
promising. Since abnormalities on fMRI and FDG-PET reflect

different aspects of tumor metabolism, proliferation of new
blood vessels versus elevated glucose metabolism, the tech
niques are likely to be complementary.

CONCLUSION
This report demonstrates that the finding of intense hyper-

metabolism by FDG-PET is not pathognomonic for recurrence
in patients with brain tumors treated with radiation. However,
despite this very infrequent pattern, the procedure remains an
extremely important tool for the metabolic evaluation of brain
tumors.
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Comparative PET Imaging of Experimental Tumors
with Bromine-76-Labeled Antibodies, Fluorine-18-
Fluorodeoxyglucose and Carbon-11-Methionine
Anna LÃ¶vqvist, Anders Sundin, Amilcar Roberto, HÃ¢kanAhlstrÃ¶m, JÃ¶rgenCarlsson and Hans Lundqvist
BiomÃ©dicalRadiation Sciences, Departments of Diagnostic Radiology and Pharmaceutical Biosciences, Uppsala University,
and Uppsala University PET Centre, Akademiska Sjukhuset, Uppsala, Sweden

The potential of a 76Br-labeled anti-carcinoembryonic antigen
monoclonal antibody (MAb), 38S1, as a tumor-imaging agent for
PET was investigated in a comparative experimental study with
[18F]fluorodeoxyglucose f[18F]FDG) and L-[methyl-11C]methionine
([11C]Met). Methods: The three radiotracers were administered to

nude rats carrying subcutaneous xenografts or liver mÃ©tastases
from a human colonie carcinoma. Tracer biodistribution was evalu
ated by PET imaging and radioactivity measurement of dissected
tissues and also by whole-body autoradiography for subcutaneous
xenografts. Results: For PET imaging of subcutaneous tumors,
76Br-38S1 proved superior to the other radiotracers. Tumor-to-
tissue ratios were, except for the tumor-to-blood ratio, generally
higher for 76Br-labeled MAb than for [18F]FDG and [1lC]Met. Liver
mÃ©tastaseswere imaged with PET using both 76Br-38S1 and
[18F]FDG, and the metastases-to-liver ratios of dissected samples

were not significantly different for the two radiotracers. Conclusion:
The tumor-imaging capacity of 76Br-labeled MAb 38S1 was superior
to [18F]FDG and [11C]Met in the subcutaneous tumor model,
whereas 76Br-38S1 and [18F[FDG were equally successful for the

identification of liver mÃ©tastases.
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Several diagnostic problems involving the imaging and char
acterization of malignant tissues might benefit from the advan
tages of PET. The quantitative and temporal data obtained with
PET can give valuable information about the functional and
metabolic status of a lesion. The most commonly used agent for
tumor imaging by PET is [l8F]fluorodeoxyglucose ([I8F]FDG)

because the increased metabolic activity of many malignant
tumors is reflected by a higher uptake of [I8F]FDG than in most

normal tissues (7). Fluorine-18-FDG-PET has been useful for
the detection, staging and treatment monitoring of a variety of
malignant diseases (2). In the case of colorectal cancer, studies
have demonstrated the usefulness of [18F]FDG-PET in imaging

of metastatic and recurrent disease (3-6). Amino acids as
tumor-imaging agents have also proven valuable by taking
advantage of an increased membrane transport or protein
synthesis rate in the tumor. For instance, L-[methyl-"C]methi-
onine (["C]Met) has been successfully applied for imaging of

tumors in the brain (7,8) and in the lung (9,10).
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FIGURE 1. Overview of the experimental
procedure used for studying the kinetics
and distribution of 76Br-38S1, [18F]FDG
and [11C]Met/[14C]Met in nude rats carry

ing subcutaneous LS174T tumors. Each
horizontal line represents two animals.
Biodistribution was evaluated by PET,
whole-body autoradiography (ARG) and

