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Abstract

Purpose This study aimed to evaluate the utility of
plasma pharmacokinetic analyses of anti-cancer agents
from data obtained during positron emission tomography
(PET) oncology studies of radiolabelled anti-cancer agents.
Patients and methods Thirteen patients were adminis-
tered fluorine-18 radiolabelled 5-FU (['®F]5-FU) admixed
with 5-FU, corresponding to a total 5-FU dose of 380-
407 mg/m? (eight patients) and 1 mg/m> (five patients).
Nine patients received 2.2-19.2 pug/m?* of carbon-11 radio-
labelled  N-[2-(dimethylamino)ethyl]acridine-4-carboxa-
mide ([''C]JDACA) at 1/1,000th of phase I dose, as part of
phase 0 microdosing study. Radioactivity of parent drug
obtained from arterial blood samples, the injected activity
of the radiolabelled drug, and the total dose of injected drug
were used to obtain plasma drug concentrations. Plasma
pharmacokinetic parameters were estimated using model-
dependent and model-independent methods.
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Results  5-FU plasma concentrations at therapeutic doses
were above the Km and a single compartment kinetic
model was best used to fit the kinetics, with a mean half-life
of 8.6 min. Clearance and volumes of distribution (V)
obtained using both model-dependent and model-indepen-
dent methods were similar. Mean (SE) clearance was
1,421(144), ml min~" and 1,319 (119) ml min~' and the
mean (SE) V4 was 17.3 (1.8) 1 and 16.3 (1.9) 1 by the
model-independent method and model-dependent methods,
respectively. In contrast, with 1 mg/m?, plasma concentra-
tions of 5-FU were less than the Km and a two-compart-
ment model was used to best fit the kinetics, with the mean
5-FU half-life of 6.5 min. The mean (SE) clearances
obtained by the model-independent method and model-
dependent methods were 3,089 (314) ml min~! and 2,225
(200) ml min~!, respectively and the mean (SE) V,; were
27.9 (7.0) I and 2.3 (0.4) 1, by the model independent and
dependent methods, respectively. Extrapolation of AUC_ ¢,
to AUC,_,, was less than 3% in both these cohort of
patients. A two-compartment model with a mean half-life
of 42.1 min was used to best fit the kinetics of DACA; con-
siderable extrapolation (mean 26%) was required to obtain
AUC,_,, from AUC, ¢, Mean (SE) clearance of DACA
was 1,920 (269) ml min~!, with the model-independent
method and 1,627 (287) ml min~! with the model-depen-
dent method. Similarly, V4 [mean (SE)] of DACA with the
model-independent and model-dependent methods were
118 (22) 1 and 50 (15) 1, respectively.

Conclusions Pharmacokinetic parameters can be esti-
mated with confidence from PET studies for agents given at
therapeutic doses, whose half-lives are significantly less
than the total sampling time during the scan. Tracer studies
performed alone, wherein plasma levels below the Km are
expected, may also provide valuable information on drug
clearance for the entire range of linear kinetics. However,
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drugs with half-lives longer than the sampling duration are
inappropriate for PET plasma pharmacokinetic evaluation.

Keywords PET - Pharmacokinetics - Tracer studies -
5-Fluorouracil - N-[2-(dimethylamino)ethyl]acridine-4-
carboxamide - Microdosing

Introduction

Pharmacokinetic evaluation has proved invaluable in the
pharmacological development of therapy and greatly aided
the formulation of an administration strategy such as sched-
ule, dose and route of administration. However, the inabil-
ity to select concentration—time values that discriminate
anti-tumour activity from normal tissue toxicity has limited
the utility of plasma pharmacokinetics in anti-cancer drug
development. This limitation is mainly due to an inade-
quate understanding of basic patho-physiological processes
of cancer and of the differences between normal and tumour
tissues. Moreover, the heterogeneous nature of tumours and
inter-organ differences in drug handling make extrapolation
of plasma data to normal tissue and tumours difficult.
Despite this, pharmacokinetic parameters obtained from
plasma data have generally been used to explain tissue
pharmacokinetic behaviour and served to optimise therapy
with anti-cancer agents such as methotrexate [1] and car-
boplatin [2]. The need to further understand tissue drug
pharmacokinetics together with the quest to widen the nar-
row therapeutic index of cytotoxic therapy has led to util-
isation of non-invasive methods such as magnetic
resonance spectroscopy (MRS) [3] and positron emission
tomography (PET) [4], which allow additional tissue phar-
macology to be evaluated.

