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adioimmunoscintigraphy (RIS) with monoclonal anti
bodies (MAbs) labeled with several different radionuclides
has shown definite clinical utility in patients with colorectal
carcinoma and other types of cancer (1â€”5).Although RIS
provides some advantages compared with conventional im
aging studies (e.g., CT), available methods are still not
optimal. PET offers several advantages relative to conven
tional scintigraphy, including better contrast resolution, di
rect correction for attenuation and the ability to perform
accurate quantification of tissue uptake of the radiophar
maceutical (6â€”8).Hence, coupling of the tumor-targeting
specificity of a MAb with the imaging advantages of PET
should yield a technique [â€œradioimmunoPETâ€•(MAb
PET)] with considerable clinical value.

The positron-emitting halogens, 1241and 18F, have been
coupled covalently to MAbs, and these radiolabeled MAbs
have been used for detecting tumor sites in animal models
and in a few patients (9â€”12).Until recently, however,
MAb-PET had not been performed with a MAb labeled by
chelation of a positron-emitting metal radionuclide, a
method that would allow easier radiopharmaceutical prep
aration (13). This article is the complete Phase I/Il study of
our efforts to explore the combination of such a radionu
clide (MCu; T112 = 12.8 hr) and a MAb directed against
colon carcinoma (MAb 1A3) for detecting tumor foci by
PET in patients with colorectal cancer.

The specific purpose of this study was to determine
whether an intact MAb labeled with MCu would localize in
tumor sites and be cleared from normal tissues rapidly
enough to allow tumor imaging. MAb 1A3, developed in
our laboratories, is a murine MAb (IgG1,@Jthat binds to a
lipid antigen enriched in human colon carcinoma cells and
has excellent immunospecificity for colorectal adenocarci
noma (5,14). RIS with â€˜â€˜â€˜In-labeled MAb 1A3 has been
moderately successful for detecting tumor deposits in pa
tients with colorectal cancer (5). Preclinical studies (15)

with intact MAb lÃ€) labeled with MCu by the bifunctional
chelate, 6-bromoacetamidobenzyl-1,4,8,1 1-tetraazacyclote
tradecane-N,N',Nâ€•,Nâ€•-tetraacetic acid (BAT) demon
strated it to be a stable radiopharmaceutical with excellent

Detection of tumor foci may be improved by combining the
selective tumor-targeting properties of a monoclonal antibody
with the supetior sensitivity and contrast resolutiOnof PET.
Methods.- An anti-colorectal carcinoma monoclonal antibody
(MAb 1A3)was labeled with @Cu,a positron-emitting radionu
elide, by use of a bifunctional chelate (bromoacetamidobenzyl
TE@A@and evaluated in 36 patients with suspected advanced
pilmatyor metastatk@colorectalcancer. Afterradiopharmaceu
heal injection (5-20 mg protein, 10 mCi @Cu),PET was per
formed once or twice, 4 to 36 hr later. ,AJlpatients had CT scans
and 18 patients were also studied with @8fluOd@gluco86
(FDG)PET. Results: In 29 patients, one or more tumor sites (n =
56)were proven, in 5 patients the absence of active tumor was
confirmed and in the remaining 2, tumor status is not yet con
firmed.Of the 56 confirmedtumor sites, 40 were detected by
MAb-PET as foci of increased activity (sensitivity 71%). The
positive predictive value of MAb-PET was excellent, ranging
from 89% (40/45) to 96% (43/45), depending on the ultimate
classifIcation of three image-positive, but as yet unconfirmed
tumor sites.Also, MAb-PETdetected 11 new occult tumor sites,
including9 small abdominopeMc foci lessthan 2.0 cm in diam
eter that were not detected by CT or MRI. There were no
complications, but significantly elevated HAMAtiters were found
in 28% of the 29 patients tested 1 to 12 mo after injection. There
was no apparent dose-relatedeffect from 5 to 20 mg MAb 1A3.
Conclusion: These Phase VlI results suggest that PET with
radiolabeledMAbs(radioimmunoPET)may have importantap
plicationsin clinicaloncology, particularlyfor detecting smaller
colorectal tumor foci in the abdomen or peMs and for determin
ing accurate dosimetry.
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immunoreactivity that localized well in GW39 human colon
carcinoma tumors carried in hamsters. The estimated hu
man radiation dosimetiy with this radiopharmaceutical was
judged to be acceptable [critical organ (lower large intes
tine) dose = 5.19 rem/lO mCi; effective dose equivalent =
2.66 rem/lO mCi)]. Because of the high renal uptake (and
correspondingly high renal radiation dose) with MCu@la@
beled F(ab')2 fragments, we restricted this initial study to
intact MAb.