gamma counting of dissected tissues. A
similar protocol was applied in the case
of rats carrying liver mÃ©tastases,but the
distribution of radiolabeled Met was not
investigated in this model and ARG was
excluded.
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In radioimmunodetection, tumor uptake of radiotracer does
not rely primarily on the metabolic status of a lesion but on the
specific binding of radiolabeled monoclonal antibodies (MAbs)
to tumor antigens. Therefore, MAbs could serve as more
specific tools for tumor detection and characterization, provided
that the expression of these antigens is mainly restricted to
tumor cells. The clinical application of MAbs as PET tracers
has so far been limited to a small number of studies (11-13),

although numerous immunoscintigraphy trials using gamma
camera or SPECT have been performed (14,15). Much attention
has been focused on recurrent colorectal carcinoma, where
immunoscintigraphy has been shown to be a useful complement
to conventional radiological methods (16-19).

In previous studies, the anti-carcinoembryonic antigen (CEA)
MAb 38S1 was labeled with the positron-emitting nuclide 76Br

(T1/2, 16 hr) (20), and the distribution kinetics were evaluated in
a xenograft model (21). The aim of the present investigation
was to compare the biodistribution and tumor-imaging capabil
ity of 76Br-labeled MAbs with [I8F]FDG and ["C]Met in nude

rats carrying either subcutaneous tumors or liver mÃ©tastases
from human colorectal carcinoma.

MATERIALS AND METHODS

Radiotracers
Bromine-76 was produced at the Gustaf Werner Cyclotron (The

Svedberg Laboratory, Uppsala, Sweden) using the reactions
na'Br(p, xn)76Kr, 76Kr(T1/2, 15 hr) -Â»76Br(T1/2, 16 hr) (22). MAb

38S1, kindly donated by Pharmacia (Uppsala, Sweden) is a mouse
anti-CEA antibody of the immunoglobulin GlÂ« isotype (23). A
partially purified preparation of bromoperoxidase was used (Sigma
Chemical Co., St. Louis, MO).

Bromine-76-MAb 38S1. MAb 38S1 (100 /xg) was mixed with
0.2 units of bromoperoxidase and 60-80 MBq of 76Br in 50 mM

sodium phosphate buffer (pH 7.0) (20). After the addition of H2O2
to a concentration of 80-160 Â¿mV/anda total volume of 200 Â¡u,the
reaction was allowed to continue for 40-60 min at 0Â°C.Bromine-
76-38S1 was separated from bromoperoxidase and low-molecular
weight components using a size-exclusion FPLC column coupled
to an HPLC system (Beckman 126 pump and 166 UV detector,
ÃŸflowdetector; Pharmacia FRAC-100 fraction collector). After
elution in 50 mM phosphate-buffered saline (PBS) (pH 7.3), the
amount of protein-bound radioactivity in the final 76Br-38Sl

preparation was determined by 10% trichloroacetic acid precipita
tion. Preservation of immunoreactivity was tested in a single point

binding assay in which radiolabeled 38S1 was incubated overnight
with an excess of CEA covalently coupled to paper disks.

Fluorine- 18-FDG. Fluorine-18-FDG in sterile water was pre
pared with >98% radiochemical purity using a PETtrace FDG
Microlab System (General Electric Medical Systems, Uppsala,
Sweden) (24).

L-[methyl-Carbon-ll]Met. Carbon-11-Met in sterile PBS with
>95% radiochemical purity was prepared as previously described
(25).

L-[methyl-Carbon-14]Met. Carbon-14-Met in 70% ethanol was
purchased from DuPont Scandinavia AB/New England Nuclear
Research Products (Stockholm, Sweden) at a specific activity of
1.5-2.0 GBq/mole and diluted in sterile PBS.

