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Previous studies have demonstrated the tumor-targeting poten-
tial of radiolodinated S-iodo-2'-deoxyuridine (IUdR) in experi-
mental animal models following direct intratumoral or intracavi-
tary administration. The aim of this study was to measure the
tumor uptake and metabolic fate of 5-['?®ljiodo-2'-deoxyuridine
(("2%1)IUdR) in humans after a single intratumoral injection. Ten
patients with colorectal cancer were injected intratumorally with
['2%)IUdR (0.24-3.9 MBq) during endoscopy 24 hr before abla-
tive surgery. Blood and urine samples were collected up to 72 hr
after ['2%1)IUdR injection. Following resection, the radioactivity in
the tumor and the surrounding tissues was measured in a
gamma counter, and microautoradiography was performed on
semi-thin tissue sections to assess localization of the radiophar-
maceutical at the cellular level. An average of 0.234% of the
injected dose was present per gram of tumor (range 0.009—
0.918, median value 0.147), and tumor-to-nontumor radioactivity
incorporation ratios were high for colonic mucosa when the non-
tumor tissue was taken at 1 cm (mean 629, range 27-2391) and
15 cm (mean 2387, range 122-12674) from the injection site.
Microautoradiography confirmed these high tumor-to-nontumor
ratios and demonstrated localization of ['2%1)IUdR in the tumor
cell nuclei. These results suggest that radioiodinated IUdR might
have potential as a tumor-targeting agent in humans, provided

homogeneous intratumoral distribution of the radiopharmaceuti-
cal by a suitable route of loco-regional administration can be

achieved.
J Nucl Med 1993; 34:1175-1183
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Recent studies have revived interest in the use of ra-
diohalogenated synthetic thymidine analogues for in vivo
tumor targeting (I-5). It has been shown that S-iodo-2'-
deoxyuridine (TUdR) is retained over a relatively long time
in cell nuclei upon its active incorporation into the DNA of
dividing mammalian cells (6-10) where it may also exert
some radiosensitizing activity (11, 12) whose clinical poten-
tial is currently being investigated (13, 14). Rapid metabolic
degradation of these compounds (15-21) and their nonse-
lective uptake into all dividing cells in the body (whether
they be normal or tumor cells) have so far constituted the
main drawbacks to their use for in vivo tumor targeting
following systemic administration. It is therefore not sur-
prising that attempts at tumor imaging by external scanning
after intravenous administration of radiohalogenated thy-
midine analogues (labeled with either #Br or '3'I) have
generated rather disappointing results (22, 23). On the other
hand, experimental studies in animal tumor models have
demonstrated that locoregional administration of radioio-
dinated IUdR (by direct intratumoral injection or by intra-
cavitary administration) is followed by a highly efficient
incorporation of the radiopharmaceutical in tumor cells
(1-5,24).

The aim of the present work was to evaluate the in vivo
uptake and metabolic fate of ['*IJTUdR in humans after
intratumoral injection. For this purpose, radiolabeled
TUdR was injected intratumorally during endoscopy in pa-
tients with colon cancer scheduled for ablative surgery.
Aware that a single intratumoral injection is not a practical
way to achieve homogeneous tracer distribution within the
tumor, we specifically designed this study to: (a) demon-
strate that radioiodinated IUdR is incorporated into the
nuclei of tumor cells next to the injection site under these
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TABLE 1
Patients’ Clinical Data and Histopathologic Staging/Grading

Patient Age Size Histopathology
no. (V) Sex Site (cm) Dukes* staging Grading M/10 HPF*

MLO1 75 F Sigmoid 2x2 B1 pT2NO G2 17
CF02 87 F Left colon 3x4 B2 pT3NO G2 12
ARC3 51 F Left colon 45x 6 B2 pT3NO G2 20
CMO04 53 F Rectum 25x5 (o7 pT3N2 G3 20
TC06 67 M Rectum 45x%x55 B2 pT3NO G2 13
CSo07 66 M Rectum 3x3 B2 pT3NO G2 5
TMO08 78 M Rectum 3x5 B2 pT3NO G2 5
BL11 70 F Sigmoid 2x3 C1 pT2N1 G2 35
GG13 78 M Sigmoid 4x4 Cc2 pT3N2 G4 22
AP19 62 F Sigmoid 15x25 B2 pT2NO G2 8

*Modified by Astier and Coller (The prognostic significance of direct extension of carcinoma of the colon and rectum. Ann Surg 1954;139:846-

851).
TNumber of mitoses per 10 high-power fields.

experimental conditions, (b) provide a quantitative evalu-
ation of tumor versus nontumor incorporation in an envi-
ronment in which both normal and cancer cells have a high
proliferative index and (c) determine the metabolic fate of
this radiopharmaceutical in humans following intratumoral
injection.