MATERIALS AND METhODS

We initiatedclinical studieswith MCu.benzyl@TETA@MAb1A3
(13 ) after filing an investigational new drug application with the
U.S. Food and Drug Administrationand after obtainingapproval
of the protocol by the Institutional Review Boards of both the
JewishHospital of St. Louis and WashingtonUniversitySchool of
Medicine. Each patient who participated in this trial gave written
informed consent. Between July 1992 and June 1994, we studied
36 patients (27 men, 9 women, aged 26â€”80yr) with histologically
provenadenocarcinomaof the colon or rectumwho were thought,
at the time of enrollment, to haveadvanceddiseasewith at least
one primary,recurrentor metastaticsite. Tumorwas confirmedin
21 patients by biopsy and in 8 patients by unequivocal findings on
Cr, MRI and/or PET with 2-['8F]-fluoro-2-deoxy-D-glucose
(FDG, 10mCi). In five patients,the absenceof tumor at the time
of study was confirmed by biopsy (one patient) or by a stable
clinical course without evidence of tumor on CF for periods of
11â€”15mo following the imagingstudy.The true diseasestatusin
two patients is not yet confirmed.

Monoctonal Antibody
Clinical-grade MAb 1A3was produced with our hybridoma cell

line from serum-free medium by Invitron Corp. (St. Louis, MO)
using proprietary methods. The p-nitrobenzyl-TETA was synthe
sized according to the method of Moi et al. (16). Bromoacet
amidobenzyl TETA was prepared from nitro-benzyl-TETA as de
scribed by McCall et al. (17) and conjugated to MAb with
previously described techniques (15). Copper-64 was produced at
the MissouriUniversity Research Reactor as described (18) and
purified at Washington University by evaporation of the MCUC12
to drynessand reconstitutingit in 0.1 N HCI.The 2-Iminothiolane
(2-IT) and Sephadex G-25/50were purchasedfrom Sigma Chem
ical Co. (St. Louis, MO). Triethanolamine hydrochloride was pur
chased from Aldrich (Milwaukee, WI). Ultrapure ammonium di
hydrogen phosphate, anhydrous sodium acetate (NaOAc) and
99.9999%pure HCI (minimum 35% by assay)were purchased
from Johnson Matthey (Waraltilly,MA) and ammonium citrate
(puriss)was purchasedfrom Fluka (Ronkonkoma, NY). All solu
tions were made using distilled deionized water (Milli-QÂ®;
>l8Mf1 resistivity).SephadexG-25150wasequilibrated in 0.1M
ammonium phosphate, pH 8, or 0.1 M ammonium citrate, pH 5.5
or 6.5, as described elsewhere (19).

Conjugation of Benzyl-TETA-MAb and Radiolabeling
Conjugationof BAT to MAb lÃ€)was accomplishedby previ

ously described methods (15). Briefly, a solution of MAb 1A3 in
0.1 M ammonium phosphate, pH 8, was incubated with excess
BATandfreshlyprepared2-ITin 50 mMtriethanolamine.Molar
ratios of BAT:MAb were 20:1, and the corresponding molar ratios
of 21T:MAbwere 10:1.The final chelator-to-MAbratiowas 1.8:1
as detailed previously (15). The solution was incubated at 37Â°Cfor
30 mm and purifiedby gel-filtrationchromatographyusingcentri

fuged columns equilibrated in 0.1 M ammonium citrate, pH 5.5.
All chelate-MAb conjugates were stored at â€”80Â°Cuntil used.
Radiolabeling of benzyl-TETA-MAb 1A3 with TMCuwas carried
out at room temperaturefor 30 mm in 0.1 M ammoniumcitrate,
pH 5.5,as previouslydescribed(15). The MCu@TETA@MAb1A3
was purified using gel filtrationequilibratedin 0.1 M ammonium
citrate, pH 6.5.

