other
imaging modalities such as computed
tomography (CT) and magnetic reso-
nance imaging in that it allows for meta-
bolic data to be measured, as opposed to
merely anatomic measurements.

Six critical paths are emerging to form
a cohesive method to improve the effec-
tiveness of drug development. Molecular
imaging of biomarkers will contribute
significantly to three of these pathways,
specifically in the realms of diagnosis,
optimal drug dosing, and therapeutic
drug monitoring.? Indeed, in the very
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near future the inability to use molecular
imaging in drug development, diagnosis,
and treatment follow-up will probably be
considered even substandard care in the
optimized individualized treatment of a
patient.*

Clinically, PET can be used to diagnose,
stage, or monitor many common cancers,
and more than 2 million scans will be
performed in the United States this year
alone. Depending on the cancer type,
PET changes the choice and modality of
therapy instituted from 30% to as high
as 60% of the cases in which it is used.>®
This is critical, in that the improved prog-
nosis and reduced mortality of patients
with cancer in the United States in the
past several years have been attributed
to the optimization of therapy.” Figure 1
shows a PET image of a patient with cer-
vical<3> cancer. The CT image showed
no anatomical abnormalities, whereas the
PET image showed high uptake of fluoro-
deoxyglucose (['8F]FDG), indicative of
malignancy.

Several PET biomarkers have been
developed to measure important biologi-
cal and cellular functions in humans. Fig-
ure 2 illustrates a few of these important
biomarkers, their molecular structure,
measured physiological parameters, as
well as an example of their clinical appli-
cability.

The question remains: why are PET
labeled biomarkers not yet integrated

PET

PET/CT

Figure 1 PET, CT, and PET/CT images of a patient
with cervical cancer, undetected except on the
PET images.
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Figure 2 Some important PET biomarkers, their molecular structures, physiological parameters for their

use, and examples of clinical use.<6>

further into diagnosis and treatment of
patients clinically? There are at least five
challenges: (i) difficulty in producing
radioactive isotope, (ii) the labeling of
the biologically active compound with
the isotope, (iii) the cost of their produc-
tion, (iv) the considerable radioactivity
associated with their production, and (v)
regulatory impediments.

Producing PET labeled biomarkers
is challenging in two significant ways.
First, a typical process—for example, to
produce FDG—requires 1-2 hours of
irradiation in a cyclotron accelerator to
produce a batch of fluorine-18 (13F) and
then 30-45 minutes for conventional
chemical techniques to attach the '3F tag
to the glucose molecule and another 30 to
45 minutes to perform the required qual-
ity control.

Typically FDG is produced in large
batches that contain curies of radioactiv-
ity. A typical example is the production
of 2 Ci of FDG activity at a distribution
site that would result in approximately

20 doses at 10 mCi per dose. Only one-
tenth of the original activity reaches the
patient. A typical dose of these biomark-
ers contains a few millicuries of radioac-
tivity and only picomolar quantities of the
compound. In most cases the radiation
exposure to the patient is reasonably low
and the quantity of the biomarker injected
in the human is orders of magnitude less
than for a therapeutic drug. Patient expo-
sure to diagnostic radiation has become
a major concern recently, with new data
suggesting that one CT scan can increase
the risk of cancer (primarily lymphoma,
leukemia, and breast cancer) by 1 in
1,000, with the dose being cumulative
(i.e., the more scans, the higher the risk).®
This product must then be distributed to
the end user by automobile or airplane.
This entire process can take as long as 3-5
hours, requires human exposure to large
amounts of radioactivity, and is very inef-
ficient because of the decay (half-life of
110 minutes) of the '3F isotope. When the
compound arrives for use, the subjects or
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patients are imaged in sequence, thereby
usually requiring hours of additional time
and further loss of active isotope due to
continuing half-life decay, wasting even
more of the compound. Exceptions to this
process are found in large research uni-
versities that can afford their own nuclear
accelerator and a staft of physicists and
radiochemists to operate the accelerator
and produce the compounds.

