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Abstract

Pharmacokinetic imaging (the measurement of the time course of a drug at a target
site), when combined with functional imaging (the measurement of the functional properties
of the host's target site), provide the key elements needed to understand whether a drug can
reach its desired target site (tumor) and whether it will do so at rates and in amounts that will
make that drug effective in that individual.

We have now developed a method that allows for the concurrent measurement of all
the three spaces of tumors: the cellular space can be studied by using the '95mPt-labeled drugs,
the vascular space by using 99mTc-RBC's and the sum of all extracellular spaces by using
inIn-DTPA. Performing such imaging studies in such an order allows for concurrent
measurements, inasmuch as the energy window of the gamma camera can be moved from
I95mPt (mostly 66-77 keV) to 99nTc (centered on 141 keV) to "'In (energies above 180 keV).

Studies in an animal tumor model have shown that the parameters of cisplatin or of
carboplatin can be estimated from the imaging data following administration of the 195mPt-
labeled drugs. As a next step, the functional status of tumors is of particular importance,
given that changes in the tumor's pathophysiology will modify greatly the ability of drugs to
be delivered to that target site - and hence, to be effective as antitumour agents. This is
especially critical for drugs whose tumor targeting is governed by first passage phenomena,
such as cisplatin and 5-FU, but very different for drugs whose targeting is governed by slow
diffusion processes. These functional studies allow the direct measurement of the relative
contributions that the well vascularized regions, the poorly vascularized regions, and the non-
vascularized regions will make in allowing drugs to be targeted to tumor cells, as well as of
the relative proportion of the vascular and the IF spaces in such regions.

A new approach to chemotherapeutic planning is proposed: the use of radiolabeled
drug, in trace (radiopharmaceutical) doses, may allow an estimate of which fraction of that
drug will target the desired effector sites. Such knowledge can then be used to select the
methods of drug administration that is likely to be the most effective for optimizing drug
delivery, and, thereby, enhancing the therapeutic effectiveness of that drug. This use of
radiopharmaceuticals for drug monitoring (Pharmacokinetic Imaging) complements the
current uses of radiopharmaceuticals for diagnostic studies and for delivery of therapeutic
uses.
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Introduction:

The ability of a drug to be effective in acting on any given target site requires that this
drug be delivered to this organ or tissue at the required rate and in the required amounts to
achieve the desired pharmacodynamic outcome. Yet in most clinical studies, whether in
patient treatment or in drug development, we have not had, until now, good methods that
would be able to measure the fate of the drug in vivo, especially its biodistribution,
metabolism and excretion, and thereby, its ability to target the effector site for that agent. This
is because the methods of drug analysis that are commonly used today in human studies
require a sample to be analyzed ex-vivo, with the consequence that sampling has been
primarily limited to blood, excreta and other accessible body tissues. Tissue sampling,
through biopsies or surgical methods, can only be used under very special circumstances, and
then only for a single time point. These limitations in human sampling clearly restrict our
ability to gain accurate information on the level and the rate of drug targeting.

On the other hand, in animal studies, where destructive tissue sampling is possible,
one can readily analyze the concentration of drugs in organs and tissues. However, both
because each animal will provide only data for a single time point and because of interanimal
variations, the pharmacokinetic analysis of such data will fail to detect small changes. Such
changes can however be measured using noninvasive methods, as they will allow the
sequential collection of data from a single individual. The uniqueness of noninvasive studies,
using 195mPt, had been reported at the 2nd. IAEA conference on Radiopharmaceuticals, in
1984. (1,2). What is more, it is possible, in the same individual, to measure the effect of
various factors that may modify the biodistribution of a drug. Thus, noninvasive studies of
labeled drugs constitute a unique source for measuring pharmacokinetic /pharmacodynamic
parameters.

Until recently, most Nuclear Medicine studies have been aimed at achieving a
diagnostic outcome; the radiopharmaceuticals that are used for such diagnostic studies are
optimized for obtaining the best diagnostic result. We will see later in the presentations at this
symposium that there is now an emerging interest in using the ability of radiopharmaceuticals
to achieve therapeutic effects. Also, the use of drugs radiolabeled with PET emitters for the
study of drug biodistribution and targeting has become a well-established approach (3,4),
especially now that almost any drug can be radiolabeled intrinsically. Such intrinsic
radiolabeling is required in order to follow the fate, in vivo, of the chemical entity whose
(except, perhaps, proteins, where extrinsic radiolabeling is possible).

However, and while radiolabeling allows for the highest degree of sensitivity of
detection of any method for measuring drugs and their metabolites in living systems, the
information generated is that of the sum of all radiolabeled products present in the region-of-
interest (ROI) from which data have been collected. It is, however, possible to extract further
information from nuclear imaging data, when the raw kinetics of the radiolabeled compound
can be analyzed using a pharmacokinetic approach, a method we have designated as
"Pharmacokinetic Imaging" (5).

One of the most important problems in clinical pharmacology is to assess the
association between the amount of drug administered, the amount of drug which reaches an
intended therapeutic site, and the drug's therapeutic effectiveness. This has led to
developments in estimating pharmacokinetic parameters using primarily data obtained from
measurements of drugs in blood, that can be correlated with a drug's effectiveness. These
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approaches, because of the nature of such observations, have been of limited success in
predicting response to anticancer drugs. Our laboratory has developed noninvasive
approaches that aim at measuring drugs at their effector sites (5), as shown in Figure I.

