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Noninvasive methods for measuring the pharmacokinetics of chemo-
therapeutic drugs such as 5-fluorouracil (FU) are needed for individu-
alized optimization of treatment regimens. PET imaging of [*8F]FU
(PET/[*8F]FU) is potentially useful in this context, but PET/[*F]FU is
severely hampered by low tumor uptake of radiolabel and rapid
catabolism of FU in vivo. Pretreatment with eniluracil (5-ethynyluracil)
prevents catabolism of FU. Hypothesizing that suppression of catabo-
lism would enhance PET/[*8F]FU, we examined the effects of enilura-
cil on the short-term pharmacokinetics of the radiotracer. Methods:
Anesthetized rats bearing a subcutaneous rat colorectal tumor were
given eniluracil or placebo and injected intravenously 1 h later with
[*8F]FU or [BH]FU. In the 18F studies, dynamic PET image sequences
were obtained 0-2 h after injection. Tumors were excised and frozen
at 2 h and then analyzed for labeled metabolites by high-performance
liquid chromatography. Biodistribution of radiolabel was determined
by direct tissue assay. Results: Eniluracil improved tumor visualiza-
tion in PET images. With eniluracil, tumor standardized uptake values
([activity/g]/[injected activity/g body weight]) increased from 0.72 =
0.06 (mean = SEM; n = 6) to 1.57 = 0.20 (n = 12; P < 0.01), and
tumor uptake increased by factors of 2 or more relative to plasma
(P < 0.05) and bone, liver, and kidney (P < 0.01). Without eniluracil
(n = 5), 57% = 4% of recovered radiolabel in tumor at 2 h was on
catabolites, with the rest divided among FU (2% = 1%), anabolites of
FU (38% = 7%), and unidentified peaks (4% =+ 2%). With eniluracil
(n = 8), catabolites, FU, and anabolites comprised 2% = 1%, 41% =+
5%, and 57% = 4%, respectively, of the recovered radiolabel in
tumors. Conclusion: Eniluracil increased tumor accumulation of 18F
relative to host tissues and fundamentally changed the biochemical
significance of that accumulation. With catabolism suppressed, tumor
radioactivity reflected the therapeutically relevant aspect of FU phar-
macokinetics—namely, uptake and anabolic activation of the drug.
With this approach, it may be feasible to measure the transport and
anabolism of [*F]FU in tumors by kinetic modeling and PET. Such
information may be useful in predicting and increasing tumor re-
sponse to FU.

Key Words: colorectal cancer; chemotherapy; 5-['8F]fluoroura-
cil; PET, pharmacokinetics

J Nucl Med 2000; 41:1714-1724

Received Sep. 8, 1999; revision accepted Jan. 12, 2000.

For correspondence or reprints contact: James R. Bading, PhD, PET
Imaging Science Center, University of Southern California, 1510 San Pablo St.,
Ste. 350, Los Angeles, CA 90033-4609.

1714  THE JoURNAL OF NucCLEAR MEDICINE ¢ VoI. 41

Cancer chemotherapy is hindered by lack of quantitative
information about drug behavior in tumors and dose-
limiting host tissues of individual patients. As a result,
patients are usually treated according to standardized drug
regimens that are often ineffective or prohibitively toxic (or
both) in the individual case. There is a great need to develop
accurate and widely applicable methods for predicting
whether patients will respond to a given therapy, optimizing
therapeutic regimens for individual patients, and measuring
the effectiveness of therapy. PET provides one means by
which this might be achieved. Conventional PET imaging
with FDG may be useful for monitoring tumor response to
chemotherapy1). However, tumor accumulation of FDG
reflects intermediary metabolism, whereas measurement of
the pharmacokinetics of chemotherapeutic drugs is required
for optimization of treatment regimens and prediction of
response.

Relatively few chemotherapeutic drugs have been labeled
with positron-emitting radionuclides, and the general useful-
ness of PET for measuring drug pharmacokinetics remains
in question 2,3. A key limitation for some important
chemotherapeutic agents, such as 5-fluorouracil (FU), is
their rapid biochemical transformation in vivo. Because PET
cannot directly discriminate among different radiolabeled
molecular species, the significance of the images is obscured
in the presence of significant amounts of recirculating,
radiolabeled metabolites of the injected compound. We are
attempting to eliminate this problem in the case '8F[FU
by using biochemical modulation to prevent catabolism of
the radiotracer.

FU is used by itself or in combination with other drugs to
treat nonresectable disease in several common cancers,
especially carcinomas of the colon and breast. This synthetic
pyrimidine nucleobase arrests cell proliferation by blocking
thymidylate synthase (TS), the enzyme that catalyzes de
novo synthesis of the DNA precursor thymidylate (i.e.,
thymidine monophosphate); forming defective, fluorinated
RNA (F-RNA), which ultimately interferes with protein
synthesis; and forming defective, fluorinated DNA (F-DNA),
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which results in single-strand breaks and DNA fragmentation A key issue affecting the potential usefulness of the
(4-7. FU is toxic only when taken up by cells and anabolizegroposed PET!fF]FU + eniluracil technique is whether the
(phosphorylated) to fluoronucleotides, which in turn may banabolic kinetics of FU in tumors are altered in the presence
incorporated into nucleic acids or bind to TS (Fig. 1). Thef eniluracil. To our knowledge, no direct investigations of
bioavailability of FU is greatly limited by rapid catabolism,this matter have been reported. The existing evidence
which occurs primarily in the liver. After intravenous injection insuggests that eniluracil has little, if any, direct effect on the
humans, the drug has a half-life in blood of only 8-20 r8jn ( anabolic pharmacokinetics of FU in tumorkl(12,16,1Y,
Although objective response rates are only on the orderlfit that suppression of catabolites may enhance the antitu-
10%—-30%, FU remains one of the most widely usechor activity of FU (L8). If the anabolic kinetics of FU were
chemotherapeutic agent$,9. A major reason for the substantially altered in the presence of eniluracil, then use of
continued interest in FU is the availability of variousPET/[FF]JFU + eniluracil might be limited to treatment
modulating agents that, in principle, can be used to manipiegimens that combine FU with eniluracil. This matter is
late the metabolism of FU to increase tumor cytotoxicitgxamined more fully in the Discussion.
relative to normal tissues. One such biomodulator of currentThis article summarizes our preliminary study of the
interest is eniluracil (5-ethynyluracil or compound 776C8%ffects of eniluracil on the biodistribution and metabolism of
Glaxo Wellcome, Inc., Research Triangle Park, NC), @&]FU in a rat colorectal tumor model (Ward tumor). The
potent, mechanism-based, irreversible inactivator of dihperiod of observation (0-2 h after injection) was chosen to
dropyrimidine dehydrogenase (DPD), the enzyme that catpproximate the longest practical duration of a clinical PET
lyzes the first step in the catabolism of uracil and fluorouragkocedure. The results of the study show that eniluracil was
(Fig. 1) (10). Eniluracil differs chemically from FU by highly effective in preventing systemic catabolism, which
replacement of the fluorine atom with an ethynyl groufed to increased tumor anabolism &fH]FU and improved
(C—C=H) at the 5 position of the pyrimidine ring. Inactiva-tumor visualization with PET.
tion of DPD increases the usefulness of FU by increasing the
lifetime of FU in the circulation and its incorporation byMATERIALS AND METHODS
tumors, by preventing cat_abolls_m of FU in t_ur_nors_tha(t:hemict,jIIS and Radiotracers
express DPD, and by enabling reliable oral administration of g racil was supplied under special agreement by Glaxo

