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Technetium-99m-Labeled Anti-EGF-Receptor
Antibody in Patients with Tumor of Epithelial
Origin: I. Biodistribution and Dosimetry for

Radioimmunotherapy

Normando Iznaga-Escobar, Leonel A. Torres, Alejo Morales, Mayra Ramos, Ivette Alvarez, Niuvis Pérez, Roberto Fraxedas,
Oscar Rodriguez, Nelson Rodriguez, Rolando Pérez, Agustin Lage and Michael G. Stabin

Centers of Molecular Immunology, Clinical Research and Medical-Surgical Research, Institute of Nephrology, Orthopedic
Hospital Frank Pais, Havana, Cuba; and Radiation Internal Dose Information Center, Oak Ridge, Tennessee

Accurate estimation of biodistribution and absorbed dose to normal
organs and tumors is important for immunoscintigraphic studies
and radioimmunotherapy treatment planning. Methods: Four pa-
tients (3 men, 1 woman; mean age 54.8 *+ 9.2 yr; range 42-64 yr)
were administered 3 mg of anti-human epidermal growth factor
receptor (anti-hEGF-r) antibody (ior egf/r3), radiolabeled with %™ Tc
activity of 39.5 + 1.1 mCi (range 38.5 mCi~40.7 mCi) by intravenous
bolus infusion. After administration, blood and urine samples were
collected from three patients up to 24 hr after injection. Whole-body
anterior and posterior scans were obtained at 5 minand 1, 3, 5 and
24 hr after injection. Using a computer program, regions of interest
were drawn over the heart, liver, spleen, bladder and tumor to
measure the activity in the source organs at each scanning time.
Time-activity curves for each source organ were then fitted to
monoexponential or biexponential functions by nonlinear least
squares regression using the flexible polyhedrals method, which
adequately fit our data with the correlation coefficient of 0.985 +
0.013, and were integrated to determine organ residence times. The
mean absorbed doses to the whole body and various normal organs
were then estimated from residence times and from blood and urine
samples using the methods developed by the Medical Internal
Radiation Dose Committee. The effective dose equivalent and
effective dose were calculated as prescribed in ICRP Publication
Nos. 30 and 60. Results: Plasma disappearance curves of ®™Tc-
labeled anti-hEGF-r antibody were best-fit by a two-compartment
model in all patients with a distribution half-life (t,,,) of 0.207 hr *
0.059 hr (mean *+ s.d., n = 3) and an elimination half-life (t,,g) of
13.9 hr = 2.2 hr. Among the various organs, significant accumula-
tion of the radiolabeled antibody was found in the liver (48.5% *
4.4%, mean * s.d.), heart (3.50% *+ 0.17%) and spleen (3.1% =
1.8%) at 5 min postadministration. These values were reduced to
3.2% * 0.4%, 0.1% * 0.01% and 0.1% = 0.1%, respectively, at 24
hr. Mean cumulative urinary excretion of ®®™Tc-labeled anti-hEGF-r
antibody was 4.6% * 0.6% at 24 hr postinjection. Estimates of
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radiation absorbed dose to normal organs in rad/mCi administered
(mean * s.d., n = 4) were: whole body 0.017 * 0.002; gallbladder
wall 0.074 + 0.007; spleen 0.136 = 0.076; and liver 0.267 * 0.036.
The effective dose equivalent and effective dose estimates for adults
were 0.041 * 0.008 remymCi and 0.027 + 0.004 rem/mCi admin-
istered. Conclusion: This feasibility study indicates that ®*™Tc-
labeled anti-hEGF-r antibody (ior egf/r3) can be used safely; this
analysis provides a dosimetric framework for future studies. This
monoclonal antibody, labeled with '®®Re, could possibly permit a
successful regional radioimmunotherapy of tumors of epithelial
origin.

Key Words: biodistribution; dosimetry; radioimmunotherapy; hu-
man epidermal growth factor

J Nucl Med 1998; 39:15-23

’Ee technique for the production of monoclonal antibodies
(MAbs) of predefined specificity (/) resulted in a dramatic
increase in the application of radiolabeled antibodies for radio-
immunodiagnosis (RAID) and radioimmunotherapy (RAIT).
Numerous clinical trials using radiolabeled MAbs for tumor
detection, biodistribution and internal radiation dosimetry have
been conducted in recent years (2-4). Significant positive
results have now been achieved in RAID (5,6) and RAIT
(7-11).

The calculation of the absorbed dose has been important in
nuclear medicine. Such dose estimates are used to determine the
health risks involved and the amount of radionuclides that
should be administered to patients during routine procedures.
The current Medical Internal Radiation Dose (MIRD) formal-
ism (12,13) for estimating doses to individual organs usually
includes the assumption of uniform radionuclide distribution in
homogeneous media. Although this assumption is not strictly
valid in many cases, its use in evaluating internal dose estimates
for safety purposes remains routine.