Positron emission tomography is a quantitative and
highly sensitive dynamic imaging modality that can pro-
vide in vivo tissue and tumour data with high temporal res-
olution, not available by other means. This allows the
quantification of picomolar quantities of administered com-
pounds and makes it an ideal tool in the evaluation of tissue
pharmacology of radio labelled drugs, administered at
tracer (microgram) quantities in man. These advantages,
aided by recent developments in radiochemical synthesis of
organic compounds, allowing a substantial number of new
drug candidates to be radio labelled with positron-emitters
has generated an increased interest in the “microdosing”
study concept, wherein PET studies are performed after
tracer amounts of radiolabelled drugs are administered [5].
This will potentially aid anti-cancer drug development
(lead selection and optimisation), as currently three of four
cases of new chemical entities under development fail as
drug candidates in clinical trials. It is also likely to reduce
the associated costs and demands to perform pre-clinical
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animal experiments [5]. In general, PET can provide infor-
mation on distribution of drugs to tumour and normal tis-
sue, drug clearance, target modulation and also help to
predict response to therapy. Since blood sampling is usu-
ally performed during PET pharmacokinetic studies to gen-
erate tissue pharmacokinetic parameters, an envisaged
increase in “phase 0" microdosing studies prior to the con-
ventional phase I clinical trials is likely to provide a unique
opportunity in obtaining early plasma pharmacokinetic data
in man, prior to that classically obtained in phase I and II
clinical trials.

We therefore evaluated the utility of plasma pharma-
cokinetic analyses of anti-cancer agents performed dur-
ing PET studies of radiolabelled anti-cancer agents.
These studies were performed as part of our anti-cancer
drug development translational research programme and
includes plasma pharmacokinetic data obtained from the
world’s first microdosing study of an anti-cancer agent,
performed prior to a conventional phase I clinical trial in
man [6]. Additionally, plasma pharmacokinetics of
another well-established anti-cancer agent, 5-fluorouracil
(5-FU) was also evaluated. In contrast to conventional
plasma pharmacokinetic studies, where plasma drug ver-
sus time concentrations are obtained from venous blood
samples usually up to several hours after drug adminis-
tration and used in the analyses, results reported in this
paper are based on limited arterial blood sampling data.
Arterial blood sampling was limited by the short scan
duration (due to the short half-life of the radioisotopes
used and patient comfort) and was performed to obtain an
arterial input function, used for tissue pharmacokinetic
modelling. In addition, plasma drug concentrations were
non-classically obtained from measurements of plasma
radioactivity, the contribution by the parent and metabo-
lites to the total radioactivity and the total dose of drug
injected.

Materials and methods

Plasma pharmacokinetic analyses in patients taking part in
PET studies to evaluate the normal tissue and tumour phar-
macokinetics were performed for two anti-cancer agents,
5-fluorouracil (5-FU) and N-[2-(dimethylamino)ethyl]acri-
dine-4-carboxamide (DACA). Fluorine-18 and carbon-11
were used to radiolabel 5-FU [7, 8] and DACA [9], respec-
tively. Three groups of patients with cancer were included
in this study in whom discrete arterial blood was sampled at
pre-determined time points for evaluation of metabolites
and for calibration of the continuous online samples. We
have used data obtained from discrete arterial blood sam-
ples to obtain plasma pharmacokinetic parameters in this

