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Bromine-76 is potentially useful as a radiolabel for monocional
antibodies (MAbs) in PET imaging. The purpose of the present study
was to evaluate the "®Br-labeled anticarcinoembryonic antigen
(-CEA) MADb 38S1 as a tumor imaging agent in an experimental
tumor model and to study the pharmacokinetics of 76Br-38S1 in
comparison with '25/-38S1. Methods: Nude rats carrying human
colon carcinoma xenografts were co-injected with directly labeled
76Br-38S1 and 125I-38$1 Biodistribution of labeled 38S1 was mon-
itored for 4 days after administration, in the case of 7®Br activity,
including PET imaging. In addition, catabolism of radiolabeled MAbs
was analyzed by gel filtration chromatography of blood plasma and
homogenized tissues. Results: Tumor sites could be readily identi-
fied by PET imaging from 46 hr after administration of 7°Br-38S1 and
onwards. The concentration of 7®Br activity in tumors, blood and
most normal tissues was higher than the corresponding 2%l con-
centration at all time points. This was mainly due to catabolism of
radiolabeled MAD, resulting in free radiohalides, of which 7°Br~ was
retained in contrast to the rapidly excreted 25~ ion. Conclusion:
Bromine-76-labeled anti-CEA MAbs may be applied for experimen-
tal tumor imaging with PET.
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Er the imaging of monoclonal antibodies (MAbs) using PET,
the choice of radiolabel is of major importance. The PET
technique offers a higher resolution than SPECT and also
allows radionuclide quantification with high accuracy. How-
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ever, the production and use of suitable positron-emitting
radionuclides for this purpose are less well-established than
those of the standard SPECT radionuclides.

The physical half-life of a positron emitter in relation to the
pharmacokinetics of the selected antibody and the labeling
methods available for each nuclide are examples of factors
determining the choice of radionuclide. Short-lived positron-
emitters such as the routinely available PET nuclide '°F (T, 110
min) have been used as radiolabels for rapxdly clearing MAb
fragments (/-4), whereas intact MAbs require radionuclides
with longer half-lives, such as %Ga (T,,, 9.4 hr) (5), ®**Cu
(TI/Z 13 hr) (6), °Br (T, 16 hr) (7), *°Co (T,, 18 hr) (8) and

240 (T, 4 days) (9-15).

To date, '?*I has been the nuclide most extensively utilized
for clinical and expenmental radioimmuno PET. However, the
decay properties of '2*I are not ideal for PET imaging purposes
since the positron abundance is only 23%. Combined with the
long physical half-life, this may result in unnecessarily high
patient radiation doses. In the halogen group, the only other
?osn:ron emitter potentially useful for labeling of intact MAbs is

°Br (Table 1), which was previously used mainly for labeling
of various recegtor ligands (/6). The majority of the positrons
emitted in the "*Br decay have a high maximum energy (3.4
MeV) which affects both image resolution and radiation dose,
but 55% of the decays do result in posntron emission. As a
radiolabel for radioimmuno PET, 7®Br is therefore an interest-
ing alternative to '2I.

Similar principles may be applied for direct bromination as
for iodination of proteins, i.e., oxidation of the halide, although
a more powerful oxidant may be required for sufficient yield in
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TABLE 1
Decay Scheme of Bromine-76
Half-life Decay mode Bmax-€nergies  Main photon energies
hn (% Branching ratio) (% Abundance) (% Abundance)
16.2 B* (65) 3.4 MeV (26) 511 keV (110)
871 keV (6.0)
EC 45) 3.9 MeV (6.3) 559 keV (74)
990 keV (5.2) 1.85 MeV (15)

EC = electron capture.

the labeling reaction. An enzymatic method for the radiobro-
mination of proteins under mild reaction conditions that results
mainly in labeled tyrosine residues (/7), as with oxidative
radioiodination techniques, was developed by McElvany and
Welch (18). This method has been applied for radiobromine
labeling of MAbs with preserved immunoreactivity (7,/9).

The purpose of the present investigation was to evaluate the
potential of the "®Br-labeled anti-CEA MAb 38S1 for PET
imaging of experimental tumors. The tumor uptake, pharmaco-
kinetics and catabolism of the *Br-labeled anti-CEA MAb
38S1 was compared with '2°I-38S1, previously used for radio-
immuno localization in rats with subcutaneous xenografts of
human colonic cancer (20,21). For control purposes, the bio-
distribution of an irrelevant MAb labeled with either "°Br or
1251 as well as the radiohalides "*Br~ and '*’I” was also
investigated.