The antibody ior egf/r3, developed at the Center of Molecular
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TABLE 1

Patient Demographic Data
Plasma
Patient Surface volume
no. Age (yn Sex Race Weight (kg) Height (cm) area (m?)* (mi)t Diagnosis
6 42 F w 52.0 154.0 1.49 2072 Lung cancer, Stage il
7 64 M w 58.5 163.5 1.63 2572 Lung cancer, Stage liIB
8 56 M B 62.0 167.0 1.70 2678 Lung cancer
9 57 M w 845 1740 1.99 3140 Lung neoplasm with
hepatomegaly
Mean * s.d. 54.8 + 9.2 —_ — 64.3 = 14.1 164.6 = 8.3 1.70 = 0.21 2615 * 439 —

*Body surface area was calculated according to Ref. 24.
Total plasma volume was calculated according to Equation 1.
F = female; M = male; W = white; B = black.

Immunology (Havana, Cuba), is a murine IgG,, MAD that binds
to the external domain of the human epidermal growth factor
receptor (hEGF-r). After binding to the receptor, the MAb-
receptor complex is rapidly internalized, and a fraction of the
MAD can be found in the nucleus of the cells. Because hEGF-r
overexpression has been implicated in some human malignan-
cies, such as gliomas (/4) and breast (/5,16), bladder (17),
colon (/8) and lung (6,19) tumors, MAbs against it have been
used successfully during last years in the radioimmunodetection
of these tumors.

In this article, we have evaluated the biodistribution, phar-
macokinetics and internal radiation dosimetry to normal organs
of the *™Tc-labeled MAb anti-hEGF-r (ior egf/r3) in patients
with tumors of epithelial origin. A prediction of '**Re dosim-
etry to normal organs and tumors for future RAIT has been
made based on prior ™Tc imaging.

MATERIALS AND METHODS

Patients

Four patients with tumors of epithelial origin were selected from
the Center for Medical-Surgical Research (Havana, Cuba) Phase
/11 protocols. The study was approved by the Ethics Committee of
the Center for Medical-Surgical Research Hospital and the Na-
tional Regulatory Authorities of Cuba (Center for State Control of
Quality of Drugs, Havana, Cuba). Technetium-99m-labeled MAb
ior egf/r3 was administered to four patients (1 woman, 3 men; age
range 42-64 yr; mean age 54.8 *= 9.2 yr) for biodistribution and
internal radiation dosimetry studies. Table 1 provides demographic
information on the patients, body surface area and total plasma
volume. Written informed consent was obtained from all patients
entered in the study.

Monocional Antibody

The MAD ior-egf/r3 is a highly specific murine IgG,, isotype
antibody that recognizes hEGF-r. The MAD ior egf/r3 is secreted
by hybridoma A24/15/128, obtained by fusion of murine myeloma
cells SP2/Agl4 with splenocytes from Balb/c mice, immunized
with a partially purified fraction of the hEGF-r from human
placental tissue. Its generation, characterization and reactivities
have been described in detail elsewhere (20,27). Vials containing 1
ml of sterile and apyrogenic neutral solution with an antibody
concentration of 5 mg/ml were used.

Radiolabeling and Quality Control

The ability of the reduced MAb to be labeled with *™Tc was
assessed as previously described by Iznaga-Escobar et al. (22).
Briefly, aliquots of 3 mg/ml reduced antibody were used. After
reduction of intrinsic disulfide bonds, the Amerscan Medronate 11
bone-scanning kit (Amersham, London, UK) was reconstituted
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with 5 ml of 0.9% sodium chloride, purged with nitrogen. Antibody
(50 pl/mg solution) was added to the reduced MAb and was
labeled with 50 mCi of pertechnetate (TcOy), eluted from a
Mo/ Tc generator. Activity was measured in a calibration
system Compucal II (Nuclear Associates, Division of Victoreen,
London, UK).

The labeled MADbs were analyzed by ascending chromatography
on Whatman 3MM paper using 0.9% saline and methyl ethyl
ketone (MEK) as a mobile phase. Strips (1 X 10 cm) were spotted
with 1 ul of sample and eluted with either MEK or 0.9% saline for
approximately 9 cm, dried and cut into three parts, two parts for
MEK and one for saline. All parts were counted in a gamma
counter (Scaler Ratemeter SR8; Nuclear Enterprise, London, UK)
to quantitate the amount of protein-bound, non-protein-bound
(®®™Tc-methylene diphosphonate) and free *™Tc activity.

Radiopharmaceutical Administration

Four patients were administered 39.5 mCi * 1.1 mCi (mean *
s.d.; 3 mg of MAb) by intravenous bolus infusion through a
peripheral vein. The appropriate dose was measured using a
radioactivity calibration system (Compucal II). No adverse reac-
tions were noticed in any of the patients during or after the
infusion.