FU (11,12. Wellcome. [8F]FU was prepared according to a published, one-pot
It may be possible to measure the pharmacokinetics of Fyhthesis 19,20. The radiochemical purity of the final product as
in tumors and normal tissues by PET imaging 8F[FU determined by high-performance liquid chromatography (HPLC)
(PET/[®F]FU). The importance of quantifying FU pharma-was 98%, and the specific activity ranged from 15 to 22 GBg/mmol
cokinetics is indicated by studies showing correlation b&t00-600 mCi/mmol, or 3-5 mCi/mg). Tritium-labeled FU (5-[6-
tween clinical response and trapping of free FU in tumors &g]FU, 5.7 X 10 GBg/mmol, radiochemical purity- 98%) was
measured by nuclear magnetic resonance spectrosc8piehased from Moravek Biochemical (Brea, CAYF]F", pre-
(NMRS) (13). Because of its far greater sensitivity, PET hakared through the nuclear reacti®(p,n}*F, was used to identify
potential advantages over NMRS for measuring FU kineti(f:ré:e fluoride ion in radiochromatograms. Nonradiolabeled chemi-

N . cals used as references for identification of radiolabeled chromato-
in vivo. However, PETAF]FU is hampered by at least two aphic peaks were purchased from Sigma (St. Louis, MO) with

. ar
problems. I0W8tum0r “p_take of the r_adlolabel _and raplgnemical purities as indicated in parentheses in the following lists:
catabolism of {*F]FU, which obscures interpretation of thery (9g99s), 5-fluorouridine (FUrd; 99%), 5-fluord-Beoxyuridine

PET images14,15. We hypothesize that these two difficul-(Fqurd; 99%), fluorodeoxyuridine monophosphate (FAUMP; 85%),
ties can be alleviated using eniluracil to prevent the catab@idine 5-diphosphate (UDP; 96%), and uridiné-tsiphosphate

lism of [18F]FU. (UTP; 97%). Fluorouridine monophosphate (FUMP39%), fluo-
FIGURE 1. Metabolism of FU. DPD =

catabolites RJ . dihydropyrimidine dehydrogenase; FUH, =

A A Blood + Interstitial Space dihydrofluorouracil; FUPA = a-fluoro-B-
DPD Intracellular Space (tumor or organ) ureido-propanoic acid; FBAL = «-fluoro-B-

alanine; BAL = B-alanine; F~ = fluoride ion;
FdUrd = fluorodeoxyuridine; FUrd = fluo-

\ Y TS-FAUMP-CH FH rouridine; FAUMP, FAdUDP, and FdUTP =
FH N~ FdUrd FdLh!lP-—» FAUDP —» F, dllJTﬂ » FDNA - | | fluorodeoxyuridine mono-, di-, and triphos-
¢ \ *4 v o phate, respectively; FUMP, FUDP, and
FUPA N R ~ FUTP = fluorouridine mono-, di-, and tri-
* Sl o phosphate, respectively; TS, thymidylate
FBAL FUrd <> FUMP FUDP FUTP > F-RNA synthase; F-DNA and F-RNA = fluorinated

* DNA and RNA, respectively; CH,FH; =
5,10-methylene tetrahydrofolate. (Note that
“F” in CH,FH, symbolizes folate, not fluo-
rine (6). Chemical structures of FU and its
metabolites can be found in (4) and (7).)

F~+ BAL base nucleotides long-lived species
+nucleosides

catabolites
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rouridine triphosphate (FUTP>97%), and fluorodeoxyuridine 43-cm-diameter transaxial field of view, 10.8-cm axial field of
triphosphate (FAUTP>97%) were obtained as special preparaview, 5-mm intrinsic resolution in all three dimensions). The
tions from Sierra Bioresearch (Tucson, AZ). anesthetized, tumor-bearing rat was bound to a surgery board made
of thin plastic. The rat was then injected intraperitoneally with
Rat Tumor Model ) ] ) eniluracil (1 mg/kg) or saline placebo. After catheterization, the rat

Studies were performed in female Fischer-344 albino rafgg surgery board were centered transaxially within the scanner’s
(180-210 g) obtained from Simonsen Laboratories (Gilroy, CAie|d of view and secured to a specially designed Lucite shelf. With
The rats were implanted with the Ward tumor, a chemically inducegg orientation, the tomograph provided whole-body images of the
colorectal carcinomé&2(l). The response of this tumor to FU is very, gt (Fig. 2). After a transmission scafiE marker sources were
similar to that of human colorectal carcinoma. The Fischgped over the tumors and imaged to aid identification of tumors in
rat-Ward tumor model has been used to study the effects of sevgial [8F]FU study. The marker sources were then removed and,
different FU analogs and biochemical modulators of ED,23. abou 1 h after the eniluracil or placebo injection, a dynamic

Several small pieces (about 1 @ach) of either previously gmjission scan was started as the rat was injected through the
frozen tumor or fresh tumor from a donor rat were implanted ﬁingmar catheter with 70—110 MBq (2—3 mCRF]FU (5 mg/kg).
trochar injection between the skin and gastrocnemius muscle. Ihf'ected active volume, flush volume, and injection rate were 1.0
implanted tumors reached 0.5 g in 12-20 d, grew in a welly| 1.0 mL, and 0.5 mL/min, respectively. Dynamic imaging
encapsulated manner, and appeared to derive their blood supRlytinued fo 2 h (45 frames: < 30's, 9x 10's, 11X 30's, 12X 2
from the overlying skin. Macroscopic, central necrosis began fgin 6 x 5 min, 6 x 10 min). Arterial blood samples (12 or 13
appear when the tumors reached 1 g. Studies were performed Wity|) were drawn at increasing intervals during the course of the
tumors weighing 0.2-2.8 g (mean, 0.64 g). imaging study.