MATERIALS AND METHODS

MAD 38S1

MADb 38S1, a mouse anti-CEA antibody of the IgG1-« isotype,
and a nonspecific MAb of the same IgG type, 79C, were kindly
donated by Pharmacia, Uppsala, Sweden (22). A partially purified
preparation of bromoperoxidase (10% protein, 9 units/mg solid)
and iodotyrosine were used. Bromotyrosine, synthesized according
to De Jesus et al. (23), was kindly provided by Stefan Sjoberg,
Uppsala University. Sodium bromide and sodium iodide were from
commercial sources. Sephadex G-25 desalting columns (NAP-5
and PD10), FPLC gel filtration columns (Superdex 200 HR 10/30)
and NHS-activated columns (HITRAP) were from Pharmacia. For
high-performance liquid chromatography, a Beckman 126 pump
and 166 UV detector, a detector for beta radiation and a FRAC 100
fraction collector (Pharmacia) were used. The PET tomograph
consisted of eight rings, which allowed examination of a 10 cm
region, producing 15 slices. Bromine-76 was produced using the
"'Br(p,xn)’°Kr, "°Kr — 7°Br reaction (24). lodine-125, in the form
of sodium iodide, was purchased from Amersham International,
Buckhamshire, England.

Radiolabeling

Bromine-76-Labeling. 100 ug MAb 38S1 was mixed with
70-85 MBq "°Br preparation and 0.6 units bromoperoxidase
(BPO) in 300 pl 50 mM phosphate buffer, pH 7.0, containing 80
uM H,0, (7). After 30 min incubation at 0°C, the reaction was
terminated by adding sodium metabisulphite (final concentration
1.7 mM) and radiobrominated protein separated from free radio-
bromide on a NAP-5 column. Brominated antibodies were purified
from the BPO preparation by affinity chromatography, using CEA
coupled to an NHS-activated HITRAP column. Antigen-bound
"$Br-38S1 MAbs were eluted in 3 M NH,SCN and immediately
applied on a PD-10 column for buffer exchange to 50 mM
phosphate-buffered saline (PBS), pH 7.4. MAb 79C was "Br-
labeled using a similar protocol, but the amount of "*Br used in the
labeling reaction was only 19 MBq, and no affinity purification
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was performed. The radiochemical purity of this "*Br-79C prepa-
ration was considered satisfactory, since only a minor amount of the
bromoperoxidase preparation was labeled in the presence of excess
amounts of MAb 79C, as analyzed on a Superdex 200 HR column.

Iodine-125-Labeling. The chloramine-T method was applied for
radioiodination. Seventy micrograms MAb 38S1 or 79C was mixed
with 18.5 MBq '’I and 10 pg chloramine-T in 50 ul 0.05 M
phosphate buffer, pH 7.5. After incubation for 10 min at 0°C, sodium
metabisulphite was added to a final concentration of 1.7 mM, and
1251-38S1 separated from unreacted '>’I on a NAP-5 column.

The proportion of "*Br-labeled and '?*I-labeled 38S1 MAbs
bound at equilibrium to excess amounts of CEA, covalently
coupled to paper disks, was used as a measure of immunoreactivity
for labeled 38S1.

In Vitro Stability

Duplicate samples of "°Br-38S1 and '*°I-38S1 preparations were
incubated at 37°C in blood plasma from nontumor-bearing rats.
During 4 days of incubation, samples were taken once a day for
separation on PD-10 columns into high and low molecular weight
fractions, which were analyzed by gamma counting.

Tumor Model

Nude rats (Rowett nu/nu, The Wallenberg Laboratory, Lund, or
Uppsala Biomedical Center, Uppsala, Sweden), housed in a con-
trolled environment and fed ad libitum, were used. For anesthesia,
chloral hydrate (36 mg/100 g body weight) was administered
intraperitoneally. 6 X 10° LS174T human colonic adenocarcinoma
cells (25) in 150 ul were injected subcutaneously into the left hind
leg and right flank of 27 rats. At the time of radioimmuno
localization experiments, initiated 12-14 days after tumor cell
injections, the rats weighed between 200 and 274 g, and tumors had
developed at all but one injection site. The '*°I uptake in thyroid
glands had been suppressed by adding potassium iodide to the
drinking water 24 hr before radiotracer injection. The rats were
killed by exsanguination under anesthesia. Tumors weighed be-
tween 10 mg and 3.7 g (average 0.98 g).