Pharmacokinetic Imaging

The ability to predict the drug time course in the solid tumor of an individual living
system, and subsequently the exposure to the active moiety in the solid tumor, may prove to
be valuable in both animal studies and in treating individual patients. This is because the
uptake of substances into solid tumors has a large amount of intersubject and interoccasional
variability. These are variances which may be due to perfusion, to the size of the vascular
space, to the site of the disease, to the degree of edema, to differences in pH, to the extent of
necrosis, or to differences in the content of the extracellular matrix of the solid tumor (6-11).

Nuclear imaging with 195mPt labeled cisplatin or carboplatin has been shown in our
prior work to be a noninvasive technique which, when combined with pharmacokinetic
analysis, can predict the exposure to the active moiety of these drugs in the solid tumor (12).
This type of noninvasive method provides a quantitative and kinetic measure of the total
amount of platinum within a defined region of interest, such as the solid tumor. Since these
measurements consist of the sum of all 195mPt-containing compounds (drug and metabolites),
compartment modeling must be employed to estimate the amount of the active moiety, and
we have shown that in the case of 195mPt-cisplatin, such estimates are possible (12,13-15).

This is because the biotransformation of platinated drugs is a chemically, rather than
an enzymatically controlled process. Thus, the biotransformation of cisplatin (and
carboplatin, and presumably that of most other platinated drugs) is not dependent on the
biochemical determinants of the individual living system. Not only does this eliminate the
inter-subject variability, but it also eliminates the interspecies variability. It does not,
however, eliminate those unique host characteristics, such as perfusion (16), that will be
discussed below.
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FIG. 2. Compartmental model to describe cisplatin (carboplatin) in animal and human
tumors,

Our initial report on the synthesis of l95mPt-cisplatin had been presented to the first
IAEA meeting on Radiopharmaceuticals in 1973 (17), its usefulness in animal studies
reported at the 1985 meeting (1), its clinical usefulness as an agent for pharmacokinetic
imaging in 1989 (18) and a method for an automated synthesis in 1992 (19). While these
methods of syntheses have now been expanded to other platinated drugs (20), they are still
burdened by the limited specific activity of 195mPt, which is usually between 0.5 and 1
mCi/mg. While this specific activity is fully sufficient for pharmacological studies, it is 3
orders of magnitude lower than what would be required for the use of such drugs at the tracer
(radiopharmaceutical) level. There is still a challenge to develop a method for the production
of l95mPt of much higher specific activity than can be achieved by the neutron activation of
highly enriched 194Pt. And while there are other radionuclides of Platinum available, 195mPt,
with its 94% photon yield, its gamma energy very similar to that of 201Tl, its 3-
electrons/decomposition, and its t1/2 of 4 days, is the ideal radionuclide for studies of the fate
of the platinated drugs.

A comparison of the pharmacokinetic imaging profiles between cisplatin and
carboplatin (14,15), suggests that both can be readily analyzed by a 4 compartment model,
where the tumor space contains both the free platinated drug and platinated macromolecules,
and the vascular space similarly the free drug and platinated proteins. While cisplatin will
platinate plasma proteins very rapidly, the reaction of carboplatin with such macromolecules
is much slower. Reasonably good estimates of the rates constants can be estimated from the
noninvasive measurements of the tumor and blood sampling.

The fate of the drug is, however, just one of the key considerations that need to be
understood of how drugs are directed to tumors, and how noninvasive methods, especially
nuclear, can be used to monitor what happens in a specific individual. The other aspect that
needs to be monitored is the functional status of the tumor. And radiopharmaceuticals lend
themselves uniquely to perform such measurements.

296



lECFandMV values Vs. Tumor size

!
.—•A"'

0.41) I

onn ,

-A IF values (111 In-DTPA)

m MV values (99mTc-RBC)

ISSS

FIG. 3. Measurements of the microvascular and extracellular fluid spaces as a function of
tumour size in Walker 256 adenocarcinomas in rats.

Functional Imaging

In studies that are ongoing, the functional status of rat tumors (Walker 256) was
studied using "Tc-RBC's to measure the vascular space, and '"In-DTPA to measure the
extracellular space. Both radionuclides could be readily measured sequentially, revealing that
the functional characteristics of this tumor model undergo significant modifications as the
tumor grows.

As the tumor starts increasing in size, there is a slow and steady increase in both the
microvascular bed as well as the interstitial fluid space. By the time such tumors have reached
a size of 1.5-2 grams, such "orderly" growths has been disrupted, and significant spatial
heterogeneity occurs. The microvascular bed collapses and becomes extremely leaky, to the
point that even blood cells may "ooze" out into a chaotic space that is neither truly vascular
nor truly extravascular. Regional heterogeneity results, making it difficult to properly treat
such tumors because of the inability of drugs to be delivered to the tumor cells. What is more,
manipulations of the living system may affect such tumors further. Anesthetics, in particular,
especially those that modify renal function, have a significant effect on the pharmacokinetics
properties of the platinated drugs (21).

Conclusion

Based on these observations, we are proposing a new approach to chemotherapeutic
planning: using radiolabeled drug, in either pharmacological or trace (radiopharmaceutical)
doses, to estimate which fraction of that drug will target the desired effector sites. And using
markers for tumoural properties (blood flow, perfusion, etc) that will determine drug
transport, to assess the properties of the host.
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Such knowledge can then be used to select the methods of drug administration that is
likely to be the most effective for optimizing drug delivery, and, thereby, enhancing the
therapeutic effectiveness of that drug. This use of radiopharmaceuticals for drug and for
functional monitoring (Pharmacokinetic and Functional Imaging) complements the current
uses of radiopharmaceuticals for diagnostic studies and for delivery of therapeutic uses.
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