paper.
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The first group consisted of patients taking part in a
5-FU biomodulation PET study, where ['®F]5-FU-PET was
performed after 5-FU was administered either on its own or
in combination with biomodulators [10]. Eight patients
who underwent ['®F]5-FU-PET studies in the absence of
biomodulator co-administration were included in this
group. All patients received intravenous ['8F]5-FU
admixed with unlabeled 5-FU. The dose of unlabelled 5-FU
co-administered with ['®F]5-FU was 375-400 mg/mz, cor-
responding to a total 5-FU (labelled and unlabelled) dose of
380—407 mg/m?. Plasma drug concentrations were obtained
from discrete arterial samples typically at 5, 10, 20, 30, 40
and 60 min in this cohort of patients and were used in the
analysis. The second group included those taking part in
another biomodulation trial of 5-FU with eniluracil, an
inactivator of dihydropyrimidine dehydrogenase (DPD),
the primary rate-limiting pyrimidine metabolising enzyme
[11]. Five patients who underwent ['®F]5-FU-PET studies,
about 1 week before being started on oral eniluracil/5-FU
were included in this group. The total dose of 5-FU
(labelled and unlabelled) administered was 1mg/m2 and
discrete arterial samples typically obtained every half min-
ute from 1.5 min until 5 min and thereafter at 10, 30 and
60 min were used in the analysis. The third group of nine
patients were those taking part in a novel microdosing
study performed prior to a conventional phase I trial of
DACA, as part Cancer Research, UK’s novel drug develop-
ment programme [6]. The dose of DACA administered
(2.2-19.2 ug/mz) was 1/1,000th of the phase I starting dose
of 9 mg/m’. Plasma drug concentrations calculated from
discrete arterial samples typically obtained at 2.5, 5, 10, 20,
40 and 60 min after the injection of tracer amount of
[''C]IDACA in this cohort of patients, were used in the
analysis in this group of patients.

Discrete arterial blood samples at the pre-determined
time points corrected for radioactive decay were collected
and analysed for plasma radioactivity and the contribution
of the parent drug and metabolites to total radioactivity, as
described previously [6, 10, 11]. Plasma concentrations of
the injected drug were calculated from the injected activity
of the radiolabelled drug (MBq), the total dose of injected
drug (labelled and unlabelled 5-FU or DACA in mg;
derived from specific radioactivity) and plasma radioactiv-
ity of parent drug (5-['*F]FU or [''FIDACA; MBg/ml) at
discrete time points. Plasma pharmacokinetic parameters
were estimated using model-dependent (ADAPT® II,
Release 4, D. D’ Argenio and A. Shumitizsky, Los Angeles,
CA, USA) [12] and model-independent methods. The
robustness of fits was assessed using the Akaike informa-
tion criterion. The trapezoidal method was used to calculate
the AUC with the model-independent method. Non-para-
metric tests were used to make statistical comparisons in all

the studies with P values < 0.05 being considered to be
statistically significant.

Results

Figure la—c illustrate the mean time-activity curves
(TACGs), corrected for radioactive decay. These TACs are
not normalised for the injected activity (or do not account
for differences in injected activity between patients) for the
total radiotracer and parent compound. The lesser magni-
tude of peak plasma activity observed with full doses of
5-FU is mainly a result of the timing of blood samples. In
contrast to the first sample being obtained at 5 min with full
doses of 5-FU, blood samples obtained from 1.5 min and
2.5 min onwards, with tracer doses of 5-FU and DACA,
respectively. This enabled samples to be obtained when
peak plasma activity was reached, in patients receiving
tracer doses of 5-FU and DACA. Mean TACs for full and
tracer doses ['®F]5-FU and [''C]DACA corrected for radio-
active decay and not normalised for the injected activity are
plotted in Fig. 1d for comparison.

Full dose 5-FU pharmacokinetics

The mean (range) radioactivity of injected ['®F]5-FU was
168 (93-210) MBq/m2 and the total dose of 5-FU (labelled
and unlabelled) administered was 380-407 mg/m® in the
first group of patients. Arterial samples were taken at the
pre-determined time-points except in two patients (patients
nos. 1 and 8), where the 40 and 60 min samples were
replaced by a single 45 min sample. In one patient (patient
no. 1), the 45 min sample was venous. The mean (SE) con-
tribution of ['*F]5-FU to total radioactivity at 5 and 10 min
was 91% (1.5) and 81% (2.3), respectively, which
decreased to 26% (4.3) at 30 min and 4% (0.8) at 60 min.
Figure 1a illustrates total 8E and ['®F]5-FU TACs, cor-
rected for radioactive decay. ['3F]a-fluoro-f-alanine was
the primary radiolabelled metabolite identified.