In Vivo Distribution and Catabolism

Biodistribution. A double label technique was applied. Fifteen
rats were injected intravenously with a mixture of "°Br-38S1 and
1251.38S1, 2-3 MBq and 0.01 mg of each. Nine rats were injected
with free °Br~ and '>°17, 4 and 2 MBg, respectively. At various
time points after administration, blood samples were drawn from a
tail vein from the remaining animals and three rats at each time
point killed and dissected. Three rats were injected with 0.5 MBq
"6Br-79C and 2 MBq '?°I-79C, 0.01 mg of each, and killed and
dissected 92 hr after administration. Blood was drawn from the
heart, and tumors and pieces of normal tissues were weighed and
measured for radioactivity in a well scintillation Nal(Tl) detector.
All well-counter measurements were corrected for background
contribution of "Br in the 2’1 window and for radioactive decay.
Accumulation index (AI) was calculated as (tissue radioactivity/
tissue weight)/(injected radioactivity/body weight). Al is equiva-
lent to the PET unit standardized uptake value (see below),
approximating tissue density to 1 g/ml.

Catabolism. Samples of dissected tumors, kidneys and livers
were homogenized in 2 ml cold saline, and homogenates and
heparinized blood centrifugated for 10 min at 2500 rpm. The
radioactivity in the supernatant and in the pellet was measured,
after which the supernatant was analyzed by both low-pressure and
FPLC gel filtration. 500 ul was applied on a PD-10 column, and
separated in high (HMW, >5 kD) and low (LMW, <5 kD)
molecular weight fractions. The proportion of "*Br or '?°I activity
after PD 10 fractionation (pellet, HMW, LMW) was correlated to
the accumulation index of Br or '?°I in the whole tissue sample.
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FIGURE 1. Accumulation index of 7®Br
(A) and 125 (B) over time for ?5iHabeled
and "Br-labeled MAD 38S1. Blood sam-
ples (circles) were taken from 3-15 rats.
Sampiles from tumors (squares), liver (di-
amonds) and muscle (triangles) were
taken from three rats at each time point.

After filtration through a low protein binding 0.2 um filter, 200 ul
supernatant was applied on a Superdex 200 HR column coupled to
an HPLC system, using 1 ml/min 50 mM PBS as the eluent.
Fractions were collected (1 min/fraction) and measured for radio-
activity. Reference compounds were analyzed in the same system
by UV-spectroscopy and radioactivity measurements, including
unlabeled, "*Br-, '**I-labeled 38S1 (UV 280 nm), iodo- and
bromotyrosine (UV 254 nm), radioiodide and radiobromide, as
well as nonradioactive iodide and bromide (UV 210 nm).

PET Imaging

At 25, 46 and 65 hr after administration of radiolabeled MAb
38S1, the remaining rats were anesthetized and placed prone in the
gantry in a multicompartment holder enabling simultaneous exam-
ination of seven animals. After transmission scans (attenuation
correction) and subtraction scans (correction of transmission scans
for injected radioactivity), emission data were collected during
45-60 min. In the transaxial images, radioactivity concentration
was measured in circular regions of interest (ROIs) over the tumors
(1.0 cm?) and the liver (3.5 cm?). After decay correction of these
measurements, the standard uptake value (SUV), defined as (ra-
dioactivity/ml)/(injected radioactivity/g body weight), was calcu-
lated. With a tissue density of 1 g/ml, the standard uptake value is
equivalent to the accumulation index.
Statistics

Data are presented as means and maximum error unless other-
wise indicated. For significance tests, a paired two-sample Stu-
dent’s t-test (¢ < 0.05) was applied after checking of similar
parameter distribution by the Wilcoxon signed rank test (a < 0.05).

RESULTS

Radiochemical Yield and In Vitro Immunoreactivity

The total radiochemical yield obtained after labeling and
affinity purification of "°Br-38S1 was 23% * 5% in the three
batches prepared for this study, resulting in a specific activity of
0.18 = 0.07 MBq/ug. The labeling efficiency of '*°I to 38S1
was 84% * 5%, resulting in a specific activity of 0.22 * 0.02
MBg/pg. The in vitro immunoreactivity for "*Br- and '251-38S1
was 80 = 2% and 79 * 3%, respectively.