Quaifty Control
The final preparation was sterilized by filtration with a Milli

pore GV 0.22-jim filter and diluted to a final volume of 10â€”20ml
with sterile 0.9% NaCl. Each MCu@benzyl@TETA@MAb1A3 prep
aration was analyzed for radiochemical purity and for immunore
activity (IR). FPLC to assess radiochemical purity was performed
on a Pharmacia/LKBchromatographwith a Sepharose-12 size
exclusioncolumneluted at 0.4 ml/minwith 0.1 M NaHCO@/0.15M
NaCI,pH 7.5. The eluate was monitoredfor UV absorptionat 280
nm and 0.5 ml fractions were collected. Radioactive fractions were
counted in a Beckman Auto-gamma NaI(TI) well counter to de
termine the amount of radioactivity present in each fraction. The
IRassaywasa direct-bindingassayperformedunderconditionsof
antigen excess with GW39 human colon carcinoma cell suspen
sions (14,19). Preparations of MCu@benzyl@TETA@MAblÃ€) rou
tinely had IR exceeding 90%. Protein concentration was deter
mined by optical density measurements.

Do@
Preliminary absorbed dose estimates were performed with bio

distribution data obtained in Sprague Dawley rats (15). Briefly, six
groups of four rats each were injected with 25â€”50@gMCu@benzyl@
TETA-MAb 1A3 (1.7 mCi/mg) and killed 1, 3, 6, 12, 24 and 36 hr
postinjection. Samples of 11 different organs of tissues were re
moved, weighed and counted. The percent injected dose (%ID)
per gram and percent injected dose per organ values were plotted
as a function of time after injection, from which residence times
(MCi-hr/organ) were determined for each organ by the cut-and
weigh method. After 36 hr, it was assumed that residual activity
cleared only by physical decay. These values were assumed to be
predictiveof the pharmacokineticsin humansand usedwithMIRD
PamphletNo. 11â€œSâ€•values (20) to obtain absorbed dose estimates
(rem/mCi) as follows: lower large intestine, 0.519; kidneys,0.423;
liver, 0.411;upper large intestine, 0.306; red marrow, 0.282; spleen,
0.231; small intestine, 0.219; and lungs, 0.192. The effective dose
equivalent (21) was 0.266 rem/mCi.

Study Procedure
Before MAb injection,each patient underwentphysicalexam

ination, laboratory studies (complete blood count, CEA titer,
SMA-18 blood chemistry studies and urinalysis), chest radiography
and abdominal-pelvic CT. Copper-64-benzyl-TETA-MAb 1A3
was infused intravenouslyover 20â€”30mm, following infusion of a
small dose (50â€”100@g)of the radiolabeled MAb to test for an
immediate adverse reaction. The patients were monitored for 1.5
to 2 hr postinjection.

In the initialphaseof the study,escalatingdoses of MCu@benzyl@
TETA-MAb 1A3 labeled with 7.8 to 11.0 mCi of MCu were
injected. The administered MAb dose was 5.1 Â±0.9 (s.d.) mg in 8
patients, 9.6 Â±0.8 mg in 9 and 19.8 Â±0.8 mg in 10. Use of these
three different MAb doses had no significanteffect on radiophar
maceuticaldistributionor on overallsensitivityfor tumor detec
tion in this first phase of the study. Therefore, the last nine
patients were injected with 5.0 mg of MAb labeled with 9 to 11
mCi ofMCu. Blood samples drawn at multiple times after injection
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of MAb were counted in a Picker-Pace Autogamma well counter
along with aliquots of the injectate. The results were expressed as
percent injected dose in the circulation by performing a least
squares fit of these data to a bi-exponential function in order to
achieve the best possible correlation coefficient with the fitted
curve constrained to pass through 100% at t = 0 hr. Urine was

collected and the percent injected dose excreted in the urine
during the first 20 to 24 hr postinjection was calculated by counting
of urine samples and aliquots of the injectate. HAMA titers were
determined on blood samples obtained from all patients preinjec
tion and at several times postinjection (Immustrip FIAMA, Immu
nomedics, Warren, NJ).

PET Imaging and Image Analysis
Multiple transmission and emission PET scans (each 10 and 30

mm in duration, respectively) of 3â€”5contiguous 16.2-cm axial
fields were performed with a Siemens (Des Plaines, IL) ECAT
EXACTscanner to cover the pelvis,abdomenand chest. Trans.
mission scans were obtained immediately before or after each
emission scan. Imaging was performed at times from 3 to 36 hr
after injection of MAb as follows: All patients underwent imaging
18â€”24hr postinjection. In addition, 17 patients were also studied
3â€”6hr, and 3 patients were studied 24â€”36hr postinjection. Cath
eter drainage of the urinary bladder was not required for MAb
PET.Imageswerereconstructedas transaxialsections(47foreach
scan) and then combined into volume images of the torso for
viewing in transaxial, coronal, and sagittal planes or as maximum
pixel, volume-rendered reprojection images.