MATERIALS AND METHODS

Radiotracer

No-carrier-added sterile ['*IJIUdR (specific activity 74 TBq/
mmol [2000 Ci/mmol]) was purchased from Amersham Plc (Am-
ersham, United Kingdom). The compound was routinely injected
within 1 wk after labeling (radiochemical purity over 95%; not
more than 5% radioiodide on chromatography). After testing for
the absence of pyrogens, the tracer was dissolved in physiologic
saline (0.15 M NaCl) for direct tumor injection during endoscopy.

Patients and Protocol

Ten patients (six women and four men, 51-87 yr of age) sched-
uled for ablative surgery for colorectal adenocarcinoma were en-
rolled in the study. Table 1 details the location, extent, histologic
gradings and staging of neoplastic disease for these patients.

The protocol was approved by the Joint Ethical Committee for
the Protection of Human Subjects in Medical Research of the
University of Pisa Medical School and the University-affiliated
Hospital of Pisa and was subject to a limitation on normal tissue
sampling (see below). Before giving their consent, patients were
informed that the principal aim of the investigation was to assess
the tumor-targeting capabilities of the proposed procedure and
that treatment of their disease would not be affected by the results
of the procedure itself.

Beginning 48 hr before ['*I)IJUdR administration, patients
were given potassium iodide (10 drops of a saturated KI solution
three times a day) for a total of 10 days to prevent thyroidal
accumulation of '?] released during metabolic degradation of the
injected tracer. On the day before scheduled surgery, intratumoral
injection of ['*IJTUdR was performed during endoscopy (flexible
fiber-optic colonoscope model CFI1T10I, Olympus, Fukuo,
Tokyo, Japan) using a catheter designed for esophageal vein scle-
rosing injections (4-mm, 23-gauge needle). A total volume of 0.5-1
ml (measured by the double-weighing technique using an elec-
tronic scale with 0.01 mg accuracy) containing about 4-15 MBq of
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[**1JTUdR (100-400 uCi) was injected at the intraluminal growing
edge of the tumor (in its most distal portion) in two to four
separate injections a few millimeters apart. Endoscopic observa-
tion during injection revealed that a substantial fraction of the
injectate leaked out at the injection site. Meticulous saline wash-
ings of the surface of the infused area and of the syringe and
catheter used for injection resulted in the recovery of 58%-95%
(mean 82%) of the radioactivity withdrawn from the storage vial.
The actual injected dose (calculated as the difference between the
dose withdrawn from the stock solution and the cumulative re-
covered radioactivities) was therefore equal to about 0.24 to 3.9
MBq (6.4-106 uCi).

Vital signs (pulse rate, arterial blood pressure, respiration,
body temperature) were monitored during the first 24 hr after
intratumoral injection of ['*IJIUdR, at which time patients un-
derwent surgery and were then monitored according to routine
intensive care procedures. No adverse reaction of any kind was
observed in any of the patients participating in the study.

Heparinized venous blood samples were routinely taken at 15
and 30 min and at 1, 2, 3, 6, 12, 24, 36, 48 and 72 hr after
intratumoral injection to derive clearance curves. Urine samples
(pooled at 24-hr intervals) were collected over the same period to
evaluate removal of radioactivity from the body.

Samples taken from the surgical specimen were used for radio-
activity measurements and microautoradiography. In addition, in
the first two patients, surgical biopsies were taken from the liver
(edge biopsy) and from the bone marrow (iliac crest) during the
main surgical procedure. The Ethical Committee did not grant
further authorization for tissue sampling from these sites since no
significant radioactivity was detectable in these specimens. Fi-
nally, the gallbladder and bile were obtained for radioactivity
measurements in two patients for whom cholecystectomy had
been scheduled at the same time as tumor ablative surgery be-
cause of known cholelithiasis.

Processing of Tissue Samples for Assessment of
Radioactivity

After repeated washing with physiologic saline, the entire tu-
mor was systematically dissected into 0.2- to 0.8-g specimens,
working from the endoluminal to the serosal surface (thus also
frequently including some normal tissue components that were
macroscopically evident). These ‘‘tumor’ samples (as well as
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normal tissue samples taken as detailed below) were blotted dry
on filter paper (except for the bone marrow), weighed and placed
in 10% formalin using propylene test tubes suitable for counting in
an automatic gamma counter (1282 Compugamma CS, LKB-Wal-
lac, Wallac Oy, Turku, Finland). This equipment had a measured
counting efficiency of 85% for '%I. Tissue samples were counted
for 20-60 min with counting errors below 1% (typically 0.1%-
0.3%). Radioactivity counting of all tumor samples served to
identify the areas adjacent to the injection sites that were not
otherwise identifiable except for the generic location at the distal
end of the tumor, i.e., the portion best approached during endos-
copy.