All in vivo procedures were performed in accordance with Three studies included imaging and ex vivo measurement of
protocols approved by the University of Southermn Californigssyeter concentrations, but not metabolite analysis. In each of the
Animal Care and Use Committee. The rats were fed Purina Rgher studies with 3fF]FU, one or two blood samples were
Chow (Ralston Purina Co., St. Louis, MO), given water ad libidunynalyzed for molecular distribution of the radiolabel in plasma. At
and maintained on a 12-h light-12-h dark cycle. Anesthesia Wa% end of the dynamic imaging procedure in those studies, the
induced by intraperitoneal injection of ketamine (80 mg/kg) plugimors were rapidly excised and frozen between blocks of dry ice
xylazine (5 mg/kg) and maintained with smaller doses as needgglarrest metabolism. Frozen tumors were transferred to prechilled
The rats were allowed to breathe spontaneously without intubatigjfiastic tubes and kept immersed in liquid nitrogen until they were
Arterial blood gases remained normal feB h with this regimen. - prepared for metabolite analysis, except for brief intervals during

Vascular access was obtained by surgical cutdown and cannulaiigiich the samples were weighed and counted to determine total
of one jugular vein and, in some cases, one carotid artery with

24-gauge, intravenous catheters. The rats were killed by intrave-
nous injection of pentobarbital. (A) FU+EU

Blood sampling for determination of arterial plasma time- tumor
activity curves presented a particular challenge because of

small blood volume of the rats and the need to minimiz —
cross-contamination among samples. Discrete samples were dr .
manually from the carotid artery through a catheter consisting o i

special, small-bore, male—-male adapter; PE-50 tubing (Fish ” / :

Scientific, Springfield, NJ) fitted at either end with a blunte
23-gauge hypodermic needle; and 3-way stopcock. The cathg
(internal volume, 0.35 mL) was filled by withdrawing 0.7 mL bloog tumor
with a 1 mL syringe, and the sample (0.2 mL for activity| L

concentration measurements or 0.6 mL for metabolite analys (B) FU only
was then removed through the side port of the stopcock. T| P \.

contents of the fill syringe were reinjected, the fill syringe wal ‘\
replaced with a flush syringe, and the line was flushed with Q bone
volume of heparinized saline (0.55 or 0.95 mL) equal to th - /

combined volumes of the catheter and blood sample. This te
nigue was shown to provide accurate measurements of blg
activity concentration in an artificial model. The rats readil
tolerated a sampling schedule that provided enough data points t§URE 2. Effect of eniluracil (EU) on tumor visualization.
adequately characterize the plasma time—activity curve and eno%’i\‘?ges are thin anteroposterior coronal and transaxial slices

tumor

. ; . L 18
blood to test for circulating metabolites. Large-vessel hematoc}g 0udn tumors 110-120 min after intravenous injection of [*F]FU
U). Spatial resolution of reconstructed images is 6-7 mm

declined linearly with cumulative blood removal €y 44 — 0.47x FWHM in the transaxial plane and 6 mm in the axial dimension.
[P = 0.01], where y= % hematocrit and x= cumulative volume rymqr |ocations were verified by #F marker images. Tumor
removed/body weight [mL/kg]). The rats consistently survived thgeights and standardized uptake values (SUVs) were deter-
procedure when hematocrit remained above 32%. mined by direct measurements on excised tissues. (A) Tumors in
o . legs (left [upper]: 1.3 g, SUV 1.05; right: 0.32 g, SUV 1.57) are
Pharmacokinetic Studies clearly visualized relative to adjacent normal tissues. (B) Tumors

Imaging studies were performed with a model 953A PETfeft: 0.22 g, SUV 0.61; right: 0.43 g, SUV 0.67) are less
scanner (CTI/Siemens, Inc., Knoxville, TN) (31 transaxial planedijstinguishable, attributed in part to elevated bone uptake of 18F.
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activity concentrations. After tumor excision and freezing, the ratsydroxide (pH 6.5), and the flow was 1.0 mL/min. Eluents were
were killed, and samples of various normal tissues and organs wpessed through an in-line ultraviolet (UV) detector (Waters,
taken for measurement of radioactivity concentration. Milford, MA) and an in-line radiation detector (Magen Scientific

In four studies, H]FU was used instead of§]FU, and no Corp., New York, NY); eluted fractions were also collected and

images were obtained. The injected radioactivity dos#dfabout assayed for radioactivity. Catabolites, FU, and fluoronucleosides
2 MBq) was computed as the weight of fluid injectedhe activity  eluted within 10 min (Fig. 3).
concentration of the injectate. Nonradioactive FU was added toFrozen tumors were immersed in liquid nitrogen together with