All PET images were evaluated qualitatively by two experienced
nuclear medicine physicians (FD, BAS) who were unaware of the
clinical data, including results of other imaging studies. Based on

knowledge of the normal biodistribution of the radiopharmaceu
tical, foci of abnormal increased MCu@MAbaccumulation were
scored as definite tumor (21 foci), probable tumor (19 foci) (all
categorized as representing tumor) or equivocal (8 foci) (see
below). Following completion of the blinded image analysis, the
PET images were correlated with the clinical, radiographic,and
surgical findings to provide a final interpretation for data analysis.
There were no major disagreements in image interpretations be
tween the two observers. The final interpretations corresponded

closely to the initial blinded analyses (91% site-by-site agreement);
seven probable tumor foci were reclassified as definite on un
blinded analysis. Five sites in the liver or lung with abnormally
decreased tracer accumulation were scored as negative for tumor.
The eight foci classified as equivocal on the blinded readings were
reclassified for final interpretations by consensus (BAS, FD,
GWP)with final scoringof five foci as positiveand three as
negative.

All tumor sites and benign lesions were confirmed by biopsy or
by strong clinical and radiographic evidence (C!', MRI and/or
FDG-PET). Most (24/33)of the tumor foci in the abdomenand
pelvis were proven by biopsy, but clinical and radiographic evi
dence were the basis for confirmation of 9 of 15hepatic metastases
and all 8 pulmonary tumors. The presence or absence of tumor
could not be established for three positive foci on MAb-PET, and
these foci were excluded from further analysis. Two of these
excluded foci (in two different patients) could not be validated as
tumor from available data at the time of, or shortly after, the
MAb-PET study, however, both patients developed widespread
metastatic disease 4 to 6 mo after MAb-PET study. The third small
focus, which was strongly positive on both FDG-PET and MAb

PET, has not yet been confirmed histologically or by clinical

TABLE I
Sensitivity of RadioimmunoPET with Copper-64-benzyl-TETA

MAb 1A3 in Patientswith Colorectal Cancer

follow-up for 4 mo. One patient thought to have mediastinal lymph
node metastases from a primary rectal tumor had sarcoidosis
proven by biopsy. Other lesions (11 sites), originally thought to be
colorectal cancer by clinical criteria, were confirmed as benign by
remaining stable clinically (history, physical examination, CEA
level) and radiographically (CT/MRI) for 11â€”15mo following the

imaging study. Many of the patients referred for this study were
considered to represent difficult diagnostic problems following
conventional evaluation, and this patient selection bias no doubt
accounted for the fact that 5 of the 36 patients (14%) were
misdiagnosed clinically as having metastatic or recurrent colorec
tal tumor prior to MAb-PET.

Comparison with FDG-PET
FDG-PET was performed for routine clinical assessment of

tumor status in 18 patients enrolled in this study (16 studies within
2 wk of MAb-PET and 2 within 2 mo). As in the MAb-PET
imaging protocol, multiple contiguous FDG-PET scans (each con

sisting of a 30-mm emission and a 10-mm transmission scan) were

performed to include the chest, abdomen and pelvis. All patients
fasted for at least 4 hr before the FDG injection and were hydrated

with 0.9% saline solution intravenously during the imaging proce

dure. Furosemide (20 mg) was given 20 mm after FDG adminis
tration to facilitate clearance of renal activity. A Foley catheter
was placed in the urinary bladder to minimize urinary radioactivity

on pelvic scans. The FDG-PET images were interpreted in stan
dard clinical fashion (i.e., with access to all other relevant clinical
data). The foci with definitely abnormal or probably abnormal
FDG uptake were comparedwith the MAb-PET results.

RESULTS

Imaging
Thirty of the 36 patients had original primary cancers in

the rectum or sigmoid colon; the remaining 6 had cancers
elsewhere in the colon (4 ascending, 1 transverse, 1 de
scending).