Tumor Models
The CEA-producing human colorectal carcinoma cell line

LS174T was used for tumor inoculation in nude rats (Rowett nu/nu,
5-8 wk old). For anesthesia, Ekvisitin (4.25 g of chloral hydrate
and 0.97 g of pentobarbital per 100 ml) or Inactin* was given

intraperitonially.
Subcutaneous Tumors. LS174T cells (5 X IO6) were injected

subcutaneously in the right hind leg and left flank of eight nude rats
and allowed to grow for 3 wk. At the time of experiment, tumors
weighed 0.3-1.4 g.

Liver MÃ©tastases. The surgical procedure for induction of
experimental hepatic mÃ©tastaseshas been described in detail
elsewhere (26). Five rats were injected with 5 X IO6LS174T cells

into a peripheral branch of the superior mesenteric vein 6 wk
before tracer administration. At the time of the experiment, all rats
carried one or several liver mÃ©tastases,weighing up to 1.3 g.

Biodistribution Experiment
An overview of the experimental procedure is shown in Figure

1.
Tracer Administration. Bromine-76-38Sl (2-4 MBq) or

[I8F]FDG (10-20 MBq) was injected into the left femoral vein,

cannulated with a plastic catheter through a groin incision, in rats
carrying subcutaneous tumors or liver mÃ©tastases.Carbon-11-Met
(10 MBq) or [14C]Met (200 kBq) was injected only in rats carrying

subcutaneous tumors. Some rats received more than one radiotracer
(Fig. 1), but the experiment was designed to allow selective study
of each radiotracer with only minimal influence from other
radionuclides.

Pharmacokinetics and PET Imaging. For analysis of blood
clearance rate, blood samples were drawn from a tail vein at 0.5, 1,
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FIGURE 2. Kinetics of 76Br-38S1 (A), [18F]FDG(B) and [11C]Met (C) evaluated by PET imaging (n = 4-6). tumor se = subcutaneous tumors; tumor Im = liver

mÃ©tastases.Error bars were omitted for clarity.

2, 7, 15, 22, 40 and 49 hr after injection of 76Br-38Sl. For PET

imaging, the rats were placed prone in a plastic multicompartment
holder, which allowed simultaneous examination of up to seven
rats. The Scanditronics GE 2048 PET-scanner (Scanditronics AB,
Uppsala, Sweden) allowed examination of an axial 10-cm region
divided into 15 slices. Transmission scans, corrected for previously
injected radioactivity when necessary, were used for attenuation
correction. Imaging of 76Br-38Sl distribution in four rats was

performed at 0, 21 and 42 hr postinjection in the case of
subcutaneous tumors and at 0 and 48 hr postinjection in two rats in
the case of liver metastasis. On each occasion, emission data was
collected during five serial 15-min frames, and summation images
were made of all frames. Standard PET protocols were used for
dynamic imaging of [I8F]FDG for 50 min (four rats carrying

subcutaneous tumors and five rats with liver metastasis) and for
imaging of ["C]Met for 45 min (six rats carrying subcutaneous

tumors). In these cases, summation images were created by adding
all frames obtained after 30 min postinjection. In the summation
PET images, radionuclide concentration in subcutaneous tumors,
liver metastasis, heart and kidney was measured in 0.8-cm2 circular

regions of interest (ROIs). Radionuclide concentration in normal
liver was measured only in rats carrying subcutaneous tumors by
applying 3-cm2 circular ROIs. Standard uptake values (SUVs)

were calculated as (tissue radioactivity/ml of tissue)/(injected
radioactivity/g of body weight). Assuming a tissue density of 1
g/ml, SUV corresponds to the accumulation index (AI) (see
below).