Evaluation of MAb Kinetics and Biodistribution

The biodistribution of "*Br and '?°I activity in tumor-bearing
rats, evaluated at certain time points after injection of labeled
38S1, is presented as the average accumulation index (Fig. 1,
Table 2).

In blood, the "®Br concentration was higher than that of '2°
from 2 hr postinjection of labeled MAb 38S1 at all times of

PET IMAGING OF A BROMINE-76-LABELED ANTIBODY * Lvqvist et al.

analysis (Fig. 1). The uptake in tumor xenografts located both in
the flank and in the hind leg apparently reached maximum
values 2 days after the administration of 38S1. The radioactivity
concentrations in liver and other normal tissues were lower than
that in tumors from Day 1 and onwards. Except for muscle and
1251_activity in thyroid, normal tissue radioactivity decreased
throughout the period, although at a relatively slower rate for
"Br activity.

At all times of analysis the average accumulation index of
76Br-activity in tumors was higher (14%-35%) than that of '
activity. However, this difference was also found, more pro-
nounced, in most normal tissues. On Day 4, the percentage by
which the "*Br accumulation index exceeded that of '2°I ranged
from 27% in tumors up to 320% in stomach (Table 2). In
iodide-suppressed thyroid, however, more '?°I than "®Br accu-
mulated throughout the period. This was also the case in urine
samples, where the '2°I concentrations during the first day were
about threefold higher than the 7®Br concentrations. At later
time points, the differences in urine were less significant. Apart
from blood and '?I in thyroid, the highest nontumor concen-
trations on Day four were found in bladder and lungs, and the
lowest uptake in brain, for both ®Br and '?°I activity.

TABLE 2
Mean Accumulation Index from Paired-Label Biodistribution of
Bromine-76-38S1 and lodine-125-38S1 or Bromine-76-79C
and lodine-125-79C 4 Days after MAb Administration

Tissue 78,3851 1253851  "®Br-79C  '25-79C
Tumor 2908 23(11) 1509 1108
Blood 2804 1803 3202 2102
Kidney 0.86(0.30) 036(0.08 1003  051(0.17)
Liver 084(0.15 051(003 1.00.1)  093(0.45)
Spleen 10024 053011) 1902 1706
Pancreas 0.86(0.30) 042(0.02) 082(0.31) 0.52(0.31)
Stomach 10052 023(0.04) 1307  0.48(0.28)
Small intestine  0.56(0.21) 0.19(0.03) 0.64(0.33)  0.30(0.09)
Large intestine  0.89(0.30) 0.35(0.03) 0.81(0.29) 0.31(0.19)
Bladder 1604 1003 1805 1507
Heart 091(0.38) 049(007) 1003  0.78(0.35)
Lung 1605  080(006) 1603  1.1(04)
Muscle 048(0.17) 024(0.04) 0.36(0.05 0.24(0.07)
Bone 062(0.13) 023(0.05 034(0.11) 0.23(0.09)
Brain 026(0.08) 007(0.02) 029(0.09) 0.7 (0.04)

Data are presented as mean (maximum variation) of samples from three
animals.
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FIGURE 2. Fractionation of 7°Br and '25] activity in tissue homogenates into pellets (squares), high molecular weight components (HM, circles) and low

molecular weight

(LM, diamonds) over time after injection of 7®Br-38S1 and '251-38S1 (n = 3). (A-C) Bromine-76 activity in kidney, liver and

components
tumors, respectively. (D-F) lodine-125 activity in kidney, liver and tumors, respectively.

The normal tissue distribution of the nontumor-specific MAb
79C, 4 days after injection, agreed fairly closely with that of
MAD 38S1 (Table 2). In spleen, stomach and liver, however, the
accumulation of '?°I activity was at least twice as high for MAb
79C as for radioiodinated 38S1. The tumor concentration was,
on average, about half that of the tumor-specific MAb 38S1.
Degradation of i MAbs

In vitro, the radiobromine label and the radioiodine label
were both found to be stable. After 4 days of incubation in
human serum, 97% * 1% of the total "®Br activity and 96% *
1% of total '*I activity were bound to high molecular weight
(HMW) components, representing protein-bound radioactivity.
When blood samples were drawn from animals injected with
5Br-38S1 and '2°I-38S1, the average plasma content of HMW '2°]
activity was also high throughout the analysis, 97% * 3%,
whereas the corresponding figure for 7®Br activity was lower
and more variable, 81% * 16%.