make the injected dose of the drug (2 mg/kg) similar to that in theN PCA (1:1 volume per weight (v/w) of tumor) and ground into a
[*8F]FU studies. fine powder. Two hundred fifty to 400 mg of the powder were
Ex Vivo Assay Procedures thawed on ice with periodic, rapid mixing over a 10-min period.
Tissue and HPLC samples were measureddoactivity in a-y Ice_-cold, deionized, distilled water was added (1.5:1 v/yv), and the
counter (Packard Instruments, Meriden, CT) calibrated periodiid-soluble supernate and pellet were separated by microcentrifu-
cally against the same ion chamber—type dose calibrator (Capin@tion- The AlF (i.e., the pellet) was rinsed twice with ice-cold 1N
Ramsey, NJ) used to ass&§FJFU injected into the rats. In studies PCA and assayed for radioactivity. The ASF was buffered with
with °H, tissue samples were dissolved in 5% sodium dodedfpHPOs (1 molL, 1:20 volume per volume (v/v)) and then
sulfate plus 0.1N NaOH and decolorized with hydrogen peroxidB&utralized with KOH (4 mol/L). The resulting perchlorate salt was
Tissue and HPLC samples were assayed in a model LS9000 liqUfgnoved by centrifugation.
scintillation counter (Beckman Instruments, Fullerton, CA), using 1he desalted ASF was analyzed by ion-pair HPLC using a
the external standard method of quench correction. reversed-phase,;&column (Microsorb-MV; Rainin Instruments,
Blood samples were immediately placed in ice and theffoburn, MA) (particle size 5 pm; column dimensions, X&50
centrifuged. An aliquot of plasma was removed from each sampl@m) and multistep, linear-gradient elution. The mobile phase was
weighed, and counted for radioactivity. In samples drawn fdrmed by mixing solvent A (1.5 mmol/L ammonium phosphate, 1
metabolite analysis, the remaining plasma was prepared for HPm@NOl/L tetrabutyl ammonium phosphate [pH 3.3], and 1% [v/V]
analysis by acid extraction with 1N perchloric acid (PCA) anécetonitrile) and solvent B (25 mmol/L ammonium phosphate, 1
neutralization with KOH (4 mol/L). The acid-insoluble fractionmmol/L tetrabutylammonium phosphate [pH 3.3], and 30% [v/V]
(AIF) was shown in several early studies to contain negligiblacetonitrile) at a combined flow of 1.0 mL/min according to the
activity. The acid-soluble fraction (ASF) was analyzed by ion-pafellowing schedule: 0 min, A= 100%; 15 min, A= 67%; 25 min,
HPLC using a Greversed-phase analytic column (Waters, MilfordA = 10%; and 30 min, A= 0%. With this system, nucleobases,
MA) (particle size 10 pum; column dimensions, > 100 mm; nucleosides, and mono-, di-, and triphosphate nucleotides were
Radial Pak cartridge in RCM & 10 holder) and isocratic elution. eluted as individual peaks within 30 min (Fig. 4).
The mobile phase consisted of 5% acetonitrile in 20 mmol/L Radiolabeled peaks were identified in reference to UV absorp-
phosphate buffer containing 2.5 mmol/L tetrabutylammoniurtion chromatograms of standard solutions containing authentic,

08 ["*FIFU, 100% _-["FIFBAL, 73%

FIGURE 3. Analysis of 8F-labeled me-
F 06l . i tabolites in arterial plasma. (A and B) Radio-
% chromatograms obtained by isocratic-elu-
< o4l i "SFIFUH,, 8% . tion HPLC of acid-soluble extract from
5 samples taken 90 min after intravenous
e 02 e t eFIF, 5% .. | injection of [*F]FU into a rat pretreated with
x | eniluracil (A) and 60 min after intravenous
0.0 o injection of [*F]FU into a rat not pretreated
with eniluracil (B). (C) UV absorbance chro-
02 - matogram (wavelengths = 254 nm) of an
authentic sample of FU, which was ob-
(o 10 D Py tained just before the radiochromatogram of
FU | (A). (D) UV absorbance chromatogram
g 08 1 R Fduid | (wavelengths = 214 nm) recorded simulta-
E neously with radiochromatogram of (B). An
5 06 B | B e El aliquot of solution containing authentic, non-
5 | : radiolabeled samples of a-fluoro-B-alanine
> 04 : Ty o] - EBAT (FBAL), dihydrofluorouracil (FUH,), FU, fluo-
?o i ! UM rouridine (FUrd), and fluorodeoxyuridine
2 02r- ‘ i \’ < - (FdUrd) was added to the injectate in the
s \ }\ \ ) L run depicted in (B and D). Radiochromato-
& oo N i gram for 18F-labeled fluoride ion ([18F]F-)
[*FIF (dashed lines in D) was determined sepa-
O T Ty s s 10 o 2z 1 s s 1 | rately. Percentages of recovered radiolabel
Time (min) Time (min) associated with various peaks are shown in

(Aand B).
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nonradiolabeled counterparts of the various metabolites expectemmalized to injected activity/body weight and thus expressed as
in the experimental samples (Figs. 3 and 4). Elution times differstiandardized uptake values (SUVs). (SUY [radioactivity/g
negligibly among FUTP, FAUTP, and UTP. Hence, UTP, which igssue]~+ [radioactivity injected/g body weight].) Tumor contents
relatively inexpensive, was used in place of the triphosphaté FU and its various metabolites were expressed as percentages of
fluoronucleotides in most studies. Similarly, UDP was used asradioactivity recovered during the metabolite analysis procedure.
standard for the fluorinated diphosphate nucleotides because dotal radioactivity in the urinary bladdet @ h after injection
radioactive peak coinciding with UDP was observed consistentlyas computed by multiplying directly measured activity concentra-
for tumors (Fig. 4). Twenty microliters of the standard solutiotion in urine by the bladder volume as estimated from the
were added to 220 pL desalted ASF. Two hundred microliters fihal frame of the PET dynamic study. The boundary of the bladder
this mixture were injected onto the HPLC column, and elutedias defined to coincide with the 40% isocontour of the bladder
fractions (30 s each) were collected and assayed for radioactivitpage.
An aliquot of the HPLC injectate was weighed and counted for use Statistical analysis was performed with the software package
in estimating recovery of injected activity during HPLC. ThelMP (SAS Institute, Inc., Cary, NC). The application of conven-
fraction of recovered activity associated with a given moleculdional, parametric statistical analysis requires that data be normally
species was multiplied by the percentage of total activity in thdistributed with constant variance (stationarity) among different
ASF to determine the overall percentage of that molecular spec@®sups. The tissue activity concentration and metabolite data did
in the original experimental sample. Because they were not welbt meet these criteria. Normal distribution and stationarity of
separated in some runs, ribonucleic and deoxyribonucleic speciesiance were restored for the tissue SUVs and tumor-to-tissue
were not differentiated in the quantitative analysis of the chromat8UV ratios by logarithmic transformation, but neither condition
grams. was restored for the metabolite percentage of activity data by either
Image Processing and Statistical Analysis logarithmic or square _root transformatio_n. Thus, means were
i compared for logarithmically transformed tissue SUVs and tumor-
Raw data from the PETAF]FU studies were corrected for ran-, i< \e SUV ratios by the Studertest, whereas the nonparamet-
dom coincidence noise, scanner dead time, photon attenuation, ﬁEQNiIcoxon rank sum test was used for metabolite percentages of

radioactive decay. Images were reconstructed (image matiitiv pifferences were considered to be statistically significant
128 X 128; zoom factor, 2.0; pixel width, 1.7 mm) by fllteredat the 5% level of probability.