Whole-Body Autoradiography. Whole-body autoradiography of
two animals carrying subcutaneous tumors was performed accord
ing to Ullberg et al. (27). Both rats had been injected with
76Br-38Sl 47 hr before kill and with a mixture of [18F]FDG and
[14C]Met 1 hr before kill. Animal bodies were embedded in an

aqueous gel of carboxymethyl cellulose and frozen by immersion
in a mixture of solid carbon dioxide and n-hexane (â€”78Â°C).
Coronal sections, 20-/im-thick, were placed on film and stored at
â€”20Â°Cor rapidly dried and apposed to phosphorimaging plates

during exposition. At certain time intervals, the sections were
applied on new films or plates to obtain autoradiograms with
minimal influence (<10% of total radioactivity) of the other
radionuclides present. In the 76Br and I8F autoradiograms (plates),

the counts per pixel in ROIs corresponding to tumors and selected
normal tissues were analyzed with a PhosphorlmagerÂ® (Molecular
Dynamics, Sunnyvale, CA). The density pattern in 14Cautoradio

grams (film) was evaluated using an image analyzer and a public

domain image processing program (NIH Image). ROIs surrounding
the whole organ were used except for tumors, intestines and blood
vessels, where the tissue parts exhibiting the highest uptake were
measured. A tumor-to-normal tissue ratio was calculated for each
tumor and section.

TYisi/eUptake. For each radionuclide and tumor model, two rats
were killed by exsanguination under anesthesia at 48-50 hr
postinjection for 76Br-38Sl and 1 hr postinjection for [I8F]FDG
and ["C]Met. Blood, urine, dissected subcutaneous tumors, liver

mÃ©tastasesand pieces of normal tissues were weighed and mea
sured for radioactivity in a well scintillation Nal(Tl) detector. From
decay-corrected radionuclide uptake data, the AI was calculated,
corresponding to (radioactivity/g of tissue )/(injected radioactivity/g
of body weight). A tumor-to-normal tissue ratio was calculated for
each tumor and animal.

RESULTS
Bromine-76-38S1 Preparation

The overall radiochemical yield of 76Br labeling and purifi
cation of 76Br-38Sl was 29 Â±3%, in a total preparation time of

60-90 min. The final preparation contained 19-22 MBq of
76Br-38Sl at a specific activity of approximately 0.2 MBq/jug.
More than 97% of the 76Br activity was protein bound,

according to trichloroacetic acid precipitation. The immunore-
activity of 76Br-38Sl was 70%-75%.

Pharmacokinetics
Blood Measurements. Thirty minutes after the injection of

76Br-38Sl, the AI in blood was 16 Â±4 (mean Â±s.d.). After a

decrease to half of the initial value in about 7 hr, blood
clearance was slower, reaching 2.8 Â±0.6 after 2 days.

PET Measurements. During the first hour after 7<'Br-38Sl
injection, a high uptake of 76Br activity could be observed in

heart and normal liver, both containing a large blood pool (Fig.
2A). In rats carrying liver mÃ©tastases,the radioactivity distri
bution in liver was heterogeneous, but the mean uptake was
similar to that in normal liver at this time point. The decrease in
76Br concentration in blood during the following 2 days was
reflected in the PET images of heart and normal liver. The 76Br

uptake in liver containing mÃ©tastasesalso decreased, while a
gradual accumulation in subcutaneous tumors was observed.
On the second day after 76Br-38Sl injection, the most promi

nent regions of uptake were subcutaneous tumors and liver
mÃ©tastases.
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(A) 76Br-38S1 (B) [18F]FDG (C) [11C]Met

FIGURE 3. Coronally reconstaicted PET Â¡magesshowing the distributionof 76Br-38S1 (40 hr postinjection)(A), [18F]FDG(30-48 min postinjection) (B) and
[11C]Met (16-45 min postinjection) (C) in the same rat carrying subcutaneous LS174T xenografts.