Plasma concentration versus time curves of 5-FU at full
doses for the eight patients are illustrated in Fig. 2a. Maxi-
mal plasma 5-FU concentrations [mean (SE)] of 37,833
(2,758) ng/ml [corresponding to 291 uM (average); range
219-407 uM] were reached at earliest sampled time point
after injection (5 min). 5-FU kinetics appeared to follow a
single compartment kinetic model with a mean (SE) half-
life of 8.6 min (Table 1). The mean clearance and volume
of distribution obtained using both model-dependent and
model-independent methods were similar indicating the
validity of the model used (Table 4). The mean (SE) clear-
ances obtained by the model-independent method and
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Fig. 1 (a—c) Mean time—activity curves (TACs) corrected for radioactive
decay for total radiotracer (unbroken line '*F or ''C) and parent com-
pound (broken line 5-['*F]FU or [''CIDACA. Mean TACs with full
dose 5-FU (a), tracer doses of 5-FU (b), and tracer doses of DACA (c¢)
are illustrated separately for comparison. The mean (range) radioactiv-
ity of ['8F]5-FU injected with full dose studies was 168 (93-210) MBq/
m? (a), and 202 (180-218) MBq/m2 with tracer doses of 5-FU (b).
Mean (range) of [''CIDACA injected with tracer doses was 301 (194—
395) MBq/m2 (¢). Mean TACs for full dose 5-FU (broken line with
crosses), tracer dose of 5-FU (broken line) and DACA (unbroken line)
are also shown for comparison in (d). All TACs illustrated in this figure
have been corrected for radioactive decay but not been normalised to
account for differences in injected activity between patients
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Fig. 2 Plasma time versus concentration curves for (a) 5-FU at full
dose (380-407 mg/m?) (b) 5-FU at tracer doses (1 mg/m?) and (c)
DACA at tracer doses (4.1-9.9 pg/mz). Please note that the X and Y
axes for the three figures are different

model-dependent methods were 1,421(144) ml min~! and
1,319 (119) ml min~!, respectively. Similarly, the mean
(SE) volume of distribution values were 17.3 (1.8) 1 and 16.3
(1.9) I, by the model-independent and model-dependent
methods, respectively. The mean percentage extrapolation
from C to obtain AUC,_,, with the model-independent
method was less than 2%. Individual plasma clearance and
volume of distribution values obtained using model-
independent methods are shown in Table 1.

Tracer dose 5-FU pharmacokinetics

The mean (range) radioactivity of injected ['*F]5-FU was
202 (180-218) MBq/m2 and the total dose of 5-FU
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Table 1 Pharmacokinetic parameters of 5-FU at full doses

Patient no. t,, (min) AUC,_, (ng ml~! min) Extrap(%) Clearance (ml min~") Vqa @

1 6.9 481,529 1.34 1,348 13.3

2 11.8 533,088 3.28 1,320 22.5

3 7.7 489,600 0.47 1,316 14.6

4 8.6 505,730 0.89 1,563 19.3

5 9.4 609,244 1.47 1,150 15.6

6 10.6 509,874 2.41 1,591 24.4

7 7.5 815,265 0.39 839 9.0

8 6.1 317,628 4.14 2,243 19.6
Mean (SE) 8.6 (0.7) 532,744 (49,592) 1.8 (0.5) 1,421% (144) 17.3 (1.8)

The half-life was calculated by fitting a two-compartmental model and the percentage extrapolated to obtain AUC,,_,, using the model-dependent
method is given in column 4. AUC,,__, clearance and V in the table were calculated by the model-independent method

# Corresponds to clearance of 798 (70) ml min~' m™?

Table 2 Pharmacokinetic parameters of 5-FU at tracer doses

Study no. t,), (min) AUC, ., (ng ml~! min) Extrap(%) Clearance (ml min~!) Vi)

9 9.5 612 8.6 3,055 41.9

10 9.4 607 0.4 2,506 34.3

11 8.8 525 1.1 3,264 413

12 1.9 412 1.4 4,175 11.7

13 3.0 687 0.2 2,444 10.4
Mean (SE) 6.52 (1.7) 569 (47) 2.3 (1.6) 3,089 (314) 27.9 (7.0)

The half-life was calculated by fitting a two-compartmental model and the percentage extrapolated to obtain AUC,, ., using the model-dependent
method is given in column 4. AUC,,__, clearance and Vd in the table were calculated by the model-independent method

# Corresponds to clearance of 1,764 (167) ml min~' m™?

(labelled and unlabelled) administered was 1 mg/mz. Arte-
rial samples were taken at the pre-determined time points.
Unlike patients who received full doses of 5-FU, rapid
metabolism of [lgF]S-FU was observed in patients who
received tracer doses of 5-FU (Fig 1b, d). The mean (SE)
contribution of ['®F]5-FU to total radioactivity at 2 min was
95% (1.1), which decreased to 25% (2.1) at 5 min and 4%
(0.8) at 10 min. The contribution of ['®F]5-FU to total
radioactivity was <1% at 30 min. Figure 1b illustrates total
8F and [lgF]S-FU TACsS, corrected for radioactive decay,
which demonstrates rapid metabolism of ['®F]5-FU at
tracer doses compared with full doses (Fig. la). ['®F]a-
fluoro-f-alanine was the primary radioactive metabolite
identified.