For each patient, the radioactive content of colonic mucosa
taken both within 1 cm and at 15 cm from the injection site was
also measured. In this regard, colonic mucosa within 1-4 cm from
colorectal cancer is commonly defined as ‘‘transitional mucosa”
(25) and is characterized by cell proliferation kinetics faster than
mucosa more distant from the tumor, even if generally exhibiting
normal appearance at conventional light microscopy (26,27). In
addition, samples of the following normal tissues were similarly
processed and counted for radioactive content: liver and iliac
crest aspirates (n = 2), mesenteric fat from the injection area (n =
8), hyperplastic lymph nodes from the surgical area (n = 4) and
gallbladder and bile (n = 2). The fraction of injected dose present
in each sample and the tumor-to-nontumor radioactivity incorpo-
ration ratios were calculated and tissue samples with the highest
radioactivity were selected for microautoradiography.

Microautoradiography

After alcohol dehydration, tissue samples were embedded in
paraffin and sequentially sectioned (semi-thin sections, 3-4 um
thick), coated with NTB-2 emulsion (Kodak, diluted with distilled
water 1:1.5), dried and stored at 4°C in light-tight boxes. Follow-
ing exposure of at least 4 wk in the dark, the emulsions were
developed (Kodak developer D-19b) for about 5 min at 19°C and
fixed (Kodak Unifix or Kodak F-5 fixer) for 10 min. Finally, the
slides were rinsed, stained with hematoxylin-eosin and mounted
in Permount. Gamma counting of aliquots from the solutions used
for tissue dehydration and for staining revealed minimal radioac-
tivity contents, thus confirming earlier findings demonstrating that
95% of ['*I]JIUdR is found to be incorporated into the nuclear
DNA of labeled cells (28).

Microautoradiography was also performed on peripheral blood
smears obtained from patients CF02 and ARO3 at 1 and 2 hr,
respectively, after intratumoral injection of ['*IJTUdR. Blood
smears were fixed in 100% methanol, processed as described
above and stained with Wright stain.

Microautoradiographs were analyzed with the aid of an image
processing computer system (see Fig. 1). The microautoradio-
graphic slides were placed on a uniformly illuminated surface, and
a camera fitted with a Vidicon tube, a Canon lens Macro 50 mm
(1:3.5) and a Canon extension tube FD25 was used to transfer a
video image of the slides to an array processor-based computer
for image processing (Mipron, Kontron, Munich, Germany). The
analog-to-digital converter, running at 20 MHz, digitized the im-
ages into matrices of 1024 x 1024 pixels, 256 color levels each
(using adequate ““look-up”’ tables for pseudo-color rendering, see
Fig. 1B). By means of the digitizing tablet and with the aid of a
marker controlled by a track-ball, a contour was manually drawn
to establish the boundaries of both the histologic preparation in
toto and the tumor subset corresponding to the volume occupied
by the injectate (identified by the blackened region in the microau-
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toradiograph). The computer calculated the areas of the whole
tissue slice and of the tumor subset in terms of number of pixels,
and the subset-to-whole slice area ratio was then obtained.

Processing of Blood and Urine Samples

In order to derive blood clearance and urinary excretion rates,
the radioactive contents of aliquots of blood/plasma and urine
samples were measured. Blood samples were routinely allowed to
equilibrate (2-3 hr at 4°C) to reach homogeneous radioactivity
distribution before separating plasma. Immediately after separa-
tion, plasma sample aliquots as well as urine aliquots from three
patients (MLO1, AR03 and TM08) were lyophilized for later
HPLC analysis, to evaluate the radioactive species present at
various times after injection. In fact, stability experiments had
shown that radioiodinated IUdR incubated with blood is slowly
deiodinated, the tracer being degraded with a half-life of about 72
hr at 4°C. After reconstitution, the plasma samples were immedi-
ately processed for HPLC at 4°C in order to prevent any impor-
tant phosphorolytic cleavage of radiolabeled IUdR by enzymatic
activities (29,30).

Reconstituted urine samples (pooled from 0 to 24 hr and 24 to
48 hr, n = 6) were filtered through 0.22-um Millipore filters and
analyzed on a C18 reversed-phase HPLC column using CH,OH/
H,0 (20/80; flow rate: 1.0 ml/min) as the mobil phase. Samples
with high radioactivity content were injected directly on the col-
umn after filtration. For samples with less radioactivity, the fil-
tered urine samples were extracted with chloroform/tetrahy-
drofuran (5/1) (4 X 1 mi/ml urine) to remove any IUdR and
metabolites soluble in organic solvents. The organic layer was
then evaporated under a stream of nitrogen to a volume of about
100 ul and analyzed on a C18 column. The aqueous layer was
treated with chloramine-T (0.1 mg/ml urine) to facilitate the ex-
traction of oxidized ' with chloroform (4 x 0.5 ml). Aliquots of
each fraction were counted. The iodide recovered in this second
layer was reduced with 10 ul of an aqueous sodium metabisulfite
solution (10 mg/ml) to prevent its loss during evaporation of the
solvent to about 100 ul.