After injection of [18F]FDG, the initially high uptake in the

heart region, reflecting blood radioactivity, decreased rapidly in
most rats to an almost constant level (Fig. 2B). However, after
the first few minutes, the heart uptake in three rats increased
continuously, to SUVs of 3.7 Â±0.6 (not included in Fig. 2B).
This difference could be ascribed to different nutritional status
affecting the glucose consumption of the heart (28). The
kinetics of [18F]FDG uptake in liver mÃ©tastasesdiffered from

that of normal liver, in which the maximum uptake was reached
around 2-3 min postinjection. Fluorine-18 activity in liver
mÃ©tastases increased steadily. A slow accumulation of 18F

activity was also observed in subcutaneous tumors but remained
low in comparison with most normal tissues. The pharmacoki-
netics of [ C]Met was characterized by a rapid washout from
the heart region and a similar rapid uptake in liver (Fig. 2C).
The SUVs obtained from measurements at the sites of subcu
taneous tumors remained low in comparison with liver uptake.

PET Imaging
Figure 3 displays PET images of the distribution of 76Br-

38S1 (A), [18F]FDG (B) and [HC]Met (C) in the same rat

carrying subcutaneous LS174T tumors in the right hindleg and
left flank. Imaging of all three tracers was performed separately
during a period of 6 hr (Fig. 1). Two days after administration
of 76Br-38Sl, both tumor sites could be easily identified in the

images, showing no other region of comparable uptake. The
most prominent region of 18F uptake in most rats was the
bladder due to the rapid excretion of [18F]FDG into urine.

Prominent uptake was seen in the abdominal region, probably
corresponding to the intestines. The tumor sites were barely
distinguishable, which was also the case in the [HC]Met

images, where the dominant feature was, as expected, the
intense accumulation of "C activity in the liver.

Figure 4 displays the PET images obtained after administra
tion of 76Br-38Sl (A) and [18F]FDG (B) to a rat carrying

numerous liver mÃ©tastasesof LS 174T cells. Imaging of radio-
tracer distributions was performed over a period of 3 hr, in the
case of 76Br-38Sl, 2 days after tracer administration. An

increased uptake in the liver region in comparison with normal

tissues could be observed for both radiotracers, and for
[I8F]FDG, 18F activity was also found in the intestinal region.

Whole-Body Autoradiography
Whole-body images of radioactivity distribution after injec

tion of 76Br-38Sl, [18F]FDG and [14C]Met in the same rat are
shown in Figure 5. In the subcutaneous flank tumor, the 76Br

activity 2 days after injection was found peripherally, surround
ing necrotic regions of the tumor (Fig. 5A). By contrast, the
tumor in the hindleg, with a rather intramuscular location in this
animal, was characterized by several foci of high 76Br accumu

lation in viable tumor tissue. Of the normal tissues, a uniform
distribution of 76Br was noted in liver and lungs, and in this rat,
a region in the left part of the abdomen. The distribution of 18F

activity in the flank tumor was also peripheral (Fig. 5B).
However, at the intramuscular tumor site, the 18Fuptake was, in
contrast to 76Br-activity, lower at this tumor site and located

along the periphery of the tumor masses. Selective accumula
tion of [ FJFDG could be observed in segments of the
intestines and in the brain. Tumor distribution of [14C]Met was

(A) 76Br-38S1 (B) [18F]FDG

FIGURE 4. Coronally reconstructed PET images after the administration of
76Br-38S1 (47 hr postinjection) (A) and [18F]FDG(30-48 min postinjection) (B)

to the same rat carrying liver mÃ©tastasesof LS174T cells.
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(A) 76Br-38S1 (B) [18F]FDG (C) [14C]Met

similar to that of [18F]FDG, although tumor uptake of 14C

activity was by far surpassed by its accumulation in liver and
intestines (Fig. 5C).

Tumor-to-tissue ratios based on measurements of whole-
body autoradiograms are shown in Table 1. Except for blood,
liver and lungs, the ratio of tumor-to-normal organ uptake was
higher for 76Br-38Sl than for [18F]FDG. Carbon-11-Met had

the lowest ratios, except in the blood, intestines and brain.