The second challenge is attaching the
radioactive isotope to the biological agent.
Conventional chemical processes require
almost 1 hour to perform this task, and
with limited effective yield. There is
newer technology, however, referred to
as microfluidic chemistry,9 that mark-
edly shortens the time for labeling the
compounds and increases the chemical
yields as shown in Figure 2.<4> The pro-
duction of the FDG compound therefore
can be reduced to less than 2 minutes as
compared with a typical time of 45 min-
utes for conventional chemistry, and the
yield can be improved from 50% to 98%
(unpublished report, Molecular Imaging
and Probe Development Group, Uni-
versity of Tennessee Graduate School of
Medicine). Another major improvement
resulting from the use of microchemistry
is that it requires as much as 1,000 times
less precursor. Using much smaller quan-
tities of initial reagent potentially simpli-
fies the quality-control process primarily
to passing the final product through a
separation column to meet the standard
purification requirements.

With the labeling process considerably
improved, the issue turns to cost effective-
ness of the production of the isotope. Fig-
ure 3 shows the design of a cyclotron that
is dramatically simplified as compared
with the typical cyclotron currently used
for production of PET isotopes. The pro-
posed self-shielded cyclotron normally
operates at 1 LA of positive ion beam
current, as compared with the 100 pA
typical of the PET cyclotrons in current
use. Additionally, this “microcyclotron”,
which is physically about one-fifth the
size,<5> is designed to be integrated with
the microchemistry process described
above to produce a single human dose
of a desired biomarker in approximately
15-20 minutes. The new cyclotron could
be designed so as to be installed with-

out building modification in a 12 by 12
ft (3.66 by 3.66 m) room, be operated
without additional personnel, and cost
four to five times less than conventional
accelerators. Coupled with the micro-
chemistry labeling, the new biomarker
generator could have “kits” supplied by
a manufacturer containing all required
precursors and the purification columns
necessary to produce approved imaging
biomarkers under the clinical Good Med-
ical Practices guidelines enforced by the

The FDA approval process
forimaging biomarkers
should differ from that for
therapeutic drugs.

FDA. Any such “biomarker generator”
will, of course, need to undergo the FDA
approval process for medical devices.
Ultimately, given the need for smaller
amounts of starting reagent, a smaller and
less costly cyclotron, on-site cyclotron
installation requiring less radiolabeled
product due to decreased transport time,
and faster labeling of isotope to a biologi-
cal agent could lead to a marked reduc-
tion in cost and bring this capability to
the community medical setting where it
can have the greatest impact. For example,
current capital expenditure for installing
a conventional cyclotron alone is in the
range of $4 to 5 million. In comparison,
the new biomarker generator installed

|

Figure 3 New MicroCyclotron with shield (right) is five times smaller than conventional cyclotron (left).
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with all necessary quality-control equip-
ment is expected to cost less than $1 mil-
lion and require no additional staff to
operate.

The last remaining challenge is regu-
latory hurdles. ['8F]FDG is the only
important clinical biomarker currently
approved for human use by the FDA. One
of the significant issues with biomarkers
is that, from a process viewpoint, they
are treated by the FDA in the same way
as a therapeutic drug. This would not be
significantly detrimental to the medical
community except that financial justi-
fication cannot be made for the invest-
ment comparable to the investment the
pharmaceutical industry makes to obtain
FDA approval for a single drug. The result
is that important biomarkers cannot be
used to measure critical human cellular
functions except under research protocol,
and in many cases this can be very diffi-
cult and time-consuming in itself. There-
fore, these important in vivo biomarkers
are limited in use to a very small number
of research programs instead of being
potentially available for clinical practice.
The reasonably low radiation dose to the
patient and the extremely small amounts
of the biomarker injected into humans are
two fundamental reasons that the FDA
process for approval of imaging biomar-
kers should differ from that for thera-
peutic drugs. When the FDA’s regulatory
processes are simplified and shortened
to a point more in keeping with investi-
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gational new drug applications and the
medical device approval guidelines that
are in place when similar devices have
been approved (e.g., 510K applications)
a very significant hurdle will be elimi-
nated.

This simplification could make these
important biomarkers available for clini-
cal trials for therapeutic drugs and for
use by physicians to diagnose, optimize,
and personalize treatment of numerous
diseases, resulting in reduced morbidity
and mortality, as well as improve the cost
effectiveness of health care with a demon-
strable return on investment. In vivo
molecular imaging with PET biomark-
ers is therefore a significant public health
issue that requires urgent dialogue and

action that result in a timely resolution
to the challenges discussed.
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