Plasma concentration versus time curves of 5-FU at
tracer doses for the five patients are illustrated in Fig. 2b.
Maximal plasma 5-FU concentrations [Avg (SE)] of 321
(32) ng/ml [corresponding to 2.5 uM (average); range 1.6—
2.9 uM] were reached at 2 min post-injection. A two-com-
partment model was used to best fit the kinetics of 5-FU
given at a dose of 1 mg/m?. Despite the rapid metabolism of
5-FU, there was little difference in the concentration of
5-FU between two successive time points in one patient

(Fig. 2b) resulting in a poor fit of the model used. The mean
half-life of 5-FU was 6.5 min (range 1.9-9.5 min; Table 2).
The mean (SE) clearances obtained by the model-indepen-
dent method and model-dependent methods were 3,089
(314) ml min~! and 2,225 (200) ml min~!, respectively,
and the mean (SE) volume of distribution values were 27.9
(7.0) 1 and 2.3 (0.4) 1, by the model independent and depen-
dent methods, respectively (Table 4). The mean percentage
extrapolation from C,, to obtain AUC,_ with the model-
independent method was 2.3%. Individual plasma clear-
ance and volume of distribution values obtained using
model-independent methods are given in Table 2.

Pharmacokinetics of DACA at 1/1,000 phase I
starting dose

The mean (range) radioactivity of injected [''C]DACA
was 301 (194-395) MBq/m2 and the mean total dose of
DACA administered in this group of nine patients was
6.9 ug/m? (range 4.1-9.9 pg/m?). Arterial samples were
taken at the pre-determined time points except in three
patients (patient nos. 20, 21 and 22), where 2.5 min
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Table 3 Pharmacokinetic parameters of DACA at tracer doses

Patient no. t1, (min) AUC, ., (ng ml~! min) Extrap(%) Clearance (ml min~!) VaD

14 36.36 8.28 26.99 1,122 59
15 35.07 6.09 20.86 1,280 65
16 39.24 4.98 18.54 1,950 110
17 51 10.59 32.15 1,699 125
18 53.13 11.53 25.87 937 72
19 43.06 2.56 34.93 3,277 204
20 57.55 4.11 34.36 3,016 250
21 27.5 6.09 19.74 2,215 88
22 35.69 6.51 20.54 1,783 92
Mean (SE) 42.07 (3.3) 6.75 (0.98) 25.99 (2.2) 1,920 (269) 118 (22)

The half-life was calculated by fitting a two-compartmental model and the percentage extrapolated to obtain AUC,, ., using the model-dependent
method is given in column 4. AUC,,__, clearance and V in the table were calculated by the model-independent method

# Corresponds to clearance of 1,139 (131) ml min~! m2

Table 4 Comparison of pharmacokinetic parameters derived by model-independent and model-dependent methods
Va (D

Model independent Model dependent Model independent Model dependent Model independent Model dependent

5-FU Clearance (ml min~") AUC, ., (ng ml~! min)

5-FU 380-407 mg/m? 1,421 (144) 1,319 (119) 17.3(1.8) 16.3 (1.9) 532,744 (49,592) 570,002 (53,028)
5-FU 1 mg/m> 3,089 (314) 2,225 (200) 27.9 (1.0) 2.3(0.4) 569 (47) 782 (51)
DACA 4.1-9.9 pg/m® 1,920 (269) 1,627 (287) 118 (22) 50 (15) 6.75 (0.98) 8.47 (1.36)

samples were not done. The mean (SE) contribution of
[1 1C]DACA to total radioactivity at 2.5 min and 5 min was
72% (2.8) and 58% (2.1), respectively. This decreased to
23% (2.3) at 40 min and 20% (1.8) at 60 min. Figure 1c
illustrates total ''C and [''CIDACA TACs curves, cor-
rected for radioactive decay. In contrast to tracer doses of
5-FU, where tracer doses were similarly administered as
with DACA, the absence of rapid elimination of DACA
allowed plasma levels to be estimated to the very end of
the sampling period in this cohort of patients. One of the
seven radioactive metabolites observed was identified as
[''CIDACA-N-oxide [13].