Reconstituted plasma samples collected at 1, 2 and 3 hr (n = 6)
were treated in the following manner. To each sample, an equal
volume of ethanol was added to precipitate proteins (10 min on
ice). Samples were centrifuged at 3000 g for 20 min, the superna-
tant was Millipore filtered and aliquots (approximately 100 wul)
were injected on the C18 column.

RESULTS

Tissue Radioactive Contents and Tumor-to-Nontumor
Ratios

An average of 0.234% of the injected dose per gram
(ID/g) of tissue (range 0.009-0.918, median value 0.147%
ID/g) was measured at the injection site. Table 2 gives the
values obtained for each patient as well as the tumor-to-
nontumor radioactivity incorporation ratios for normal co-
lonic mucosa within 1 cm and at 15 cm from the injection
site. These tumor-to-colon ratios were high: within 1 cm,
mean 629, median 547; at 15 cm, mean 2387, median 1276.

In the liver biopsy specimens obtained from Patients
MLO1 and CF02, barely detectable amounts of radioactiv-
ity (less than twice background) were found to be associ-
ated with liver parenchyma 24 hr after intratumor injection
of ['®IJIUdR, which resulted in very high tumor-to-liver
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TABLE 2
Tissue Counting and Microautoradiography Data

Patient Tumor Tumor/Nomal colon Incorporation
no. (%ID/g) icm 15cm Tumor-to-blood (% tumor celis)

MLO1 0.308 758 2759 440 38.0
CF02 0.343 562 1885 330 417
ARO3 0.097 532 1098 222 32.2*
CM04 0.009 27 122 16 t
TC06 0918 2391 12674 168 53.0
Cso7* 0.046 849 1454 249 30.1
TMO08 0.047 66 463 61 145
BL11 0.196 35 716 342 342
GG13 0.291 697 2066 536 340
AP19 0.082 375 637 113 20.0*
Mean + s.e.m. 0.2337 + 0.0898 629 + 230 2387 + 1235 248 + 555 33.1+40
Median 0.1465 547 1276 289.5 340

*Occasional radioactive incorporation by transitional epithelium.

TAutoradiography not performed because of low incorporation (7000 cpmyg tumor).

*Surgery performed 72 hr after ['231]IUdR injection.

ratios (13946 and 3142, respectively). The gallbladder wall
of Patients MLO1 and BL11 also had extremely low radio-
active content (tumor-to-gallbladder ratios of 5838 and 494,
respectively), whereas radioactivity in the bile of these two
patients (tumor-to-bile ratios 403 and 103, respectively)
was consistently higher than in the blood at the time of
surgery (bile-to-blood ratios 1.13 and 3.31, respectively),
thus suggesting an active biliary excretion mechanism. Un-
fortunately, these biliary radioactivities were too low for
chromatographic identification of the radiochemical spe-
cies.

The bone marrow biopsy was unsuccessful in Patient
CF02, since only fatty material without any associated
radioactivity was recovered. For Patient MLO01, the radio-
active content of the bone marrow was very low with a
tumor-to-bone-marrow ratio of 1756 and a blood-to-bone-
marrow ratio of 3.9 (despite the fact that the bone marrow
material was not washed free of blood before weighing and
counting the radioactivity). Finally, radioactivity incorpo-
ration was very low in the mesenteric fat samples taken in
the vicinity of the injection site (average tumor-to-fat ratio
3532, range 1410-7383), whereas the average tumor-to-
lymph node ratio for hyperplastic lymph nodes draining
from the tumor was 567 (range 189-2127).

It should be noted, however, that the tumor uptake
values listed in Table 2 underestimate actual radioactivity
incorporation by the tumor per se. It was obvious in the
microautoradiographs that the so-called ‘“tumor’” samples
included normal intestinal wall components and that the
distribution of radioactivity within the tumor was confined
to a restricted volume around the injection sites. Comput-
er-aided image analysis of microautoradiographs obtained
with sequential sections showed that about 25% of the total
tissue specimen (range ~10%-45%) corresponded on av-
erage to ““‘tumor’” actually exposed to the injectate (Fig.
1A-B). This volume had a roughly ellipsoidal shape within
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the tumor mass, but showed sometimes more irregular
shapes due to either stromal connective structures limiting
tracer diffusion around the injection site and/or the random
cut of the surgical specimen.