Bromine-76 and '?°I activity values in pellet-, HMW-, and
low molecular weight fractions from homogenates of tumors,
kidneys and livers are displayed in Figure 2. The general pattern
of radiolabel distribution in the tissue fractions was similar for
75Br- and '*I-activity. Particularly in tumors but also in livers,
the bulk of the radioactivity was found in the pellet. When
comparing the two radiolabels, the "°Br concentration in the
pellet fraction was higher than the '?°I concentration in tumors
and all tissues. The concentration of HMW-bound radioactivity
did not differ significantly (p > 0.05) between "*Br and > in
the homogenized tissues, whereas LMW 7®Br activity was
severalfold higher than LMW '2°I activity in all samples. The
most prominent differences between these two radiolabels in
both pellet and LMW fractions were found in the kidneys.

FPLC analysis showed that the low molecular weight radio-
activity in blood and normal tissues was most probably in the
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form of free 7°Br~ and '*’I” (Fig. 3), since the respective
radiopeaks corresponded to reference halides (retention times
24 min and 38 min, bromide and iodide, respectively). In some
cases, small peaks were found at the same retention time as
bromotyrosine (27 min) and iodotyrosine (30 min). In addition,
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FIGURE 3. Radiochromatograms of 7®Br (ine) and 2%l activity (dotted line)
after FPLC-fractionation of blood (A) and the supematant from
homogenized kidney (B), liver (C) and tumor (D), 27 hr after administration of
76Br-38S1 and '2%|-38S1. The retention times of the reference compounds
MAD 38S1, bromide and iodide was 15, 24 and 38 min, respectively.
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the predominant HMW 7Br and 'l activity was eluted in
fractions corresponding to intact radiolabeled MAb 38S1 (15
min). In homogenized tumors, however, the chromatograms were
more difficult to interpret. A large part of the radioactivity,
especially in the case of "*Br, was found in the low molecular
weight region. No ®Br-MAb peak could be distinguished,
and a significant amount of the '?°I activity was eluted in
fractions corresponding to compounds of higher molecular
weight than IgG-MAbs. Similar patterns were found when
analyzing samples at the other time points of analysis.

Radioimmuno PET

In the PET images the tumor sites became more easily
distinguishable over time due to the increasing tumor-to-tissue
ratios; 14 of 16 tumor sites were readily discerned at 46 and 65
hr, and the uptake in the flank tumor was separable from liver
uptake. All tumors weighing more than 0.5 g could be identified
by PET. PET images of the distribution of "®Br activity in one

(circles) and liver (diamonds).

rat at various times postinjection of radiolabeled MAb 38S1 are
shown in Figure 4 along with SUV calculations of tumors and
liver. In the first image, obtained 25 hr postinjection, the highest
concentrations of °Br activity was found in the tumors, liver
and part of the upper abdominal region interpreted as the spleen.
At later time points, the tumor uptake was predominant. In this
rat, PET imaging revealed that the uptake of "*Br increased in
both tumors, and decreased in liver, during 3 days after MAb
administration.

Kinetics and Biodistribution of Radiohalides

The blood concentration of "®Br activity remained stable for
days after the injection of radiohalides, and the clearance rate in
tumors and normal tissues was low (Fig. 5, Table 3). In compar-
ison to bromide, radioiodide was rapidly cleared from the blood,
tumors and all normal tissues except presaturated thyroid (accu-
mulation index 4.6 = 0.7 on Day 2). On Day 2, the highest
concentrations of "*Br were found in the blood and spleen,
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E ’:; i ________ (A) and 2% (B) halide ions over time.
0 ) "\'l s . 0 BRRREETEE o s Blood samples (circles) were taken from
3-9 rats. Samples from tumors (squares),
0 20 40 60 0 2 “ 8 | liver (diamonds) and muscle (triangles)
Time (h) Time (h) were taken from three rats at each time
point.
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TABLE 3
Mean Accumulation Index from Paired-Label Biodistribution of
768r~ and '2%|~ 2 Days after Radiohalide Administration