Plasma concentration versus time curves of DACA for
the nine patients are illustrated in Fig. 2c. A two-compart-
ment model was used to best fit the kinetics of DACA given
at tracer doses of 1/1,000 of the phase I starting dose. The
mean half-life of DACA was 42.1 min (range 27.5-
57.6 min; Table 3). Mean (SE) clearance of DACA was
1,920 (269) ml min~', with the model-independent method
and 1,627 (287) mlmin~' with the model-dependent
method. Similarly, V; [mean (SE)] of DACA with the
model-independent and model-dependent methods was 118
(22) 1 and 50 (15) 1, respectively (Table 4). Overall, consid-
erable extrapolation (mean 26%; range 18.5%—-34.9%) was
required to obtain AUC,_,, from AUCy ¢, Wwith the
model-independent method. Individual plasma clearance
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and volume of distribution values obtained using model-
independent methods are given in Table 3.

A comparison of model-dependent and model-indepen-
dent pharmacokinetic parameters for all the three cohort of
patients is given in Table 4.

Discussion

Traditionally, pharmacokinetic analyses are performed by
serial evaluation of venous plasma samples up to a few
days after injection of the drug. With increasing utilisation
of PET to evaluate normal tissue and tumour pharmacoki-
netics of drugs radiolabelled with short half-lived positron-
emitters, there is an opportunity to evaluate the plasma
pharmacokinetics of these agents, at the same time. This is
the first of such reported analyses where conventional
plasma pharmacokinetic methodology has been used to
derive plasma pharmacokinetic parameters, from arterial
samples obtained during the PET scanning procedure. In
this analyses, plasma pharmacokinetics of two anti-neo-
plastic agents, 5-FU [14], a fluorinated pyrimidine analogue
in clinical use for more than 40 years and DACA, a topo-
isomerase I and II inhibitor were evaluated by our group.
Studies with carbon-11 radiolabelled DACA were per-
formed as part of a novel drug development strategy, where
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DACA microdosing studies were initiated prior to phase I
clinical studies [6].

A number of plasma pharmacokinetics studies per-
formed with 5-FU have demonstrated that peak plasma
5-FU concentrations of 100-1,000 uM are reached after
intravenous bolus injections of 400-600 mg/m?, followed
by rapid metabolism with a primary half-life of 6 to 20 min
that is known to vary significantly between patients. Plasma
pharmacokinetic data have been fitted to a single-compart-
mental [15, 16], a two-compartmental model [17] and a
three-compartment model [18]. 5-FU demonstrates a non-
linear decrease in systemic clearance [17, 18], with increas-
ing doses, with an apparent Km of 15 pM (1,950 ng/ml)
[17]. Clearance values of 5-FU have been reported to be in
the range of 0.46-0.75 I/min/m? for intravenous bolus 5-FU
doses of 330-500 mg/m2 [18-20]. With the continuous
infusional schedules, where steady state 5-FU plasma con-
centrations (Css) below the Km are observed, 5-FU demon-
strates linear kinetics. Css range between 0.005 and
0.011 pM (for 300-500 mg/mz) [21] to 3.4-7.5 (for 1,250-
2,250 mg/mz) [22]. Clearance values with continuous infu-
sional schedules are also much higher compared with intra-
venous bolus injectional schedules and range between 1.1
and 4 /min/m? [17, 22-24]. These clearance values, which
are significantly higher than the hepatic perfusion (1.5 1/
min) are most likely due to the significant plasma metabo-
lism of 5-FU by DPD, the primary rate-limiting pyrimidine
metabolising enzyme in lymphocytes [23].

In our cohort of patients, plasma pharmacokinetics of
5-FU were evaluated at full therapeutic doses (380-
407 mg/m?) and tracer doses (1 mg/m?) of 5-FU. A single
compartmental model was used to fit the pharmacokinetic
data of 5-FU at full dose as also used by others [15, 16].
Overall, plasma pharmacokinetic parameters of 5-FU at full
therapeutic doses including plasma levels, half-life, clear-
ance and V; were consistent, with previously published data
[18-20]. There was also concordance in plasma pharmaco-
kinetic parameters derived using the model-dependent and
model-independent methods with full doses of 5-FU under-
lining the utility of PET derived PK parameters.