Microautoradiography

Microautoradiography confirmed the very high tumor-
to-nontumor ratios obtained by in vitro tissue counting and
showed that within each tumor there were areas of high
radioactivity (probably corresponding to the injection site),
areas with lower uptake levels and areas virtually devoid of
any radioactivity (distant from the injection site). Further-
more, radioactivity incorporated by the tumor cells was
specifically associated with the nuclei of these cells (Fig.
2). Within tumor areas showing the highest uptake, the
fraction of neoplastic cells with nuclear-associated radio-
activity varied between 15% and 53% (mostly in the 30%-
40% range, Fig. 3A, Table 2).

Normal appearing cryptal glands overlying the tumor
(transitional mucosa, Fig. 3B) in some cases exhibited a
very low incorporation of radioactivity, either at their lu-
minal surfaces and/or towards the lamina propria. A some-
what higher incorporation by transitional mucosa was seen
only in Patients AR03 and AP19, while radioactivity was
occasionally observed within the tumoral stroma. Autora-
diographs of the peripheral blood smears obtained in Pa-
tients CF02 and ARO3 at the peak of circulating radioac-
tivity showed some silver grains upon long-term exposure
(4-6 mo). However, these grains were not associated with
specific blood elements and all activity seemed to be back-
ground.

Radioactivity Kinetics in Plasma and Urine
Radioactivity in plasma rose quickly after intratumoral
injection of ['®IJIUdR, reaching a peak at the 1-hr time
point to correspond to about 4%-6% of the ID/liter of
plasma. The decline in radioactivity followed monoexpo-

The Joumal of Nuclear Medicine © Vol. 34 ¢ No. 7  July 1993



B #15[U4R 006, TUM 1

Arm | (vhole sction ) 49669 pimls '
Area 2 (tumor subsst) 6375 pimsls

Area 2Area 1 = 12.53%

nential, first-order kinetics at least up to 24 hr after injec-
tion (Fig. 4), with a mean half-life of 8.09 + 1.92 hr (slope:
0.08971 + 0.02057 hr™?). As demonstrated by HPLC, vir-
tually all of the radioactivity was in the form of free ['*Iio-
dide (298%), with the exception of the plasma samples at
the 3-hr time point, where about 5% of the total radioac-
tivity recovered was identified as undegraded ['*IJIUdR.

Urinary excretion of radioactivity accounted for 67.07
6.47 %ID over the 3-day period following intratumoral
administration of ['ZIJIUdR. Most of the excretion took
place within the first 48 hr postinjection (50.89 * 8.02 %ID
on Day 1, 15.10 + 7.54 %ID on Day 2, 1.07 + 0.10 %ID on
Day 3). In two patients in whom urine collection was con-
tinued beyond 72 hr, additional recovery of excreted ra-
dioactivity was minimal (0.115 %ID and 0.075 %ID, re-
spectively on Days 4 and 5 for Patient MLO1; 0.08 %ID on
Day 4 for Patient AR03). Of the radioactive species in the
urine samples analyzed by HPLC, undegraded ['*IJIUdR
accounted for a substantial fraction of radioactivity (18%-
24% of total) in the first 24 hr. The remaining radioactivity

~ e, U e -
FIGURE 2. High magnification (~1020x) of a microautomdio-
graphic section obtained after short-term exposure demonstrates
radioactivity incorporation specifically in tumor cell nuclei.
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FIGURE 1. Example of computer-aided
image analysis for microautoradiographs
(magnifications ~2.8x). (A) Original tissue
section after complete processing (develop-
ment of photographic emulsion and staining
with hematoxylin-eosin). The portion of tu-
mor with radioactivity incorporation is clearly
outlined as the darkened area, whereas the
section includes both tumor and nontumor
components (intestinal wall in lower left). (B)
Image processing: Area “1” corresponds to
entire surface of tissue section (49,669 pix-
els in this example) and was outlined by
color-level . Area “2" (site of
['#1IUdR injection, occupying only central
lower part of tumor component) was delin-
eated with the aid of a track-ball using low-
magnification microscopy (10-25x) of the
original section (A) as a guide as the area
containing cells with overlapping high-den-
sity grains. The ratio of Area “2" to Area “1"
is 0.1283 (or 12.83%).

excreted on Day 1 was ['*liodide, virtually the only ra-
dioactive species present in the Day 2 samples.