Blood and Urine Collection

After intravenous injection, 3-4 ml of blood samples were
collected in three patients from the antecubital vein opposite of the
injection side at timed intervals (2, 5, 10, 20 and 30 min and 1, 3,
5, 8, 18 and 24 hr postinjection). Samples of 1-ml aliquots of whole
anticoagulated blood with heparin were immediately centrifuged (5
min at 3000 rpm) at room temperature, and plasma was removed
with an Eppendorf pipette.

Urine was collected from each patient in 3-hr intervals for up to
24 hr, and the total volume of each collection was recorded.

The radioactivity in plasma and urine (0.3-ml aliquots) samples
was determined in duplicate by counting in a fixed, reproducible
geometry system gamma counter to obtain the total counts. All
samples were counted for 10 sec, which generally provided a
counting error of less than 1%, except for those from the later
collection periods that contained low levels of radioactivity. The
total counts in plasma and urine samples were then converted to
activity concentration in uCi/ml using a standard prepared at the
same time of the injection. Appropriate corrections were made for
decay, using the time of injection as reference time.

Pharmacokinetic Data Analysis

For pharmacokinetic analysis, total plasma volume for each
patient (Table 1) was obtained as previously described (23) using
Equation 1. The obtained values were:
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Males: TPV (in ml) = 1578 X S; and

Eq. 1
Females: TPV (in ml) = 1395 X S, 4

where S is the body surface area in m?, determined according to a
previously described procedure (24). The plasma activity concen-
tration in uCi/ml was multiplied by the total plasma volume to
obtain whole plasma activity. Thereafter, plasma activity was
expressed as the fraction of administered activity remaining in
plasma at each counting time and related to the total injected dose
(ID).

Plasma disappearance curves were fitted to a biexponential
equation using a software package (BRASIER; provided by the
High Institute of Nuclear Sciences and Technology, Havana, Cuba)
which performs a nonlinear least squares regression analysis using
the method of flexible polyhedrals (25). The selection of the
two-compartment model over the others was performed according
to the Akaike’s information criteria (26) as a statistical test.

The plasma half-lives (t,,, and t,,g), the area under the
time-activity curve and the maximal activity concentration (C,)
were calculated according to previously described methods (27).
The apparent volume of the central compartment (V.), apparent
volume of distribution at steady state (V) and plasma clearance
(CLp) were calculated according to standard methods (28).

Patient Imaging

Whole-body scans were performed on a Sophy DS-7 (Sopha
Medical Systems, Ottawa, Canada) gamma camera, fitted with a
low-energy, high-resolution, diverging parallel-hole collimator to
increase the lateral viewing aspect. Images were acquired using a
20% window centered on the 140-keV emission from *™Tc after
injection. Anterior and posterior whole-body scans were acquired
at Smin and 1, 3, 5 and 24 hr postinjection using a gantry speed of
20 cm/min; acquisition times were around 25 min each. All
whole-body images were stored on the computer in a 2048 X 512
word mode matrix.

Biodistribution and Dosimetry Studies

Biodistribution studies were performed from whole-body ante-
rior and posterior views taken at 5 min and 1, 3, 5 and 24 hr after
injection. The geometric mean of anterior and posterior images
corrected for decay was obtained using the computer program
(BioDose, Version 1.0, Center for Clinical Research, Havana,
Cuba). Using this program, regions of interest (ROIs) were drawn
over heart, liver, spleen, bladder and tumor, which were the organs
that took up enough radioactivity to be visualized on the images
and which, therefore, were considered source organs. The geomet-
ric mean counts for source organs at each time interval were
measured. Then the program converted total counts into activity
and calculated the absolute activity concentration in uCi for each
region of interest (ROI) at all imaging times. Accumulation of
99mTc-labeled MAD ior egf/r3 in nontarget organs was assessed
from the ROIs. The geometric mean of the first whole-body
anterior and posterior views was taken to represent 100% of the
administered activity, and all the source organ and whole-body
geometric means obtained from subsequent sessions were related
to this value. Whole-body and source organ retention, in %ID, were
expressed as the fraction of administered activity remaining in each
source organ at each counting time and related to the geometric
mean activity of the total body.

The source organs’ time-activity data were then fit to either a
monoexponential or biexponential function by a nonlinear least
squares regression, using the flexible polyhedrals method, and
were then integrated to obtain the cumulative activities to facilitate
the calculation of residence times (29) for dosimetry purposes. The
mean absorbed dose in mGy/MBq or rad/mCi to the total body and
various target organs was then obtained using the residence times

and the S values from (30,31) according to MIRD schema (/2,13),
with correction for the remainder of the body activity (29).