backprojection using a Hann filter with a frequency cutoff factor of
0.5 cycle/pixel. Time—-activity curves were obtained from smalkesy TS

circular regions of interest centered well within the boundaries of ) . o
visualized tumors, organs, and skeletal muscle to minimize countPretreatment of the rats with eniluracil improved tumor

spillover from adjacent tissues. The curves were normalized at 3aging with fF]JFU and PET (Fig. 2). Although uptake of
to activity concentrations measured directly in excised tissues. !8F in muscle increased with eniluracil (Table 1), tumors
All time—activity curves and tissue activity concentrations wereonsistently were visualized better relative to normal tissues

FIGURE 4. Analysis of 8F-labeled me-
tabolites in tumors. Shown are radiochro- | A '° = T B
matograms (A and B) and corresponding 48.9% : P

UV chromatograms (C and D) obtained by 08)
gradient-elution HPLC of acid-soluble ex-
tract from Ward tumors. Tumors were har-
vested 2 h after intravenous injection of
[*8F]FU from rats pretreated with eniluracil
(A and C) and not pretreated with eniluracil
(B and D). UV absorption was measured for

o2} . PO o
| i [
wavelengths = 214 nm. Percentages of L A | J
0.0 ; M

FBAL + |
FUPA, 43.9%

FUDPBFdUDP : FuMES
10i6% :
061 ) Furds : ;6 : ol 151% ¢ - FUTP+ |
FgLé[;i : " unknown | : . FdutP
8% 10.7% | . B9%

" FUTPY - i :
. FaUTP cu :\ 1 : FUDP +

04}

FUMP
13.6% ;
’ 64% | | || 5a% \ iy

Relative Activity

radiolabel in each peak, as well as in the
AIF, are indicated in (A and B). Aliquots of
solutions containing authentic, nonradiola- 0.2
beled samples of compounds indicated in 10
the UV chromatograms were added to tu- C ? FUMP
mor extracts before injection for HPLC.

FUrd = fluorouridine; FdUrd = fluorodeoxy-
uridine; FUMP, FUDP, and FUTP = fluorou-
ridine mono-, di-, and triphosphate, respec-
tively; FAUMP, FdUDP, and FdUTP =
fluorodeoxyuridine mono-, di-, and triphos-
phate, respectively; AIF = acid-insoluble
fraction; FBAL = a-fluoro-B-alanine; FUPA =
a-fluoro-B-ureido-propanoic acid; UDP =
uridine diphosphate; UTP = uridine triphos-
phate; F~ = fluoride ion. Standard chromato- ‘ ; i ‘
gram for ['*F]F~ (dashed lines in D) was © 5 10 15 20 25 3 35 0 5 10 15 20 25 30 35
determined separately. There was no evi-
dence of free [*8F]F~ in studies shown.

AIF 16.5% : : AIF 4.8%

FUrd Fdurd ]

FdUMP” o B

/ uoP_
TUTP

Relative UV Absorbance

Time (min) Time (min)
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of the hind legs when catabolism was suppressed. Accuninerease (presumably associated with catabolites) in plasma
lation of 18F in the bones of the legs interfered with tumoradiolabel concentration beginning at about 20 min (Fig.
identification and quantification of tumor activity concentraéD).
tion from images in the FU-only studies. On the other hand, Results of the metabolite analyses for plasma are pre-
tumors appeared to be hot relative to other leg tissues in séinted in Figure 3 and Table 2. In studies witfr[FU and
imaging studies with'fF]FU and eniluracil. eniluracil, essentially all circulating radiolabel was on FU
The effect of eniluracil on the biodistribution 8F at 2 h  during the first 90 min after injection (the latest sampling
after injection is summarized in Table 1 and Figure 5. Tumaime used). In studies without the blocker, on the other hand,
SUV approximately doubled with eniluracil modulationmost of the radiolabel in plasma at 1ca@ h was associated
Uptake in spleen and skeletal muscle (and perhaps smaiih catabolites.
intestine as well) also increased with eniluracil, whereas thatFindings regarding the molecular distribution of radiola-
in bone, liver, and kidney decreased (Table 1). Eniluradilel in tumor @2 h are presented in Table 3 and Figures 4 and
was associated with significant increases in tumor activify In studies without the blocker, roughly 50%—-70% of the
concentration relative to plasma, bone, liver, and kidnegdiolabel in tumor was on catabolites, with the rest
when computed on an intra-animal basis (Fig. 5). There wergflecting mainly various anabolites of FU. Pretreatment
no statistically significant decreases in tumor activity conce@ith eniluracil reduced labeled catabolites<®% of total
tration relative to any of the normal tissues examineghbel in tumor, whereas FU and its anabolites accounted for
Clearance of'%F into the bladder was similar with andapproximately 40% and 60% of the radiolabel, respectively.
without eniluracil (43%*+ 5% [n = 4] and 32%* 5% [n=  With or without eniluracil, the anabolite fraction was
2], respectively, of total body activity at 2 h). composed mostly of macromolecules (AIF) and nucleotides
Eniluracil had a marked effect on relative tissue uptake gfus a relatively small amount of nucleosides.
% versus time—that is, on the shapes of time-activity Quantitative interpretation of studies with unmodulated
curves—in tumors as well as normal tissues and orgap®F]FU was complicated by the presence &fFF~ or
When [¥F]FU was given without the blocker, there was @ompounds formed from the free fluoride ion (or both).
redistribution of radiolabel to tumors, muscle, bone, angeasuringsF— by alumina adsorption and Pb@¥F precipi-
kidney beginning10-20 min after injection (Fig. 6). Eniluratation, Ishiwata et al.19) found fluoride ion to be the most
cil eliminated these secondary increases, which presumabhévmem labeled species in plase,&0 min after intrave-
were caused by accumulation &fF-labeled catabolites. nous injection of ¥F]FU in rats. In our study, HPLC
Conversely, comparison of the time—activity curves for ”Veénalysis showed peaks corresponding#6]F~ in only one
suggests that eniluracil inhibited initial accumulation angf the experiments with unmodulate¥f]FU, and [8F]F-
subsequent release of radiolabel associated with convers&rmprised only a small percentage € recovered from
of [*8F]FU to labeled catabolites. Initial clearance of radiolas|jasma and tumor samples (Figs. 3 and 4; Tables 2 and 3).
bel from plasma was less rapid with than without eniluracai‘&n the other hand, the dramatic rise in the time—activity
but, in the absence of the blocker, there was a second@[}ves for bone after 20 min (Fig. 6B) is consistent with
incorporation of circulating®- into the bone matrix34).
Furthermore, measured recovery of radiolabel in HPLC
studies was consistently less wheWFJFU was given
without rather than with eniluracil (Tables 2 and 3). How-
ever, whenJH]FU was substituted for'fF]FU, recovery of
radiolabel was very similar with and without eniluracil. The