DISCUSSION

Iodine-125, which decays predominantly (93%) by inter-
nal conversion following electron capture, demonstrates an
Auger effect in which extremely low energy (<1 keV)
electrons (mean of 20 per decay) are produced (31). This
event deposits 10° rad/decay within a 20-nm sphere around
the decaying atom (10,32,33). Experiments have shown
that the decay of this isotope in the DNA of dividing
mammalian cells leads to: (a) the efficient production of
DNA double-strand breaks (DSB) (one decay = one DSB)
(34); (b) an exponential reduction in cell survival with no
shoulder (absence of repair) on the survival curve and high
relative biological effectiveness (RBE) values (7.3) (10,33-
37); and (c) an oxygen enhancement ratio (OER) of 1.4 (37)
which is significantly smaller than the OER of 3 for x-ray
exposure. In contrast, the decay of '2’I within cell cyto-
plasm (33), affixed to cell plasma membranes (35) or extra-
cellularly (10,32) produces no extraordinary lethal effects
and these survival curves: (a) resemble those observed
with x-ray (have a distinct shoulder); (b) exhibit shallower
slopes; and (c) have a low RBE (<2).

IUdR is a thymidine (TdR) analogue in which the
S-methyl group of TdR is replaced by iodine. Since the
S-methyl group and the iodine atom have similar van der
Waals’ radii, this substitution gives a compound that be-
haves remarkably like TdR (6,10, 38). Within the cell, it is
phosphorylated in a stepwise reaction (39) and incorpo-
rated into DNA, the latter process being proportional to
exposure time and extracellular concentration (10). Once
incorporated, most of the IUdR is retained for the life of
the cell or its progeny (6), with some slow-rate deiodination
occurring in vivo (40).

The use of IUdR in vivo creates several problems. The
first relates to the matter of achieving high tumor-to-normal
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FIGURE 3. (A
shows active radioactivity incorporation by a
fraction of tumor cells as high as ~40%—
50% (magnification ~190x). (B) Higher
magnification (~290x) shows no radioactiv-
ity incorporation in cryptal gland celis of nor-
mal appearing transitional mucosa (left)
overlying a nest of tumor cells with intense
radioactivity incorporation.

% ‘g
. 3 -.“

tissue ratios in the face of high in vivo instability [the
half-life of IUdR in the circulation in humans is <5 min (21)
and in mice 7 min (20)]. The second relates to the uptake of
IUdR by actively proliferating normal cell renewal systems
(bone marrow, gut) and the consequent possibility of nor-
mal tissue toxicity. Both of these problems may be solved
by direct (e.g., locoregional) drug administration. A third
problem shared with other cycle-dependent drugs is that
IUdR can only label cells in the DNA synthetic S phase.
However, earlier studies (1,3,5,24) have clearly demon-
strated that the locoregional administration of radiolabeled
IUdR in several animal tumor models leads to the scinti-
graphic detection and therapy of tumors.

The present results obtained in humans confirm the
highly favorable tumor-targeting properties of radioiodi-
nated IUdR previously shown in animal tumor models
following its locoregional administration (J,3,5,24). In par-
ticular, samples taken from tumors surgically resected 24
hr after intratumoral injection of ['*IJIUdR demonstrate
that the fraction of administered radioactivity that remains
associated with the tumor at the injection site is quite high.
The average minimal estimate of 0.234 %ID/g of tumor
(range 0.009-0.918 %ID/g not corrected for that portion of
the tumor actually exposed to the injected ['ZIJIUdR) is

INTRATUMORAL INJECTION OF '®I-UdR

Colon Cancer Patients
(n=10)

FRACTION OF 2] PEAK ACTIVITY IN PLASMA

v v v
0 H 10 15 20 25
TIME AFTER INJECTION ( hours )

FIGURE 4. Senﬂogaﬂhmicplotofmeanvalues(ﬂsd)for

pohtsfrompeakmonward(seeplot) y = 1.0572e" =
0.998; p < 0.001).
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higher than that most commonly observed following sys-
temic administration of radiolabeled antitumor monoclonal
antibodies (range 0.001-0.01 %ID/g) (41). It should also be
noted that such favorable tumor targeting in vivo is
achieved by injecting a radioactive tracer that has virtually
no mass (it is on the order of 10~ g or 10~!7 moles), as
compared to the intravenous infusion of unlabeled IUdR or
5-bromo-2'-deoxyuridine in gram amounts (or 10~ moles)
in order to achieve incorporation by sufficient dividing
tumor cells so as to be detected by immunohistochemistry.
Furthermore, the very high levels of radioactivity incorpo-
rated in tumor compared with surrounding colonic tissue
indicate that a more than satisfactory level of tumor tar-
geting has been attained in these patients. In particular,
radioactivity incorporation by normal dividing tissues lo-
cated both adjacent to and outside the area directly in-
volved by the intratumoral injection (such as transitional
colonic epithelium and the bone marrow, respectively) is
extremely low. On the other hand, metabolic clearance of
['ZIJIUdR is extremely fast. At 24 hr postinjection, virtu-
ally no radioactivity is associated with parenchymal cells
involved in the degradation process (i.c., the hepatocytes).
The fast metabolic clearance of ['*I]JTUdR drained from
the injection site into circulating blood also prevents any
significant uptake by dividing cells in the body, including
tumor cells, relatively distant from the injection site.