Tissue 78R~ 125)-
Tumor 0.8 (0.4) 0.09 (0.09)
Blood 2.8(0.6) 0.17 (0.09)
Kidney 0.9(0.2) 0.09 (0.09)
Liver 0.6 (0.2 0.06 (0.07)
Spleen 1.5(0.1) 0.09 (0.07)
Pancreas 0.8(0.2) 0.08 (0.07)
Stomach 1.2 (0.4) 0.4 0.3
Small intestine 0.7 (0.3) 0.10 (0.09)
Large intestine 0.8(0.3) 0.16 (0.07)
Bladder 1.1 (0.4) 0.21 (0.13)
Heart 0.8(0.2) 0.7 (0.5)
Lung 1.4 (0.3) 0.1(0.09)
Muscle 0.3(0.1) 0.03 (0.02)
Bone 0.5(0.1) 0.07 (0.04)
Brain 0.3(0.1) 0.009 (0.005)

Data are presented as mean (maximum variation) of samples from three
animals.

whereas tumor uptake of *Br~ was intermediate. Thyroid accu-
mulation of "Br activity was 0.9 * 0.1 2 days postinjection.

DISCUSSION

In the present study, "*Br-labeled anti-CEA MAbs were
successfully applied for PET imaging of human colon cancer
xenografts in nude rats, allowing identification of all tumors
weighing 0.5 g or more. PET imaging also revealed that, in
contrast to what was found in the measurements of dissected
tumors, the "®Br uptake in some tumors increased for several
days after 7*Br-MAb 38S1 injection. However, quantification
of MAb tumor uptake from measurements in the PET images
may result in lower values than y-counting of dissected tumors.
Due to the partial volume effect, the radioactivity concentration
in objects with a size comparable to, or smaller than, the PET
resolution will be underestimated (26). With small experimental
animals such as rats, an underestimation of "*Br uptake in most
experimental tumors and essentially all organs except liver may
be expected.

The general pharmacokinetic pattern of "Br-38S1 was com-
?arable with that of '2°I-38S1, although the clearance rate of

®Br activity was slower than %I clearance in most cases. This
resulted in an overall higher concentration of "*Br in tumors,
blood and all tissues except the thyroid. Other investigators
comparing directly radiobrominated and radioiodinated proteins
also found a higher radiobromine content in blood and tissues,
caused by a slower clearance of protein-bound radiobromine
activity (18,24).

To evaluate whether this was also the case in the present
investigation, further analysis of "Br- and '?°I-labeled com-
pounds in blood, kidneys, livers and tumors was made. The
results were not in accordance with the previous studies, since
the concentration of *Br activitg/ bound to MAb was essentially
equal to the concentration of '>’I-MAb. In addition, the hydro-
lysis rates of "Br- and !?*I-labeled 38S1 in vitro were similar,
about 1% a day. This suggests that the difference between the
total amounts of radiobromine and radioiodine in vivo was not
due to a less stable '>’I-label but rather to differences in the
processing of low molecular weight radioactive species after
MAD catabolism.

Indeed, the concentration of low molecular weight "*Br
activity, mainly in the form of free bromide, was severalfold
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greater than the concentration of free '?°I after labeled 38S1
injection. Only a few percent of '?°I activity in blood plasma
was found to be free iodide, whereas the average radiobromide
content in plasma sometimes amounted to one-third of the total
plasma "®Br activity. Thus, the higher total "Br concentration
in blood could be mainly attributed to free *Br ™. In the control
experiment where free radiohalides were injected, it was shown
that the bromide ion had a low excretion rate in contrast to
iodide, probably due to different excretion mechanisms.

Although the higher ®Br concentration in kidneys, livers and
tumors in part also could be explained by the presence of free
radiobromide after MAb degradation, there was also more "*Br
associated with insoluble components in the homogenized
tissues. Whether this observation represents a true phenomenon
in which *Br-MAb or 7®Br-labeled catabolites to a higher
degree remained attached to (or incorporated into) insoluble
components such as cell membrane components in vivo, or
whether the difference was caused by 7*Br activity trapped in
the pellet fraction during in vitro processing, cannot be con-
cluded.

Regarding the pathway by which radiolabeled antibodies are
catabolized, cellular internalization and degradation of radiola-
beled MAbs or other proteins has been reported to ultimately
result in radiolabeled amino acids (27,28). Depending on the
radiolabel on the amino acid, the compound is thereafter
retained in the lysosomes (8, ""In-DTPA-lysine) or excreted
from the cells (e.g., ['*’I]iodotyrosine). Since deiodination
enzymes for iodotyrosine are present in many tissues, including
kidney, liver and thyroid (29), free 1251 could be produced in
these organs. In a study where the content of radioiodide in
urine from patients injected with radioiodinated MAbs was
analyzed, a variety of radioactive catabolites was found, includ-
ing radioiodide and iodotyrosine, as well as other compounds
(30). In the case of radiobrominated proteins, it remains to be
established how intracellular or extracellular catabolism leads
to the formation of free bromide or other low molecular weight
catabolites.