TABLE 1
Effect of Eniluracil (EU) on Biodistribution of Radiolabel in
Tumor-Bearing Rats 2 Hours After Intravenous Injection of
[*8F]FU or [BH]FU

v . O .
su latter observation can be explained in terms of the defluori-
_ FU-only nation reactiom-fluoro-[3H]alanine to F + B-[3H]ala-
Organ or tissue [*FIFU [HIFU [*FIFU+EU  nine @) becauses3-alanine (BAL) coelutes with FBAL in

our HPLC technique. In other words, in vivo defluorination

Tumor 0.67 +0.08 (4)t 0.81 +0.03(2) 157 +0.20(12)

Plasma 0.64 = 0.08 (2) 0.79 (1) 0.54 = 0.03 (6) of FBAL reduces recovery ofF but not®H in our HPLC
Skeletal muscle 0.28 = 0.03 (2)t 0.63(1) 0.58 £ 0.05(5) technique. Considered together, our observations suggest
ES:;C""' bone é'ég - g'gg gg* 099 1) 8'32 - 8'82 g that some of thé8F~ was in a form that was not eluted from
Liver 3.47 = 050 (2) 2,09 (1) 155+ 0.13 (5) the HPLC columns. Thus, labeled catabolites @FIF'U' '
Spleen 054 +0.08 (2)t 1.24 + 0.09 (5) may have comprised a larger percentage of total activity in
Kidney 7.02 + 224 (2)t 1.99 (1) 2.44 +0.07 (5) plasma and tumors than is indicated by the data on recovered
Small intestine  0.71 = 0.08 (2) 0.75(1) 1.25+0.22 (5) activity presented in this article.

*SUV = (activity/g tissue) + (activity injected/g body weight).
tSignificantly different (P < 0.01) from FU + EU.
FSignificantly different (P < 0.05) from FU + EU.

Data are presented as mean = SEM (no. of observations).
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Although the HPLC technique did not completely sepa-
rate FU anabolites in the RNA and DNA synthetic pathways,
the metabolite analysis suggested that most of the radiolabel
in tumor & 2 h after injection was in the RNA pathway.
Although FAUDP and FAUTP were entirely indistinguish-
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FIGURE 6. Effect of eniluracil (EU) on 18F time—activity curves in tissues, organs, and arterial plasma after intravenous injection of
[*8F]FU (FU). Tissue and organ time—activity curves (A—C; n = 4 and 2 for FU + EU and FU-only, respectively) were extracted from
PET images, whereas plasma curves (D; n = 5 and 2 for FU + EU and FU-only, respectively) were obtained by direct arterial
sampling. Tissue and organ data were normalized at the final time point to values obtained by ex vivo assay of excised tissue samples
obtained after killing at 2 h. Data are expressed in terms of SUV. Note that ordinate scales differ in (A-D).
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TABLE 2
Molecular Distribution of Radiolabel in Plasma After Intravenous Injection of FU

% activity % recovered activity
Time after recovery
Injected Pretreatment  injection during Unidentified
radiotracer with EU (h) n HPLC F~ FBAL + FUPA + FUH, FU FUrd + FdUrd  AIF peaks

[*8F]FU No 1 1 43 15 81 ND 4 <0.3 ND
[*8F]FU No 2 1 49 ND 55 37 1 — 8
[BH]FU No 2 1 88 — 91* 7 ND <0.4 2
[*8F]FU Yes 10-15 5 70x7t ND ND >99 ND <0.9 ND

*Data may include contribution from B-alanine.

1P < 0.05 relative to combined data for unmodulated [*8F]FU.

EU = eniluracil; F~ = fluoride ion; FBAL = «a-fluoro-B-alanine; FUPA = «-fluoro-B-ureido-propanoic acid; FUH, = dihydrofluorouracil; FUrd
= fluorouridine; FdUrd = fluorodeoxyuridine; AIF = acid-insoluble fraction; ND = not detectable.

able from FUDP and FUTP, respectively, the chromatdism) of the drug by tumor cells, particularly as it relates to
graphic separation in most runs was adequate to perttie formation of FAUMP, the fluoronucleotide that binds to
identification of FdUrd, FUrd, FAUMP, and FUMP (Fig. 4).and inactivates TS20).

In all cases, the observed peaks in the radiochromatogram#odern methodologies make it possible to measure the
matched the standard peaks for FUrd and FUMP in the Udharmacokinetics of FU noninvasively. NMRS @fF
chromatograms, and there was little or no structure matchifgMRS/['9F]JFU) has been used to measure the relative
FdUrd or FAUMP. Furthermore, F-RNA was the predomioncentration of FU versus time in tumors after high-dose,
nant labeled species in the macromolecular (AIF) fractiopolus administration of the drug to patients3). Tumors

In two experiments with3H]FU, the AIF from tumor was with FU retention half-times= 20 min as determined by
analyzed for its constituents by a standard technique involNMRS consistently fail to respond to FU. Tumor retention
ing successive removal of RNA and DNA nucleotides fronsf radiolabel from f8F]JFU as measured by quantitative PET
the pellet by hydrolysis and hot-acid extracti@3). Eighty- (PET/L8F]FU) may also be a useful predictor of tumor
four percentt 2% of the radiolabel was in RNA, 12% 2%  response to FU. Investigators at Heidelberg recently re-

in DNA, and 5%z 0.1% in protein. ported an impressive correlation & 0.86; P = 0.001)
between tumor retention of radioldlizh after intravenous
DISCUSSION or hepatic intra-arterial injection of§F]JFU and change in