The high tumor-to-nontumor ratios and the intranuclear
incorporation of radioactivity were confirmed by microau-
toradiography. In addition, microautoradiographs demon-
strate that radioactive incorporation is highest at the injec-
tion site, while simultaneously showing that tracer
distribution within the entire tumor mass is, as expected,
uneven; this makes intratumoral injection an unsuitable
modality of locoregional administration if the goal is to
achieve homogeneous distribution of the radiopharmaceu-
tical within the tumor. On the other hand, even within
areas with high levels of associated radioactivity, there are
nests of tumor cells that show a lesser degree of incorpo-
ration, probably reflecting the well known heterogeneity of
proliferative activity within any given tumor. The fraction
of tumor cells that show incorporation of radioactivity at
the injection site is very high (at least 15% to over 50% of
these cells) and is consistently higher than the tumor label-
ing index values most commonly reported for colorectal
cancer (rarely higher than 20%) following a 30-min in vitro
incubation of surgical or biopsy tissue samples with triti-
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ated TdR (42-47). It should be pointed out, however, that
[**1]JIUdR incorporation by tumor cells did not correlate
with tumor grading at histology as was previously reported
for the tritiated TdR incorporation index (48 49). In addi-
tion, there does not seem to be a correlation between
injected dose and level of uptake.

A comparison of the data in this study with those from a
breast cancer study (50) indicates that the uptake values
are lower in the latter case in which the tumor is charac-
terized by low cell-proliferation kinetics. When plotting the
percent of tumor cells showing radioactivity incorporation
versus the fraction of injected dose taken up by the lesions,
a highly significant positive correlation is found in both of
these patient populations (Fig. 5).

Most of the ['®IJIUdR escaping immediate intracellular
incorporation is likely to be transferred to the liver via the
portal veins within minutes after injection, as indicated by
the early appearance of radioactivity in the blood (peaking
at 1 hr mostly in the form of metabolized tracer). Thus,
diffusion of the tracer through the tumor is on the order of
15-45 min at most; this actually represents more of a
““pulse”’ than an ““infusion” type of exposure of tumor cells
to ["®IJIUdR. These considerations also apply to a certain
extent to the spatial component of the exposure of tumor
cells to the injected tracer. In fact, notwithstanding all
possible differences in vascularity, vascular permeability,
blood flow and intratumoral metabolism among different
patients, all cases consistently exhibited the same pattern
of appearance and clearance of radioactivity in circulating
fluids, with narrow coefficients of variation at all time
points (Fig. 4). A minor fraction of the ["*IJIUdR injected
intratumorally may be drained through a more slowly
clearing system, a situation similar to that observed after
intramuscular administration of radioiodinated IUdR (51).
This remaining component might label cells entering the S
phase and account for the high labeling indices observed in
the patients’ tumors and might explain the late appearance
of some undegraded ['*IJTUdR at the 3-hr time point.

Since IUdR belongs to the class of drugs undergoing
rapid first-pass hepatic degradation (21, 51-53), most of the
tracer flowing through the liver is rapidly deiodinated, and
radioactivity is released into the circulation in the form of
free ['®Iiodide which subsequently is excreted in the
urine. Following the peak of plasma radioactivity attained
1 hr after intratumoral injection of ['*I]JIUdR (Fig. 4), the
curve is virtually superimposable on that observed follow-
ing systemic bolus injection of free radioiodide (54,55),
which has a plasma half-life of about 6 hr (versus about 8 hr
for total plasma radioactivity in our patients) and a slope of
about 0.1 hr™! (versus about 0.09 hr™! in our patients).
These findings are consistent with the extravascular admin-
istration of a parent drug whose main metabolic pathway is
removal from the body by deiodination and subsequent
excretion through the kidneys. However, within the first 24
hr after injection, a certain fraction of the drug escapes
deiodinative catabolism and is directly excreted in the
urine.
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FIGURES Semilogarithmic plot of percent of tumor cells show-

ng radioactivity incorporation above background versus fraction of
Injemd ['%1)IUdR dose per gram of tumor observed in the patients
with colon cancer (closed circles) and in patients with breast cancer
(open circles, from ref. 50). Equation of function i all
experimental points combined (see plot): y = 0.0172 x 10*% ;
r = 0.935; p < 0.001). The radioactivity i values (both as
percent of labeled celis and as fraction of ID/g of tissue) correspond
for each patient to the areas with the highest incorporation.