The urinary bladder time-activity curves were typically saw-
tooth-shaped curves and were fitted using a dynamic bladder
model. The cumulative activity A (AUC) was obtained by
integrating from zero to the last void point of the equation that
describes a sawtooth-shaped curve and divided by the ID to obtain
bladder residence time. The radiation absorbed dose to the bladder
was then calculated based on the effective mean residence time for
the ®™Tc-labeled MAb ior egf/r3 in the bladder, which was
derived from the bladder time-activity curves. The amount of
radioactivity excreted from the ID and then corrected for radioac-
tive decay was obtained by measurement of the radioactivity
contained in urine collections over a specific time interval. One
practical difficulty in determining mean residence time by this
method is the need to collect multiple complete urine collections
for as long as possible after injection of the radiopharmaceutical.

The effective dose equivalent and effective dose were calculated
from the mean values of 24 normal organ absorbed doses according
to the methods given in ICRP Publication Nos. 30 and 60 (32,33).

Predicting Dose for Normal Organs

The prediction of absorbed doses to normal organs for '3%Re-
RAIT from prior ™ Tc-labeled MAb ior egf/r3 imaging was
performed by calculation of the effective half-times in each source
organ from the *™Tc activity curves and assuming the biodistri-
butions of *™Tc- and !%8Re-labeled MAD ior egf/r3 to be similar.
The effective half-time for the '*%Re immunoconjugates was
estimated from Equation 2:

1/T, ('Re) = /Ty, *™Tc¢) + 1/T, (‘8 Re), Eq. 2
where T, = biological half-time, T, = effective half-time and
T, = physical half-time of the radioisotope. The calculated values
for the effective half-time of '%®Re in each source organ were used
to predict the absorbed dose to normal organs.

Tumor Dosimetry

Tumor dosimetry was more difficult to estimate when there was
a low concentration of activity in the tumor compared with the
surrounding background activity. The content of radioactivity in
the tumor from the time of injection up to 24 hr postinjection was
used to develop tumor time-activity curves of **Tc-labeled MAb
ior egf/r3 in two patients. The integral of tumor activity was
computed trapezoidally by assuming activity equals zero at time
zero, and then tumor residence times were obtained, from which
absorbed doses were estimated using the MIRD formalism (/2,13).

Calculation of tumor dosimetry for RAIT was based on the
biological half-life of the tumor (11.90 hr) for *™Tc-labeled MAb
ior egf/r3 and the physical half-life of '®*Re (16.9 hr), to develop
an effective half-life of 19.63 hr. With tumor residence times and
based on an absorbed dose constant S-factor of 6.73 X 107!
rad/uCi - hr (for '*®Re), the absorbed dose was calculated. The
absorbed dose to tumor as was estimated, included the total dose
from nonpenetrating radiation (from radioactivity concentrated in
the tumor) and penetrating radiation from gamma rays emitted by
radioactivity in the source organs. The gamma contributions were
dependent on the location and position of the tumor in relationship
to the source organs.

Statistical Analysi

Data were analyzed to give mean and s.d. values. Statistical
significance of differences between patients were determined by
the software MicroCal Origin Version 3.0 (MicroCal Software,

Inc., Northampton, MA) using paired two-tailed Student’s t-test
when appropriate, with p < 0.05 being considered significant.
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FIGURE 1. Plasma clearance curve after ®*™Tc-labeled MAb ior egf/r3
intravenous bolus injection in three patients entered in this study. Values
plotted represent the mean for three individuals. There were no statistically
significant differences between individuals (p < 0.05).

RESULTS

Biodistribution Studies

Biodistribution studies were conducted to quantify immuno-
specific localization and to provide a basis for developin§ dose
estimates. The mean plasma clearance curve of the **™Tc-
labeled MADb ior egf/r3 is shown in Figure 1. The best fit plasma
time-activity curves in all patients had a distribution half-life
(t,2) of 0.207 * 0.059 hr (mean * sd., n = 3) and an
elimination half-life (t,,,g) of 13.9 * 2.2 hr (Table 2). The
statistical differences between patients were calculated by
two-tailed paired Student’s t-test. The AUC was 25.2 = 13.7
(nCi/ml - hr) and the C, was 8.5 * 1.5 uCi/ml. The mean
apparent volume of the central compartment was 76.9 + 27.9
ml/kg, the mean apparent steady-state volume of distribution
was 509.8 *+ 352.5 ml/kg and the mean systemic clearance was
34.7 = 27.3 ml/hr - kg.

Activity in the urine, when represented as %ID per 3-hr urine
collection, was low (Fig. 2). In the three patients studied, a
maximum occurred at 3—6 hr after injection. The mean %ID of
99mTc-labeled MAD ior egf/r3 excreted in the urine by 24 hr
postinfusion under physiological conditions was 4.6% * 0.6%.
There were no significant differences between all patients at the
p < 0.05 level for all pharmacokinetic parameters.