In spite of its limited effectiveness, FU remains one of theimor size during subsequent treatment by continuous
most widely used drugs for certain common cancers. A gréatravenous or intra-arterial infusion of FQ28).
deal of effort is currently being directed at predicting tumor The pharmacologic basis for the reported positive correla-
response to FU13,26-28. One of the determinants oftion between tumor response and NMR%/[FU or PET/
response is the uptake and metabolic activation (i.e., anaptF]FU studies is not clear. Neither modality can detect

TABLE 3
Molecular Distribution of Radiolabel in Tumors 2 Hours After Intravenous Injection of FU

% activity % recovered activity

recovery
Injected  Pretreatment during FBAL + FUrd = FUMP * FUDP + FUTP = Unidentified
radiotracer with EU n HPLC F~ FUPA + FUH, FU FdUrd FdUMP FdUDP FdUTP AlF peaks
[*8F]FU No 3 633 5*x5 415 3+x2 9*x7 10x4 9+x1 11+x4 6=x2 6=3
[BH]FU No 2 81* — 72 £ 11t 10 1*x0 17*14 1+0 3*+0 5+x1 1+1
[*8F]FU Yes 6 84+ 4% ND 1+0 464 5x1 12+2 101 11+3 14=x1 1+1
[BH]FU Yes 2 8l1x2 — 4 + 0t 24+5 4*x1 12*x2 144 22*+6 17*5 4+1

*Measurable for only 1 of 2 experiments.

tData may include contribution from B-alanine.

1P < 0.01 relative to unmodulated [*8F]FU.

Data are presented as mean = SEM. EU = eniluracil; F~ = fluoride ion; FBAL = «a-fluoro-B-alanine; FUPA = «-fluoro-g-ureido-propanoic
acid; FUH, = dihydrofluorouracil; FUrd = fluorouridine; FdUrd = fluorodeoxyuridine; FUMP, FUDP, and FUTP, fluorouridine mono-, di-, and
triphosphate, respectively; FAUMP, FAUDP, and FAUTP = fluorodeoxyuridine mono-, di-, and triphosphate, respectively; AIF = acid-insoluble
fraction; ND = not detectable.
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FU pharmacokinetics provided by these techniques is very
limited. Because of its low sensitivity, current use of
FU-only NMRS/[*F]FU in humans requires pharmacologic doses of
80 M FU and is restricted in most cases to measurements of the
relative retention of FU versus time in tumors lying near the
surface of the bodyl@3). The exquisitely high sensitivity of
PET to the radiolabel affords PETIF]JFU some important
advantages over NMRS?F]FU, including optional use of
subpharmacologic doses of FU, absolute quantitation with
high temporal resolution, 3-dimensional imaging at any
location within the body, and sensitivity to formation of
macromolecules, which are transparent to NMRS]FU.
Unfortunately, the pharmacokinetics of FU in vivo are
FIGURE 7. Effect of eniluracil (EU) on molecular distribution of ~ Unfavorable for imaging studies witt¥F]FU. Tumor uptake
radiolabel from FU in tumor at 2 h after injection. Data reflect ~ of 18F is often low relative to that in normal tissuels}(15,
percentages of recovered radioactivity. Data obtained with [**FIFU  which hinders both tumor visualization and accurate measure-
and PH]FU were combined within each treatment group (€., mant of tumor radioactivity. fF]FU is rapidly destroyed in
eniluracil or placebo). Results with individual radiotracers are . . . . . .
given in Table 3. n = 5 for FU-only; n = 8 for FU + EU. Errorbars  the liver, giving rise to high levels of recirculating, labeled
indicate SEMs. *P < 0.01; **P < 0.05. catabolites. This obscures image interpretation and hinders
modeling of the radiolabel kinetics. It has been argued that

either free FAUMP or binding of FAUMP to TS. Even withcatabolites of FU are confined to the vascular space in
high-dose, bolus administrations of FU, the chemical conceitmors 83), but this seems unlikely, given the well-known
trations of FAUMP present in tissue are far below thgakiness of tumor capillaries to small molecules such as FU
threshold of detectability with NMRSLE). Although PET is  (34). We found uptake of radiolabel by the Ward tumor to be
far more sensitive than NMRS!F]JFdUMP comprises too dominated by catabolites wheHff]JFU was given without
small a fraction of the total radiolabel in tissue to b&niluracil (Figs. 4 and 7; Table 3). Our data show a
measured reliably. Various studies, including our own (Figlistribution volume for labeled catabolites (defined as the
4), have shown that FdUMP and other anabolites of the DNALi0 of the concentrations of total catabolites in tumor and
pathway constitute only a small percentage of the totalasmaat2 h)of 0.78 0.04 mL/g (n= 4), suggesting that
fluorinated compounds in tissues during the first few hougatabolites permeated both the extra- and intracellular water
after administration of FU 1(6,3Q. This is presumably spaces of tumor tissue.
related to the fact that cells synthesize RNA more or lessWe hypothesize that the quality of information obtained
continuously, but only form DNA during a relatively shortwith PET/[¥F]JFU can be substantially improved by using
portion of the cell cycle (i.e., S phasé@j. Furthermore, the eniluracil to suppress catabolism of the radiotracer. This
concentration of TS in tumors and normal tissues (a felypothesis is supported by the results of our study with
picomoles/gramZ9)) is far too small in relation to currently respect to tumor visualization and interpretability of the PET
achievable specific activities fot8F]FU (about 20 MBg/ images.
umol) to permit detection of $F]JFdUMP bound to TS,  Ourfindings regarding the biodistribution, pharmacokinet-
given that the injected dose necessary for imaging is on tles, and metabolism of unmodulated FU are similar to those
order of a few kilobecquerels/gram of body weight. of previous studies in rats and mice. In particular, Ishiwata et
A plausible explanation of the observed correlation b&l. (19) and Abe et al.%5) also reported high uptake 8F in
tween tumor response to FU and either NMR%EJFU or bone and found that radiolabeled catabolites rapidly re-
PET/['8F]FU is that these modalities measure the formatigrlaced [8F]FU in the blood after intravenous injection of
and retention of a precursor pool for FdAUMR,25,33. [*F]FU in rats. Our results regarding the prevalence of
Although FU essentially disappears from the bloodstreacatabolites of FU in tumors are similar to those reported
within an hour B), measurable amounts of FU and itsecently by Adams et al.1¢), who performed NMRS on
anabolites (principally F-RNA and nucleotides of the RNA&olon tumors excised from mice at various times after
synthetic pathway) persist in tumors for many hours aftadministration of FU.
bolus intravenous injection of FL25,30,33. This, plus the  Overall tumor-to-normal tissue contrast improved with
interconnectedness of the RNA and DNA pathways (Fig. 19niluracil (Fig. 2). Tumor uptake offF at 2 h increased
suggests that cells entering S phase many hours after Flhtive to plasma, bone, liver, and kidney (Fig. 5). The
administration may at that time form FAUMP from aoughly 5-fold improvement in tumor-to-liver contrast is
persisting reservoir of FU and FU anabolites of the RNAspecially relevant because liver is the primary site of
pathway. metastasis in colon cancer, and imaging of colorectal hepatic
Although NMRS/[PF]FU and PET/[BF]FU appear to be metastases with'§F]FU is difficult because of low tumor
useful in predicting tumor response, the information abouptake of radiolabel relative to that of live2g). Surpris-