Of the 29 patients with confirmed tumor sites, 25 had at
least one known tumor site detected by MAb-PET as a
focus of increased radioactivity (86% patient sensitivity)
(Table 1). All positive sites were evident by 18â€”21hr after
injection, and there was no further improvement in sensi
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FIGURE3. TranswdalPETimagesof the peMs(A)and at the
levelofthe diaphragm (B),obtained after injectkn of @Cu-MAb1A3
(5 mg, 10 mCi),in a man withpnrnarycarcinomain the sigmoid
colon (arrow in panel A@and metastases in the lung (long arrow in
panel B)and liver(short arrow in panel B).

one pulmonary lesion (all scored as negative) were seen on
MAb-PET as regions of relatively decreased uptake. The
sensitivity of MAb-PET was best in the abdomen and pelvis
(Fig. 4), in which 100% of lesions were detected as positive
foci, including all 19 lesions <3 cm in maximum diameter.
Only 5 of the 15 hepatic metastases were clearly seen as foci
of increased uptake and only 2 of the 8 known pulmonary
metastases were positive, even though one negative lesion
was quite large (>6 cm). Nonspecific tissue background
activity was not a problem in the lung but was problematic
in the liver.

In addition to detecting 29 of the 45 previously known
sites of tumor, MAb-PET visualized 16 additional foci of
increased activity in all patients. Of these 16 scintigraphic
abnormalities, 4 were subsequently proven by biopsy to
represent tumors, 7 were considered to represent tumors by
clinical assessment, 2 were proven false-positive results, and
3 are likelytumorbut unconfirmedat this time. Thus, based
only on the positive foci proven to represent sites of tumor
involvement (40 sites) and all positive foci (45 sites), the

FiGURE4. Sensitivityfordetectionofallconfirmedtumorsitesby
MAb-PET.Resultsare presentedfor tumors > 3 cm in diameter
(diagonallylined bars); for tumors < 3 cm in diameter (solid bars);
and for tumors of all sizes (stip@edbars).

O

FIGURE 1. Postedorvolume-renderedreprojectkxiPETimage,
obtained after injectionof @Cu-MAb1A3(20 mg, 11 mCi),shows a
biopsy-provenfocus (arrow)of recurrentcarcinomain a manorigi
nally treated by low antenor resection, radialion therapy and the
motherapyfor rectalcarcinoma.

tivity in the three patients who had more-delayed images. In
the 17 patients also studied 3â€”6hr postinjection, the tumor
foci had much less or no activity on the early images, and
the change in activity distribution, apparent during compar
ison of the early and later images often made it easier to
detect small lesions.

Imaging results of MAb-PET were negative in five pa
tients with lesions initially thought to be metastatic foci by
conventional work-up but eventually proven to be benign
processes by biopsy (one patient) or by clinical and radio
logical follow-up of 11â€”15mo duration (four patients).

Of the 56 proven sites of tumor involvement (Table 1), 40
were detected as foci of increased uptake (lesion sensitivity,
71%). All 17 primary and recurrent sites were clearly visu
alized, but only 59% (23/39) of the metastatic sites were
detected (Figs. 1â€”3).Additionally, four hepatic lesions and

/

FIGURE2. Transathl PETimages of the pelvis,obtainedafter
injectionof @Cu-MAb1A3(7 mg, 10 mCi),in a manwith bopsy
proven recurrent rectal carcinoma. CT(not shown)was equivocal for
tumor, but MAb-PETcleaily showed a 2-cm recurrent tumor (long
arrow in panel A)as wellas a nodal metastaals (longarrow in panel
B) superiorand lateralto the tumor. Blood-poolactivity is seen
anteriorlyin both externaliliacvessels(shortarrows).

Abdomen
PelvIs

Liver Lung All Tumor
Sites
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TABLE 2
Resultsof MAb-PETversusFDG-PETin EighteenPatients

Who Had Both Studies

TABLE 3
Detectionof ColorectalCancer Lesions Less Than 2.0 cm in

Maximum Diameter

pulmonary) were detected by FDG-PET. Only in the ab
domen and pelvis was MAb-PET equally sensitive. There
were, however, seven sites in four patients that did not
represent colorectal cancer that were definitely positive by
FDG-PET but negative by MAb-PET (Fig. 5). This appar
ently better specificity of MAb-PET for colorectal tumors
was clinically helpful in several patients. When the results
of the two studies were the same, the presence or absence
of tumor was confirmed, but the combination of a negative
MAb-PET and positive FDG-PET suggested an inflamma
tory lesion or other primary tumor (Table 2, Fig. 5).