After administration of **™Tc-labeled MAD ior egf/r3, the
liver, heart and spleen were evident immediately and were still
visible through 24 hr postinjection (Fig. 3). The mean biological
clearance curves for whole body, remainder of the body, liver,

TABLE 2
Phamacokinetic Parameters of Technetium-39m-Labeled MAD ior
egf/r3 Intravenous Bolus Injection in Three Patients

Pharmmacokinetic

parameter Mean (range)
t1/00 (1) 0.207 (0.139-0.246)
ty2p (1) 13.9 (12.6-16.4)
AUC (uCi/ml - hn) 25.2 (11.4-38.7)
C, (uCi/mi) 8.5(6.9-9.9)
V(mlkg) 76.9 (54.6-168.2)
Ves(mikg) 586.7 (211.6-970.3)
Clo, (mbhr - kg) 34.7 (12.4-65.2)

AUC = cumulative activity; C, = maximal activity concentration; V, =
apparent volume of the central compartment; V,, = apparent volume of
distribution at steady state; CL, = plasma clearance.
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FIGURE 2. Urinary excretion pattem of *®*™Tc-labeled MAb ior egf/r3 in 3-hr
intervals up to 24 hr postinjection. Values represent the mean and s.d. for
three individuals. The urinary excretion pattemns were essentially identical for
all individuals.

heart, spleen and urinary bladder obtained from gamma camera
imaging for °*™Tc in four patients are shown in Figure 4. There
was insufficient radioactivity for kidneys and lungs to be
considered as a source organs for dose estimates in all patients.
The normal organ biodistribution and whole-body kinetics were
calculated from whole-body anterior and posterior views taken
at different time intervals. The uptakes in the most important
source organs, liver, heart, spleen and urinary bladder, and the
remainder of the body, were determined as a function of time.
Radioactivity in the urinary bladder was calculated using the
measured radioactivity excreted in the urine and assuming a
bladder voiding interval of 3 hr (32). Radioactivity in the
remainder of the body (expressed as percentage of the admin-
istered activity) as a function of time was determined as 100%
minus the percentage uptake in liver, heart, spleen, urinary
bladder and excreted radioactivity in urine. Time courses of
radioactivity in the liver, heart and spleen showed close
similarities between individual patients (data not shown). The
results of the uptake measurements are given in Figure 4.
Among the various organs significant accumulation of the
radiolabeled was found in the liver (48.5% * 4.4%, mean *
s.d.), heart (3.50% = 0.17%), spleen (3.1% = 1.8%) and
bladder (0.53% = 0.4%) at 5 min postadministration. These
values were reduced to 3.2% * 0.4%, 0.1% * 0.01%, 0.1% *
0.1% and 0.06% * 0.03%, respectively, at 24 hr postinjection.
Localization of the radioactivity in the liver after injection of
99mTc-labeled MAD ior egf/r3 was rapid, with great retention up
to 5 hr postinjection because of the number of hEGF-r present
in it (Fig. 4). The liver is the organ with the largest number of
sites of excretion and/or metabolism of radiolabeled MAbs and
their degradation products. Good clearance was seen from the
liver, 3.2 %ID at 24 hr postinjection.
Dosimetry Studies

Here, dose calculations for normal organs based on the
MIRD formalism (12,13) for ™Tc-labeled MAb ior egf/r3
were performed in four patients using the residence times
showed in Table 3. The uptake of radioactivity in the liver,
heart, spleen and urinary bladder was measured with the gamma
camera. Other organs (e.g., the kidneys and lungs) showed low
accumulation of radioactivity and were disregarded in the
gamma camera measurements. Instantaneous uptake, homoge-
neous distribution and monoexponential or biexponential clear-
ance of the radioactive substance from the tissues was assumed.
Radioactivity excreted in the urine was used for calculation of
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FIGURE 3. Serial whole-body anterior
and posterior scans of ®™Tc-labeled
MADb ior egf/r3 in Patient 7, taken at 1, 3,
5 and 24 hr after injection, indicating earty
accumulation in liver and spleen.

the residence time of the urinary bladder contents for all
patients and showed the same course as the mean depicted in
Figure 2. Table 4 shows the average absorbed dose estimates to
normal organs for a 3 mg (39.5 = 1.1 mCi) dose of *™Tc-
labeled MAD ior egf/r3, expressed as mGy/MBq or rad/mCi
administered. Estimates of radiation absorbed dose to normal
organs in rad/mCi administered (mean * s.d.,, n = 4) were:
whole body 0.017 * 0.002; gallbladder wall 0.074 * 0.007;
spleen 0.136 * 0.076; and liver 0.267 %= 0.036. The liver
received the highest dose. The reason for the large accumulation
of activity in liver and its retention was the high number of
hEGF-r present in the hepatocytes, which leads to the antigen-
antibody complex formation.

The effective dose equivalent and effective dose estimates
shown in Table 5 for adults were 0.041 * 0.008 rem/mCi and
0.027 * 0.004 rem/mCi administered. There were no statisti-
cally significant differences in the dose estimates of the various
normal organs or in the effective dose equivalent or effective
dose in comparison to the direct estimates for each individual
(data not shown).