Tissue Uptake
Als of radioactivity after 76Br-38Sl, [18F]FDGand [HC]Met

administration were calculated from measurements of dissected
tumors and normal tissues in well scintillation gamma detec
tors, and selected results are presented in Figure 6. At 49 hr

TABLE 1
Tumor-to-Tissue Ratios in Whole-Body Autoradiograms from Two

Rats Carrying Subcutaneous LS174T Xenografts

FIGURE 5. Whole-body autoradiograms
after the administration of 76Br-38S1 (47
hr postinjection) (A), [18F]FDG(1 hr postin-
jection) (B) and [14C]Met (1 hr postinjec-

tion) (C) in the same or adjacent slices.
T = tumor; B = brain; In = intestine; Li =
liver; Lu = lung.

after injection of 76Br-38Sl, the highest 76Brconcentration was

found in tumors (weighing 1.2 Â±0.7 g and 1.1 Â±0.2 g, for
subcutaneous tumors and liver mÃ©tastases,respectively). The
highest uptake in normal tissues, apart from blood, was found in
lungs. Although the variations in urine excretion and heart
uptake of 18F activity were considerable, the average AI of

urine was the highest (12 Â±8), followed by heart (10 Â±7). The
mean [18F]FDGaccumulations 1 hr postinjection in subcutane

ous tumors and liver mÃ©tastases(tumor masses of 0.5 Â±0.4 g
and 0.9 Â±0.3 g, respectively) were similar at about 4, i.e.,
slightly higher than AI in brain (3.8 Â±2.1) and large intestine

Tissue 76Br-38S1 [18F]FDG 4C]Met

BloodKidneySpleenLiverStomachSmall

intestineLungMuscleBoneBrain1

.2(0.5)2.6(1.8)7.1

(5.3)1.3(0.5)3.0

(0.9)3.1
(0.7)1.7(0.8)22(11)6.3

(2.2)17(9)3.2

(0.4)1.4(0.4)3.2(1.0)2.6(1.0)2.6(1.3)0.3

(0.2)2.6(1.0)15(5.2)3.1

(0.7)1.1(0.8)1.5(0.6)1.1(0.2)1.8(1.3)0.3

(0.2)0.8
(0.3)0.5
(0.2)1.4(0.5)1.8(0.7)0.7

(0.3)2.1
(1.0)

10

Â§

4

3o

76Br-38Sl
[I8F]FDG
["C]Met

blood kidney liver small lung
intestine

bone tumor tumor
sc 1m

Both rats had been injected with 76Br-38S1 47 hr before sacrifice and a
mixture of [18F]FDG and [14C]Met 1 hr before sacrifice. Data presented are

means (s.d.) of measurements in 3-21 autoradiograms.

FIGURE 6. Tumor and tissue uptake of 76Br-38S1 (solid bar, four animals) 2
days postinjection, [18F]FDG (striped bar, five animals) 1 hr postinjection and
["CJMet (open bar, two animals) 1 hr postinjection, measured by gamma

counting. For tumors, each bar represents at least four specimens.
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TABLE 2
Tumor-to-Tissue Values After Dissection of Rats Carrying

Subcutaneous LS174T Xenografts or Liver MÃ©tastases
Two Days After Administration of 76Br-38S1 and
1 Hour After Injection of [18F]FDGand [11C]Met