Both FDG-PET and MAb-PET were particularly helpful
for detecting smaller tumors, those less than 2 cm in max
imum diameter (Table 3). There were 15 such sites evalu
ated by MAb-PET; 10 of these were also studied by FDG
PET. CT and/or MRI failed to detect most of these sites
(80%) and were particularlyinsensitive for lesions in the
abdomen and pelvis, the areas in which both MAb-PET and
FDG-PET were extremely sensitive.

Blood and Urine Clearance
Clearance of MCu from the blood in the first 24 hr was

similar to that seen with â€œIn-labeled-MAb lA3 (5). Nor
malizing both datasets to intersect 100% ID at t = 0, the
fractions remaining in the blood were 60.9% Â±3.7% after
21 hr for MCu and 60.3% Â±7.7% after 23 hr for â€œIn.
Urinary clearance was also similar, with 2.9% Â±2.6% ID of
MCu excreted in 21 hr (versus 2.3% Â±0.3% ID of â€œInin

positive-predictive value of a focus of increased activity on
MAb-PET was at least 89% (40/45). If the additional three
foci considered likely to represent tumor are also consid
ered as true-positive results, the positive predictive value
would be 96% (43/45).

In 18 of the 29 patients with confirmed tumor, CT either
did not demonstrate the tumor site(s) or was indeterminate
for the presence of tumor. The MAb-PET images in these
18 patients were scored as definitely positive for tumor. The
major discrepancies in CT and MAb-PET results were in
the abdomen and pelvis where MAb-PET was 100% sensi
tive (33/33 lesions) and CT only 48% (16133 lesions). For
hepatic and pulmonary metastases, however, CT was more
sensitive, detecting 17 of 22 lesions (77%) versus 7 of 22
(32%) detectedby MAb-PET.

In the 18 patients also examined by FDG-PET (Table 2),
all 21 sites of tumor (9 abdominal-pelvic, 8 hepatic, 4

FIGURE5. Anteriorvolume-renderedreprojectionPETimages,obtainedafterinjectionof FDG(left,10mC@and @Cu-MAb1A3(right;
10 mCi,20 mg), in a womanpostresectionof Dukes'C rectalcancer1 yr beforeenlargedmediastinaland penportallymphnodeswere
observed.Thesenodeswerestronglypositiveon FDG-PET(leftpanel)but werecompletelynegativeon @â€œCu-MAb1A3-PET(rightpanel).
Subsequent biopsy of the lymph nodes demonstrated sarcoidosis.
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MAbdose
(mg)No.
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negative
(0-0.2 @g/ml)No.

weakly
positive
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positive

(0.4â€”1.5 @g/ml)No.

strongly
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(>1 .5j4ml)511612210940142095112Total2915248

TABLE 4
Resultsof HAMAAssays

MAb-PET with MCu@labe1edMAb 1A3 compares quite
favorably to RIS with other radiolabeled MAbs directed
against colorectal cancer (1â€”4), including â€˜â€˜â€˜In-labeled
MAb 1A3 (5) and the only FDA-licensed radiolabeled
MAb for RIS (2). In our study of RIS with â€˜â€œIn-MAb1A3
(5), the overall sensitivity for tumor detection was 76% per
patient and 63% per lesion. In the present study, the sen
sitivity of MAb-PET was 86% per patient and 71% per
lesion. A comparison of detectability by tumor site also
favored MAb-PET over RIS (abdomen-pelvis; 100% versus
86%;liver33%versus20%;lung 25%versus0%), although
our experience is still limited. The positive predictive value
also was better for MAb-PET than for RIS (89%â€”96%
versus 83%). In contrast to â€œIn-labeled MAb 1A3, little
excretion of MCu@labeled MAb 1A3 into the bowel was
observed on the MAb-PET images, and, even though an
intact MAb was used, imaging was performed within 24 hr
postinjection. This is a distinct advantage of the MCu@
labeled agent. Nontarget activity in the liver is still too high,
however, to allow for satisfactory detection of hepatic me
tastases. Additionally, blood-pool activity is quite high at
the early time when imaging must be performed. The use of
an F(ab')2 fragment should significantly decrease blood
pool activity.