The urinary recovery of administered radioactivity ob-
tained in this study is about 70% over 3 days, with minimal
additional amounts up to the fifth day postinjection. Such a
low value might be explained by the incomplete recovery
of the tracer leaking in the intestinal lumen at the moment
of injection (however meticulous the collection of colonic
washing fluid may have been), resulting in spuriously high
estimates of the dose actually injected. However, the ratio
of peak activity in plasma (i.e., 1 hr postinjection) to in-
jected dose observed in this study (4-6 %ID/liter) is within
the same range as that observed in a parallel study involv-
ing percutaneous injection of ['*IJIUdR in patients with
breast cancer (4.96 + 1.08 %ID/liter), a strictly controlled
condition that allows accurate estimate of the dose injected
(50). Therefore, some excretion of radioactivity through
the bile may also be assumed, as supported by the obser-
vations made in the two patients where this information
was available. Thus, parenchymal liver cells may metabo-
lize ["*IJTUdR not only by deiodination, but also through
conjugation and biliary excretion of the radiopharmaceuti-

CONCLUSION AND PERSPECTIVES

The overall results obtained in this study fulfill the spe-
cific, limited goals of the experimental design. In particu-
lar, following a single intratumoral injection of ['*IJIUdR,
we were able to demonstrate by differential tissue counting
high concentrations of radioactivity in the tumor and high
tumor-to-nontumor ratios, which reflect the high cell pro-
liferation characteristic of these colorectal tumors. Mi-
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croautoradiography showed that such tumor accumulation
is linked specifically to intranuclear localization of radio-
activity. Furthermore, analysis of the metabolic fate of
[*®IJIUdR confirmed the rapid degradation of the radio-
pharmaceutical in vivo, thus minimizing its uptake by nor-
mal dividing tissues outside the injection area.

Our current studies represent a preliminary effort to
demonstrate that locoregional administration of radioiodi-
nated IUdR results in good tumor targeting in a tumor
characterized by a high cell proliferation rate, at least
within the limited tissue space directly involved with the
injection ([*IJTUdR incorporation within the tumor is in
fact confined to a limited volume around the injection site).
We do not intend, however, to suggest that colorectal
cancer is a clinical situation where the tumor-targeting
potential of radioiodinated IUdR can be usefully exploited
by intratumoral injection.

Prospective applications in humans of locoregional ad-
ministration of radioiodinated IUdR should be considered
only where three essential requirements can be met: (a)
achievability of homogeneous tracer distribution within the
entire tumor; (b) availability of the tracer throughout sev-
eral tumor-cell growth cycles in order to target virtually all
tumor cells over a given period; (c) high cell proliferation
kinetics in order to maximize the tumor-to-nontumor in-
corporation ratio. The first two of these requirements can
be satisfied in part by certain locoregional administrations
of radiolabeled IUdR, e.g., intracavitary instillation and
intra-arterial infusion. The first modality is exemplified by
the intraperitoneal administration of radioiodinated ITUdR
in patients with early peritoneal spread from ovarian car-
cinoma or endometrial cancer. This approach represents a
logical transfer to humans of the experience acquired with
the animal tumor model of ascites ovarian cancer (3). Met-
astatic lesion size represents an important limiting factor
with this approach because homogeneous tracer distribu-
tion is only achievable in very small (0.5-1 mm) tumor
lesions. The second modality involves patients with pri-
mary or metastatic liver disease in whom a catheter con-
nected with a subcutaneous reservoir has been implanted
in the hepatic artery as a route for locoregional chemother-
apy. Again, the pattern of intratumor microcirculation
might limit the possibility of achieving homogeneous tracer
distribution within bulky tumor lesions. If these limitations
on the possibility of attaining homogenous distribution of
tracer within tumor lesions are taken into account, both
intracavitary and intra-arterial administration would allow
repeat injection or constant infusion regimens aimed at
targeting most of the tumor cells, which are asynchro-
nously progressing through the mitotic cycle.

In particular, patients with liver metastases from color-
ectal cancer appear to constitute a suitable model for test-
ing the tumor-targeting potentials of radioiodinated IUdR,
especially since this tumor usually displays high cell pro-
liferation kinetics (42-47), thus also meeting the third re-
quirement. We are therefore planning to initiate a pilot
study to evaluate by external gamma camera imaging the
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dosimetry and optimal dosing regimen of tracer doses of
121.1abeled IUdR (2-5 mCi range) infused into the hepatic
artery of patients with liver metastases from colorectal
cancer.
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