100

% of Total Radioactivity

catabolites FU anabolites
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ingly, tumor-to-muscle contrast did not improve with enilucompleted at several centeB¥(39. The clinical safety and
racil because uptake dfF in muscle increased when theefficacy of FU + eniluracil have been found consistently to
blocker was used (Table 1). The data of Table 1 suggest thatcomparable with or superior to those of intravenous FU.
the relatively low uptake oft®F by muscle in FU-only Phase Il clinical trials are in progress both in the United
experiments may have been caused by exclusiofffeff~, States and abroad.
because muscle SUV was much higher wh#]fU was The extent to which the PETH]FU + eniluracil tech-
substituted forBF]FU in a FU-only study. nigue may be applicable to FU-based therapies that do not
Eniluracil markedly altered the metabolic significance afise eniluracil cannot be predicted because of the lack of
tumor radioactivity (Fig. 7). Without the blocker, cataboliteselevant information about the pharmacokinetics of FU in
comprised a large percentage of the activity at 2 h. When thamors. A major goal of our intended research is to provide
rats were pretreated with eniluracil, FU and its anabolitége needed information. Some factors that might restrict the
replaced catabolites as the prevalent radiolabeled speciegfplicability of the method include the following: (a) There
tumor at 2 h. Thus, tumor images obtained withFJFU + is evidence that catabolites inhibit tumor response to FU
eniluracil (Fig. 2A) reflected uptake and anabolism of FU18). If this reflects an influence of catabolites on FU
whereas those obtained with unmodulaté¥F]FU repre- Kinetics in tumors, catabolite suppression in the PET/
sented primarily accumulation of labeled catabolites. [*8F]FU + eniluracil technique may cause the method not to
The results of this study indicate that the pharmacokinggimulate accurately the anabolic kinetics of FU in treatments
ics of FU modulated by eniluracil are favorable for kineti¢hat do not use DPD inhibition. (b) Because eniluracil
modeling of tumor uptake and metabolic activation of Freserves FU, only very low doses of FU are permissible in
using PET andfF]FU. Our next step will be to determineconjunction with eniluracil. Thus, circulating levels of FU
whether modeling of data obtained with the PESH[FU + during the very early period after high-dose, bolus adminis-
eniluracil technique provides useful information (i.e., accitation of the drug cannot be imitated safely in the PET/
rate measurements of identifiable aspectsi&f]FU trans- [*®F]FU + eniluracil technique. (c) Eniluracil may influence
port and metabolism) in the Ward tumor model. Given thé@e anabolic as well as the catabolic metabolism of FU. (We
complexity of the anabolic pathways of FU (Fig. 1), it seemi3ote that (c) appears not to be true, because eniluracil has
clear that time—activity curves derived from PET (Fig. 6Apeen found to improve the lethality of FU in tumor cells with
do not contain enough information to permit completBigh DPD expression but not to affect FU toxicity in tumor
determination of the pharmacokinetics 8HJFU in tumors. Cells with low DPD expressiori{). This suggests that DPD
The modeling problem may be simplified by the empirice{nactivation is the only significant effect of eniluracil in
fact that tumor radioactivity is composed mainly of FU anéimors.) Another consideration is that PET[FU +
FU metabolites of the RNA pathway. Other investigator%”"uracn is necessarily insensitive to DPD-mediated tumor
have successfully described pyrimidine kinetics in tumof§Sistance. However, this may not be important in practice
with relatively simple models. For example, Mankoff et aPecause of the recent advent of DPD assays of tumor biopsy
(36) recently showed that tumor incorporation &C- specimeng 40). Thus, in _the near future,_ patig_nts _With
thymidine (TdR) into DNA can be accurately computed with?PD-mediated tumor resistance may be identified in ad-
a 2-compartmental model that lumps TdR with thymidin¥&nce and treated either with FU plus a DPD inactivator or
nucleotides. Whatever the limitations, it seems likely thdith drugs not affected by DPD.
the combination of PETHF]FU + eniluracil and kinetic
modeling will provide information about FU kinetics jn CONCLUSION
tumors that cannot be obtained with either the NMRS/ We have shown in the Ward tumor model that eniluracil is
[*F]FU or the PETABF]FU technique. highly effective in blocking catabolism ot§]FU and that
The potential relevance of the PEFH]FU + eniluracil suppression of catabolism improves the biodistribution of
technique to chemotherapy depends on how well the methdd with regard to tumor visualization with PET. Without the
simulates the kinetics of FU in tumors during treatmenklocker, tumor radioactivityta2 h was associated predomi-
PET/[SF]FU + eniluracil is most likely to be useful for nately with catabolites. With catabolism eliminated, tumor
treatments that combine FU with eniluracil, because tf@tivity & 2 h was associated primarily with FU and its
technique can be made to simulate closely the pharmacokitabolites. Thus, eniluracil effectively removed unwanted
netics of FU during such treatments. Eniluracil and othé&ackground activity and greatly enhanced the depiction of
DPD inactivators are currently receiving considerable attefierapeutically significant cellular uptake and anabolism of
tion because their use permits oral administration of FU, afi in PET images. This strategy may prove helpful in the
there is growing recognition of the importance of DPDdevelopment of PET for noninvasive measurement of FU
mediated tumor resistance to FIU7|. It appears that FU-  pharmacokinetics in human tumors.
eniluracil may become an approved method of treatment for
metastatic disease in several prevalent types of cancer. PHsENOWLEDGMENTS
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