When this study was undertaken, the MCu@labeledfrag
ments available to us had such high renal clearance that the
radiation dosimetry to the kidney was excessive (15). Re
finements in our labeling technique have reduced this dose
to an acceptable level (25). These promising results with
the animal model suggest that the fragment will produce
superior imaging results. Labeling approaches using other
linkers (26) may also increase the clearance of the label
from the circulation and improve images with MCu@MAb@
PET. Use of F(ab')2 fragments, as well as smaller agents,
should significantly decrease the activity in the blood pool
and may allow for improved detection of hepatic and pul
monary metastasis (27).

The 64Cu used in these studies was prepared at the
Missouri University Research Reactor (MURR), one of a
limited number of research reactors capable of producing
MCuin the requiredquantities.With the properfacilities at
MURR, it is possible to produce MCuwith a specific activ
ity >640 Ci/mmol in multi-millicurie amounts daily. This
procedure can be adapted to produce curie quantities
(ZinnK,personalcommunication).Thiswouldallowfor

24 hr). The administered dose of MAb (5, 10 or 20 mg) had
no significant effect on the clearance of MCu from the
blood or urine.

Adverse Reactions and HAMA Studies
All patients were followed for 4 to 24 mo. There were no

complications from MCu@MAb 1A3 infusion detected dur
ing this period. Serum samples from 29 patients were tested
for HAMA prior to injection of the MAb and all were
negative (Table 4). HAMA concentrations in about half of
the patients tested at least 1 mo after injection remained
negative (<0.2 j.tg/ml), and about a quarter of the patients
had markedly increased titers (>1.5 @.tWml).Titers tended
to decrease somewhat after 10â€”12mo in the three patients
followed that long. The injected dose of MAb did not
appear to affect the development of HAMA.

DISCUSSION

This study has shown that MCu@benzyl@TETA@MAb1A3
is a safe radiopharmaceutical that causes no clinically de
tectable adverse effects in the doses used for this study.
Additionally, and most importantly, the ability to obtain
PET images of small colorectal tumors in the abdomen and
pelvis was most impressive. Even though this was a Phase
I/I! study, MAb-PET clearly exhibited superior sensitivity
for detection of abdominal-pelvic tumors by comparison
with conventional clinical detection methods (including CT
or MRI). Only FDG-PET appeared to be as sensitive as
MAb-PET, but it was not as specific for colorectal tumors.
FDG uptake was noted in a primary lung tumor as cx
pected, and false-positive results were seen in some inflam
matory lesions as well. Similar false-positive results for
inflammatory lesions with FDG-PET have been reported
by other investigators (22â€”24).

In assessing metastatic disease of the liver and lung, how
ever, MAb-PET was not as sensitive as either FDG-PET or
CT/MRI. MAb-PET did detect some of the hepatic and pul
monary metastases, including some smaller than 3.0 cm, but
clearly PET with this MCu@labeledintact MAb is not sensitive
enough in these areas of the body to lead to significant im
provement in their radiological detection. Previous experience
(5,14) has shown that there is 1A3 antigen in most of the
primary colorectal tumors and in many of the hepatic and
pulmonary metastases. It is possible that smaller fragments
of MAb 1A3 or, of other MAbs, may improve the perfor
mance of MAb-PET in the liver and lung.
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wider availability of MCu@labeled MAbs. Copper-64 is one
of a limited number of positron-emitting radionuclides that
can be produced both on a nuclear reactor and a cyclotron.
Techniques that use enriched targets have been described,
whereby 100-mCi quantities of MCu can be produced with
low-energy biomedical cyclotrons (28,29).

Copper-64 has been shown to have cytotoxic effects sim
ilar to 67Cu (30), a radionuclide currently under evaluation
in a radioimmunotherapy trial. We have shown the poten
tial of MCu as an agent for radioimmunotherapy both in
vitro and in vivo (31â€”34). The potential wide availability of
MCu, both from reactors and biomedical cyclotrons, and
the capability to perform accurate dosimetry estimates us
ing PET imaging, suggests that MCu is a radionuclide with
great potential for radioimmunotherapy.

Our results clearly show that combining the tumor-tar
geting specificity of a MAb with the superior imaging capabil
ities of PET is a promising approach. Continued efforts to
improve this approach with faster clearing fragments for
diagnostic assessment of colorectal and other cancers, and
eventually for the therapy of tumors, are warranted.
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