As expected, plasma concentrations below the Km
(15 uM; 1,950 ng/ml) were observed in our cohort of
patients who received tracer doses of 5-FU (1 mg/m?). In
contrast to full doses of 5-FU, there was rapid clearance of
5-FU with tracer doses of 5-FU. 5-FU clearance in this
cohort of patients, who received tracer doses of 5-FU was
similar to values obtained with prolonged infusional sched-
ules of 5-FU at doses, wherein plasma levels 5-FU are also
below Km [17, 22-24]. However, a 12-fold variation in the
V4 values obtained with the model-dependent and model-
independent methods, despite minimal (2%) extrapolation
of AUC ;. to AUC,_,, suggests that the two-compart-
mental model used may be incorrect, despite good fits being

obtained in four of the five patients. These discrepancies in
parametric values also highlight the limited accuracy in the
determination of terminal half-life, especially with rapidly
metabolising agent such as 5-['8F]FU administered at tracer
doses, as small changes in terminal half-life are likely to
have a large impact on the parametric values. It is therefore
imperative that frequent blood sampling is performed when
accurate data are required as in tissue kinetic modelling
studies using PET. For this reason, continuous on-line arte-
rial sampling is carried out in PET pharmacokinetic studies,
from which a continuous plasma time-activity curve is
derived by fitting the plasma metabolite and radioactivity
calibration data obtained from discrete arterial blood sam-
ples to the online continuous sampling data. However, it is
heartening to note from our studies that despite the caveats,
clearance values obtained with tracer doses (1.8 /min/m?)
are broadly in keeping with the clearance of 5-FU given as
a prolonged continuous infusions (1.1—4 I/min/m?),
wherein plasma concentrations reached are also less than
the Km (15 uM; 1,950 ng/ml). In contrast, where the mass
of the drug associated with radioactivity is large, as with
full dose 5-FU and the half-life of the drug is less than the
sampling/scanning time it is possible to determine pharma-
cokinetic parametric values with confidence and good con-
gruence with both the model- dependent and independent
methods.

DACA, a topoisomerase I and II inhibitor exhibits linear
pharmacokinetics when given either as a 3 or a 120 h infu-
sion schedules. Classical pharmacokinetic studies per-
formed with these schedules during early drug development
demonstrated that DACA has a mean terminal elimination
half-life of 2 h [25-27]. However, there was considerable
variation in parametric values for volume of distribution at
steady state (V) and clearance with both the 3 h and 120 h
infusions. V, values with the 3 h infusion were 0.5 to 4 I/kg
(mean 0.7 /kg) [25] and 84 to 207 I/m? (mean 138.1 1/m?)
with the 120 h infusion schedule [26]. Clearance values of
1 (£0.4) I/h/kg [25] and 84 1/h [27] were obtained with the
3 h infusion and with the 120 h infusion, clearance values
of 69 (£30) I/h were attained, representing inter-patient
variability of 44% [26].

In contrast to the rapid metabolism of 5-FU at tracer
doses, which prevented estimation of plasma drug levels at
latter time points, despite being radiolabelled with a longer
half-lifed radioisotope (half-life of 3F 110 min), we were
able to estimate plasma levels of DACA until the end of the
planned sampling duration. This was due to longer elimina-
tion half-life of DACA (2 h from clinical studies) [25-27],
which allowed the estimation of plasma DACA levels,
despite being radiolabelled with carbon-11 (half-life
20 min), which has a shorter half-life compared to fluorine-
18 (half-life 110 min), thus underlying the importance of
both the biological and radioactive half-life in such studies.
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In our cohort of patients, who underwent PET studies with
tracer quantities of radiolabelled DACA, a mean terminal
elimination half-life of 42 min was observed. As expected
from a half-life that is two-thirds of the total sampling time,
a 26% extrapolation was required to generate AUC,,_,, and
is likely to introduce considerable uncertainty in the para-
metric values especially in those obtained using the model-
independent method. Consequently, considerable differ-
ences were observed between parameters obtained by the
model dependent and independent methods, which are also
likely to result from uncertainties in the determination of
terminal half-life. Clearance values for DACA obtained in
our study using the model-dependent method (1,920 ml/
min corresponding to 115 1/h) were higher than obtained
from clinical studies and reflect the limited duration of sam-
pling, especially for an agent whose half-life is known to be
longer than the scan duration. Although it is possible that
sampling of blood for a longer duration may have provided
an accurate drug pharmacokinetic data, limited half-life of
positron emitters makes it difficult to sample data for pro-
longed durations. The limited data obtained precludes us
from making any prediction