The average tumor-to-tissue ratio 4 days after MAb admin-
istration, brain and blood excluded, was for "*Br activity 3.6 +
1.3 (mean * s.d.), which was lower than the average '2°I
ratio (6.7 * 3.3) due to the relatively higher concentration of
"6Br activity in normal tissues than in tumors. However, the
tumor uptake in the present study was significantly lower in
comparison to other investigations of '2°I-38S1 (20,21) or "Br-
38S1 (unpublished data), in spite of similar labeling methods,
immunoreactivities and tumor models. The only methodologi-
cal difference was the iodide presaturation of rat thyroids in this
study, which, in fact, was observed by Zamora et al. (31) to
reduce tumor antibody uptake by 40%. The mechanisms by
which the intake of iodide salts could result in such effects are,
to our knowledge, unknown.

In a possible clinical situation, "SBr catabolites would prob-
ably cause a significant background radioactivity after degra-
dation of brominated MAb. However, in the present experimen-
tal study, the low molecular weight "®Br activity in blood could
be identified as being mainly free 7Br~. This might provide a
means whereby allowance could be made for a large part of this
background radioactivity. The use of bromide is an established
method for measuring the volume of extracellular space
(32,33). In radioimmunodiagnosis with "*Br-labeled MAbs, a
small amount of "Br~ could be injected before MAb admin-
istration and images of the distribution of free bromide at
equilibrium obtained within a few hours. At the time of imaging
of *Br-MAb distribution, the free radiobromide concentration
in a blood sample could then be used to create PET images of
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the *Br-MAD distribution, corrected for the contribution of free
radiobromide. Although somewhat speculative, tumor-to-blood
ratios could possibly be improved by such a method in the case
of "*Br-labeled MAbs.

The high-energy positrons emitted in the "°Br decay and the
slow kinetics of intact MAbs make "°Br-MAb dosimetry an
important consideration. Biodistribution data from small exper-
imental animals cannot readily be extrapolated to humans,
which may cause difficulties in predicting normal organ dosim-
etry. No exceptionally high uptake of "Br was found in normal
tissues of the rat after administration of 76Br-38S1 MAbs, and
the elimination time for the main catabolite ~’°Br was slow.
Probably, this also would be the case in human studies. Hence,
a snmple calculation model for whole-body dose was applied,
assuming an even distribution of "Br activity in the body and
an elimination time equal to the physical decay. Dosimetry data
was taken from an ICRU publication (34), and the calculations
were carried out according to the recommendations in this
report. The effective dose equivalent after the administration of
100 MBq "°Br-MAb to an adult male was estimated to be 27
mSy, about twice the estimated dose from the same amount of
'"'In-labeled MAbs (14 mSv) in this model.

In the evaluation of "Br~ biodistribution after radiohalide
administration, the 7®Br-activity concentration in the experi-
mental tumors was found to be similar to many normal tissues
and lower than that in spleen and lung. Since the main part of
the blood pool had been removed by exsanguination before
dissection, the 7°Br concentration should reflect the volume of
the interstitial space in the tissues. These results therefore
indicate that the tumor interstitial volume was similar to, or
smaller than, that in many normal tissues, which is contradic-
tory to other investigations (35). Further studies, in larger
animals or in man, are required to demonstrate whether the
bromide distribution space reflects the interstitial space in
tumors.

CONCLUSION

Bromine-76 is a potential radiolabel for PET imaging using
monoclonal antibodies directed against tumor antigens. PET
imaging of the "®Br-labeled anti-CEA MAb 38S1 allowed
identification of xenografts of human colorectal carcinoma in
nude rats. No significant differences regarding the rate of dehalo-
genation of °Br-38S1 or '°I-38S1 were found, but MAb catab-
olism resulted in high amounts of free radiobromide, which had
a slow excretion rate in comparison with iodide. Therefore, the
concentratlon of "*Br act1v1ty was higher than the correspond-

ing '?°I concentration in tumors, in blood and in most normal
tissues.
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