Predicting Dose for Normal Organs

The mean absorbed doses to normal organs predicted for
188Re-labeled MADb ior egf/r3, assuming the biodistribution of
99mTc-labeled MAD ior egf/r3 to be similar in the four patients,
are shown in Table 6. In this table, the total absorbed dose in rad
for a 50-mCi administration is included. Paired Student’s t-test
indicated no significant differences between individuals in
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predicted dosimetry for normal organs. Predicted values of
radiation absorbed dose to normal organs in rad/mCi adminis-
tered (mean * s.d., n = 4) were: whole body 0.400 + 0.012;
urinary bladder wall 0.241 * 0.018; heart wall 1.00 = 0.18;
spleen 9.61 * 5.04; and liver 10.65 * 0.17. The effective dose
equivalent and effective dose predicted for '*®Re are shown in
Table 6; for adults, they were 0.53 * 0.16 rem/mCi and 0.34 *
0.11 rem/mCi administered, respectively.

Tumor Dosimetry

Accurate ROIs were drawn in Patient 6, who had a primary
lung cancer Stage III that had metastasized to the laryngeal
region, and also in Patient 9, a 57-yr-old man with a primary
lung neoplasm and hepatomegaly, who had a metastatic region
with an area of increased *™Tc-labeled MAD ior egf/r3 activity
in the right anterior pectoral area. The integral of the time-
activity curve for the tumor (Fig. 5) was computed trapezoidally
by assuming activity equals zero at time zero and the residence
time was determined. Based on tumor residence time of 19.63
hr and the absorbed dose constant S for '*3Re, the absorbed
dose was calculated. For the tumor, it was 19.92 * 3.51
rad/mCi administered. Based on these results for two patients, it
was assumed that the tumor uptake of the '3®Re-labeled MAb
ior egf/r3 in these patients would be the same as that for the
99mTc-labeled MAb ior egf/r3. After injection of 150 mCi of
188Re-labeled MAD ior egf/r3, the tumor would receive a total
dose of about 3000 rad.

19



100 A [ ]
0. —=— Whole Body
—eo— Liver
—a— Remainder of Body

o0
e
R o

204
] o h H\h

o ) 10 15 20 26
Time Post-injection (hrs)
4 -
34
—a— Heart
—e— Spleen
21 --4 — Urinary Bladder
o ry
R
14
04

10 16 20 25
Time Post-injection (hrs)

[«
o

FIGURE 4. Normal organ biodistribution and whole-body kinetics of **™Tc-
labeled MAD ior egf/r3 administered in a 3-mg dose by intravenous bolus
injection, as determined by whole-body scans in a gamma camera and
expressed as %ID.

DISCUSSION

" The advances made in the development of anticancer MAbs
and their successful use in diverse laboratory and clinical
procedures have spurred considerable interest in their potential
role in the diagnosis and treatment of cancer (/7). At present, a
small number of antibodies exist that have been produced
specifically against hEGF-r (6,34-38). Of these, few have
properties that are compatible with RAID (6,38) and RAIT
' (34,39).

The physical properties of *™Tc¢ allow good-quality images
to be acquired on a gamma camera for assessing radiopharma-
ceutical biodistribution, and this permitted the use of relatively
simple procedures to make the quantification of activity from
gamma camera images and derive dosimetry estimates. The

_ resolution of the images was such that ROIs could be drawn on
source organs without requiring administration of additional
radionuclides to define organ boundaries (40) or blood-pool
scans for background subtraction (41).

TABLE 3
Source Organ Residence Times
Residence time (hr)

Source organs mTe 188Re
Heart contents 0.183 + 0.0338 0.51 £ 0.09
Liver 5.74 + 0.13 12.13 = 0.22
Spleen 0.383 * 0.205 1.05 + 0.55
Urinary bladder contents 0.050 * 0.00408 0.048 + 0.004
Remainder of body 1.49 = 0.36 3.85+0.87

Development of accurate methods to determine absorbed
dose is important so that the tolerance of the normal tissues to
low-dose radiation can be better defined. Once this is known,
RAIT could be planned to deliver the highest doses to the
tumors.

The quality control studies showed good incorporation of
9MTc onto the MAb, excellent immunoreactivity assessed by a
radio receptor assay (42) and good stability of the **™Tc-labeled
MAD ior egf/r3 in vivo, with only a small amount of *™Tc
transcomplexed from the MAb to plasma proteins (27).

The MAD ior egfi/r3, a murine IgG,, isotype, was cleared
from the circulation of the patients with biexponential kinetics
consisting of an initial or alpha phase, with a half-life of about
0.207 hr = 0.059 hr, representing in part the distribution of the
antibody between the vascular and extravascular compartments,
and a second or beta phase of 13.9 hr * 2.2 hr, representing the
catabolism of antibody fully equilibrated between the two
compartments. The half-lives obtained in our studies are also
consistent with previous clearance studies with other murine
MADs conducted over a comparable time scale, which mea-
sured half-lives between 0.1 hr and 24 hr (43).