Subcutaneous tumors Liver mÃ©tastases

Tissue 76Br-38S1 [18F]FDG [11C]Met 76Br-38S1 [18F]FDG*

BloodKidneySpleenLiverStomachSmall

intestineLungMuscleBoneBrain1.7(0.2)7.7

(2.0)5.8(1.3)5.4(1.4)7.6

(0.8)9.1(1.0)3.3

(0.5)14(3.2)11(3)32(4)5.3

(3.3)1.0(0.6)3.0(2.1)4.7(2.7)2.2(1.3)1.2(0.9)2.1(1.3)12(8)4.1

(3.0)1.4(1.0)4.4(1.4)0.9

(0.3)1.3(0.5)0.4

(0.2)0.8
(0.3)0.5
(0.2)2.0
(0.7)4.8

(1.5)1.8(0.6)4.3(1.3)1

.8(0.6)2.8
(0.7)3.4(1.0)4.1

(2.0)2.6(1.0)4.4(1.2)2.8

(0.9)6.4(1.2)5.4(1.4)11(4)4.1

(2.8)1.8(1.4)2.5(1.5)3.5

(2.3)2.0(1.3)1.3(0.9)3.3(2.1)17(12)6.8

(4.5)0.8
(0.6)

Data presented are means (maximum errors) of samples from two
animals.

'Samples from three animals were analyzed.

(3.4 Â±1.2). The highest accumulation of [' 'C]Met was found in

abdominal organs, including liver, pancreas (6.5 Â±0.5) and
small intestine. The concentration of [' 'C]Met was only studied

in rats carrying subcutaneous tumors, weighing 0.8 Â±0.3 g.
Tumor-to-tissue ratios were calculated for each rat and tumor

(Table 2). In comparison with the other tracers, 76Br-38Sl had,

regarding subcutaneous LS174T tumors, higher tumor-to-tissue
ratios except for blood. The 76Br uptake in tumors vis-Ã -vis

normal tissues was, in most cases, lower for liver mÃ©tastases
than for subcutaneous tumors, whereas [I8F]FDG ratios gener

ally were of the same order for both tumor models. This resulted
in better metastases-to-tissue ratios regarding blood, lungs,
muscle and bone for [I8F]FDG than 76Br-38Sl.

DISCUSSION
In the current study, the experimental tumor-imaging quali

ties of the 76Br-labeled anti-CEA MAb 38S1 were compared

with those of the two most commonly applied PET tracers for
tumor detection, [18F]FDG and ["CjMet. The uptake of 76Br-

38S1 in the animal models was found to be more selectively
restricted to tumor tissue than that of the other two tracers, for
which high accumulation was found in the liver ([HC]Met),
urinary system ([I8F]FDG) and segments of the intestines
(both). This pattern of normal tissue uptake of [18F]FDG has

also been observed in humans (29). The disadvantage of using
76Br-labeled 38S1 was the considerable 76Br activity still found

in the blood 2 days after administration, at which time the tumor
uptake was maximum in a previous experimental study of the
7 Br-38Sl kinetics (21). The blood clearance of intact MAbs is
slow, and dehalogenation of a 76Br-labeled MAb may result in

a substantial amount of free radiobromide in the extracellular
space (21). Although this causes a higher normal tissue back
ground of radioactivity in organs containing a large extracellu
lar space or a large blood pool such as the liver, the presence of
liver mÃ©tastases could be verified by PET imaging using
76Br-38Sl.

Identification of liver mÃ©tastases was also possible by
[I8F]FDG imaging, not only by a relatively high radiotracer

uptake but also by a distinctly different kinetic pattern than that
of normal liver. This is one example of how the kinetic
information obtained in the PET investigation could give
additional information to facilitate the identification of malig

nant lesions. Although the average [18F]FDG accumulation in

dissected liver mÃ©tastaseswas not significantly higher than that
in subcutaneous tumors, PET imaging of the subcutaneous
tumor type was less successful when [18F]FDG rather than
76Br-38Sl was used. Fluorine-18-FDG has been shown to

accumulate to a lesser degree in subcutaneous tumors from
colorectal cancer than in xenografts from several other tumor
types (30).