In this paper, we have explored the utility of plasma
pharmacokinetic parameters derived from arterial blood
sampling performed during PET tracer studies of two anti-
cancer agents, 5-FU and DACA. These studies provide
valuable information and guidance on the utility of PET
plasma pharmacokinetic data and the associated limitations.
Although there is significant first pass extraction of 5-FU
from portal venous blood by the liver [17], there is little
evidence to suggest that drug concentrations in peripheral
arterial blood are significantly different from that in venous
blood, as 5-FU or DACA are not preferentially extracted by
other tissues. Moreover, there is unlikely to be differential
in metabolism of 5-FU by plasma lymphocytes in the arte-
rial and venous blood. Therefore, both arterial and venous
blood sampling are entirely appropriate in obtaining plasma
pharmacokinetic parameters for 5-FU and DACA.

We found full concordance in the pharmacokinetic
parameters for 5-FU given at therapeutic bolus doses (380—
407 mg/m?). Rapid equilibration of radiolabelled and unla-
belled 5-FU ensured that the sampled radioactivity data at
latter time points was less noisy and allowed quantification
until final sampling times. Moreover, the limited half-life of
5-FU (<10 min) compared with the total sampling time
(60 min) in our study allowed for minimal extrapolation
and hence confidence in reliability of the models used.
Despite the supportive arguments of a short half live and a
longer sampling time with tracer doses of 5-FU alone in our
second cohort of patients, the rapid clearance of 5-FU at
plasma levels below Km introduces uncertainties in the
estimation of the elimination rate constant and therefore
also on parameters such as V, using the model dependent
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method. On the other hand, the minimal extrapolation of
the AUC required, allows the estimation of 5-FU clearance
using the model-independent method less dependent on the
elimination rate constant. 5-FU clearance values obtained
in our study with tracer doses (1.8 1/min/m?) were similar to
that for prolonged venous infusions of 5-FU (1.1 to 4 I/min/
mz), where plasma concentrations are also below Km
(15 uM; 1,950 ng/ml). Although, clearance values were
similar to that obtained in the linear kinetic range of 5-FU,
we advice caution in the extrapolation of all PET pharma-
cokinetic parameters to explain continuous venous infu-
sions, as parameters such as V; are normally performed
when steady state levels are reached with continuous infu-
sions and AUC for the total duration of infusion is used in
the calculation of pharmacokinetic parameters.

Finally, with DACA, the long half-life compared to the
limited sampling time led to more than 25% extrapolation,
leading to inaccuracies with the parameter estimates. Phar-
macokinetic data for such a compound, which is known to
have a terminal elimination half-life longer than the scan
duration is certain to be associated with errors, as was seen
in our cohort of patients. Although there was significant
inter-patient variability in clearance of DACA with the
early clinical studies [25-27], PET pharmacokinetic clear-
ance values were much higher compared to the clinical
studies. Although PET pharmacokinetic studies can con-
tribute significant tissue pharmacokinetic data with such
agents [28, 29], it is only possible to obtain the approximate
clearance of such agents from the blood data alone.

Our conclusion from this evaluation is that pharmacoki-
netic parameters can be estimated with confidence, espe-
cially for agents whose half-lives are significantly less than
the total sampling time. Tracer studies in combination with
full therapeutic doses for such agents can provide pharma-
cokinetic data similar to that obtained with conventional
early clinical studies. Tracer studies performed alone,
wherein plasma levels below the Km are attained, may also
provide information of clearance values for the entire range
of linear kinetics. Finally, a drug with half-life which is
longer than the sampling duration is inappropriate for PET
plasma pharmacokinetic evaluation and there is little added
value in such assessment, other than for exploratory pur-
poses. Although it is difficult to be precise, on sampling
duration vis a vis terminal elimination half-life of the drug,
first principles and supportive evidence from our studies
suggest that meaningful data can be obtained from PET
tracer studies of anti cancer agents, where sampling times
are at least four times the terminal elimination half-life of
the agent.

In conclusion, we have demonstrated that PET tracer
kinetic studies can provide meaningful plasma pharmacoki-
netic data for selected anti-cancer agents radiolabelled with
short half-life positron emitters. Overall, we have underscored
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the value of performing plasma pharmacokinetics, when
PET tissue pharmacokinetic studies are being performed.
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