We examined the biodistribution from quantification of
activity on the gamma camera images, estimated internal
radiation doses to normal organs and made a prediction of '*®Re
dosimetry from a prior *™Tc imaging. Time-activity curves for
each source organ were fitted to monoexponential or biexpo-
nential functions by nonlinear least squares regression, using
the flexible polyhedrals method, which adequately fit our data
with the correlation coefficient of 0.985 * 0.013, and were
integrated to determine organ residence times. The absorbed
doses to the whole body and to normal organs were estimated
using the residence times and the standard MIRD male/female
anthropomorphic models. Radioactivity excreted in the urine
was used for calculation of the residence time of the urinary
bladder contents for all patients and showed the same course as
the mean depicted in Figure 2.

It was difficult to obtain accurate quantification of activity in
tumors within normal organs because of varying background
activities, particularly in lung lesions, where fluid and atelec-
tasis could not be distinguished from tumor and where activity
was not high enough relative to background activity to draw
accurate ROIs for Patients 7 and 8. We could draw ROIs in
Patient 6, who had a primary lung cancer Stage III that had
metastasized to the laryngeal region, and also in Patient 9, a
57-yr-old man with a primary lung neoplasm and hepatomeg-
aly, who had a metastatic region with an area of increased
9mTc-labeled MAb ior egf/r3 activity in the right anterior
pectoral area. Absorbed doses to tumor tissues for '®3Re were
estimated using the same approach as taken for normal organs
(44,45). Tumors were modeled as normal organs of similar
mass and position in the body.

The majority of literature references quote a possible 1000- to
2000-rad radiation dose to typical tumors studied, depending on
isotope used, antibody biodistribution and number of adminis-
trations (46,47). The absorbed radiation doses calculated by the
method described in this article for normal organs are in general
agreement with the estimates of dose to tumor and normal organ
regorted by others in a series of patients treated with ''I- and
186Re-labeled antitumor antibodies (9,48). Dose estimates in
these studies for the whole body are 10 and 4 times higher than
that of '®8Re-labeled MAb ior egf/r3, respectively, although
predicted dose to the liver and tumor were similar. In our study,
the liver absorbed dose estimates are relatively high, due to the
number of hEGF-r present. Student’s t-test indicated no signif-
icant differences between dose to the liver and tumor in our
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TABLE 4

Normal Organ Dosimetry for Technetium-99m-Labeled MADb ior egf/r3 (mean * s.d.)

rad/mCi*

Target organ mGy/MBq*
Adrenals 112X 1072+ 1.32x 1073
Brain 740X 1074 +1.34 x 107
Breast 232X 1073 + 256 x 1074
Gallbladder wall 1.99 X 1072+ 1.85 x 1072
LLI wall 153x 1073 +1.84 x 1074
Small intestine 3.79x 1072+ 407 x 1074
Stomach 553x 1072 +1.16 x 1073
ULl wall 532X 1072+ 596 x 1074
Heart wall 1.00 X 1072+ 1.04 x 1072
Kidneys 8.22 x 1073 + 1.02 x 102
Liver 721x1072+9.71 x 1073
Lungs 6.03x1073+880 %1074
Muscle 265x 1073 +2.86 x 107*
Ovaries 208 x 1073 +2.32x 1074
Pancreas 1.16 X 1072+ 2,00 X 1072
Red mamrow 2.81x 1073 +£207 x107*
Bone surfaces 452 x 1073+ 481 x107*
Skin 141 x103+1.19x 1074
Spleen 3.68 X 1072 + 2,06 X 1072
Testes 874%x 1074 +163x 1074
Thymus 277 X103 +267 x107*
Thyroid 1.08 X 1072 + 1.68 X 10~*
Urinary bladder wall 338x107%+6.32x107*
Uterus 2.07 x 1073+ 220 x 104
Total body 466 % 1073+ 525 x 1074

416 x 1072+ 486 x 1072
274 %1072+ 497 x 104
859 x 1073 +9.51 x 1074
7.38 X 10‘"2 +6.86 X 1072
566 X 1073 +6.69 X 1074
140X 1072+ 151 x 1072
2.05x 1072+ 428 x 1072
197 x 1072+ 223 x 1073
3.25x 1072 +9.90 x 1073
327 X 1072+ 4,59 x 1073
2,67 x 107" + 3.58 x 10~2
223X 1072 +3.27 x 1073
9.80 X 1072 +1.04 x 1072
7.68 x 1073 + 858 x 1074
427 x1072+733 x 1073
1.04 X 1072+ 7.70 X 1074
167 x1072+177 x 1072
519 x 1073+ 446 X 1074
1.36 X 10! + 7.62 X 1072
324 x 1072 +6.06 X 1074
1.03x 1072 +9.93 X 1074
4.00 X 1072 = 597 x 1074
125X 1072 +2.31 x 1073
764%x107%+817 x107*
173X 1072 +190x 1073

*There were no statistical differences between all patients (p < 0.05 by paired Student’s t-test). LLI = lower large intestine; ULl = upper large intestine.

subjects for the predicted dosimetry of '*'I-, '®Re- and '*®Re-
labeled antibodies. The estimated dose to whole body for '3'I-,
186Re- and '88Re-labeled antitumor antibodies studies were
different because the contribution of the penetrating and non-
penetrating radiation to a mass centrally located in the body
varied for '*'I, '®Re and '®¥Re (A, values are approximately
0.40, 0.76 and 1.70 g - rad/uCi - hr, respectively, for these
three nuclides).