An interesting observation was that certain tumor regions
both in PET images and in autoradiograms exhibited a high 76Br
activity yet failed to show a corresponding high 18Fuptake, and
vice versa. Because [18F]FDG is presumed to accumulate

mainly in metabolically active cells, a high uptake of MAb
could be partly explained by CEA expression of quiescent cells
with a low [18F]FDG uptake. Some investigators have also

found that antibodies may to some extent be located in necrotic
regions, possibly related to the presence of antigen in these
areas (31). However, in the case of MAb 38S1, this was
contradicted by findings in previous studies on the microscop
ical rumor distribution, where no antibody accumulation in
necrotic areas could be found (32). The more pronounced
[18F]FDG uptake than 76Br-38Sl uptake in some tumor areas

most probably reflects the slower diffusion of high-molecular
weight antibodies through tumor tissue (33).

Carbon-11 -Met was only studied in the subcutaneous tumor
model because, due to its high accumulation in liver, this tracer
does not readily lend itself to imaging of liver mÃ©tastases.In the
subcutaneous tumor model, the tumor uptake in relation to
normal organs was the lowest of the three tracers applied, and
tumor sites were barely visualized by PET. As expected, the
histopathological tumor distribution of [14C]Met was similar to
that of [18F]FDG.

In PET images, measurements of objects with a size compa
rable to, or smaller than, the PET resolution will underestimate
the radioactivity concentration (34). With small experimental
animals such as rats, an underestimation of radioactivity uptake
in most experimental tumors and essentially all organs except
liver may be expected. The radioactivity concentration could
therefore be identical in two tumors, yet appear to differ in the
PET images due to differences in tumor size. The present
investigation was designed to allow PET imaging of all three
radiotracers in some animals, thereby minimizing the possibil
ity of misinterpreting images due to different sizes of the
objects studied.

For absolute quantification of tracer biodistribution in small
animals, methods such as measuring radioactivity concentration
in dissected tissues after exsanguination are commonly applied.
However, the extrapolating of such data to the in vivo situation
may be misleading in the case of radiolabeled compounds with
a high concentration in blood, such as antibodies. For instance,
although the average metastases-to-liver ratios for dissected
tissues were higher for 76Br-MAb than for [18F]FDG, the

corresponding in vivo ratios probably change in favor of the
latter tracer.

Whole-body autoradiography is an effective means to visu
alize tissue distribution of radioactivity without removal of
blood. Indeed, the rumor-to-tissue ratios for 76Br-38Sl were in

some cases, e.g., liver, considerably lower when using data
obtained by this method than by gamma counting of dissected
samples. For [18F]FDG and [uC]/[14C]Met, the differences in

tumor-to-tissue ratios evaluated by the two techniques were less
pronounced, consistent with their low concentration in blood.
The higher resolution of whole-body autoradiography provides
detailed regional information about the tracer distribution
within each tumor and organ. This is of particular advantage in
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the case of tumors because tumors, and therefore their distri
bution patterns of radiotracers, are heterogeneous.

CONCLUSION
PET imaging of human colonie cancer xenografts using a

7ftBr-labeled anti-CEA antibody proved feasible and, in these

models, superior in several respects to tumor imaging with
[I8F]FDG and ["C]Met. Applying different techniques for the
evaluation of tracer distribution, PET, whole-body autoradiog-
raphy and gamma counting of dissected tissues, provided useful
information for the comparison of the tumor imaging agents.
For instance, although the uptake of 76Br-38Sl in dissected
normal tissues was low, whole-body autoradiography revealed
that the relatively high blood content of 76Bractivity resulted in

an overall higher background radioactivity, which decreased
tumor-to-tissue ratios. Affecting both tumor contrast and nor
mal organ dosimetry, the blood background of slowly clearing
radiotracers is an important consideration in animal studies.
Another observation made both by PET imaging and autora
diography was that the tumor accumulation of [ F]FDG and
the 7hBr-labeled antibody differed, in some aspects, both

quantitatively and qualitatively. Provided that such information
could be correctly interpreted, multitracer PET imaging, apply
ing metabolical tracers as well as MAbs directed against tumor
antigens of biological importance (35), might give additional
knowledge about each malignant lesion and therefore influence
the choice of therapy.
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