Using the methods described, the calculations given here
appear to be generally valid for calculation of normal tissue
dosimetry after RAIT with '®®Re immunoconjugates. For
RAIT, it appears that 20002500 rad delivered by an isotope
conjugated to an antitumor MAb may be sufficient to result in
a radiation-mediated tumor response. On the basis of dosimetry
calculations, we predict that the dose to the individual tumors
will be between 2500 rad and 3000 rad after the injection of 150
mCi of '®8Re-labeled MAb ior egf/r3. Animal models have
shown that doses to tumor of 2000—-3000 rad can cure nude
mice of small (18 mm®) tumors (49).

The theoretical advantages of radioimmunoscintigraphy are
clear. For the first time, we have available a diagnostic reagent
that is specifically directed at tumors and is not dependent on
nonspecific findings, such as ultrasound reflection, paramag-
netic properties, mass effect or attenuation characteristics. As
more clinical sites embark on therapeutic trials, methods to
quantitate the activity must be as practical and reproducible as

possible so that data can be compared among the various
radioimmunoconjugates and that the most ai)propriate therapy
will be selected for patients. The dosimetry formalism presented
above may facilitate calculation of more accurate doses and
establishment of meaningful dose-response relationships for
experimental radionuclide therapy. The excellent labeling
methods that have now been developed for *™Tc and '*%Re
(50), the availability of generators for both radionuclides and
the possibility of having a freeze-dried kit formulation have
made suggested that “™Tc and '%®Re may constitute an ideal
“matched pair” radionuclide combination for imaging, patient
selection and RAIT, making the use of *™Tc- and '*®Re-
labeled antibodies feasible for research and clinical applica-
tions.

CONCLUSION .
This study was undertaken to evaluate the biodistribution,
estimate the internal radiation absorbed dose to normal organs:
of ®™Tc-labeled MAD ior egf/ir3 and make a Prediction of
absorbed dose to normal organs and tumor of '38Re-labeled
MAD ior egf/r3 based on prior *™Tc imaging. This feasibility
study indicates that ®™Tc-labeled -anti-hEGF-r antibody (ior
egf/r3) can be used safely, and that adequate doses can be
administered for diagnostic imaging without exposing the
patient to excessive radiation. Thus, this provides a dosimetric
framework for future studies. We believe that this study has

TABLE 5
Effective Dose Equivalent and Effective Dose Estimates for Adults

188Re

rem/mCi

mSv/MBq

rem/mCi

SomTe
mSwMBq
Effective dose equivalent  1.12 X 1072 = 2,09 x 1073
Effective dose 717 x 1072+ 995 x 1074

414x1072+780x 1072
2.65x 1072 + 3.68 x 1073

370 x 107" +7.28 x 1072
235X 1071 £ 470 X 1072

137X 10°+270%x 10~
876X 107" +1.72 x 10"
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TABLE 6
Normal Organ Dosimetry Predicted for Rhenium-188-Labeled MAD ior egf/r3 (mean * s.d., 3 mg of MAb, 50 mCi)

Target organ mGy/MBq* rad/mCi* Total rad
Adrenals 340x 1072541 %1073 1.26 X 107! 2,01 X 1072 6.300
Brain 249 x 1072+ 562 x 1072 9.24 X 1072+ 2.09 X 1072 4618
Breast 264 x 1072+ 559 x 1073 9.77 X 1072 + 2,05 X 1072 4.885
Gallbladder wall 413X 1072+ 574 x 1073 152 x 107" +2.13 x 1072 7.575
LLI wall 256 X 1072 +564 x 1073 949 X 1072 + 2,08 X 1072 4,745
Small intestine 2.75x 1072+ 559 x 1073 1.02 X 107! + 2,05 X 1072 5.085
Stomach 291 x1072+£507 x 1073 108X 107" +1.78 x 1072 5.389
ULl wall 288 x 1072+ 559 x 10°3 1.07 x 10~ + 2,06 X 102 5.328
Heart wall 273x107'+ 488 x 1072 1.00 X 107°+ 1,78 x 10! 50.30
Kidneys 316 xX1072+ 515 x 1073 117 x 107" +1.91 x 1072 5.846
Liver 2.88 + 0.05 10.65 = 0.17 532.5
Lungs 293 x 1072+ 556 x 1072 1.08 X 107! +2.08 X 1072 5.421
Muscle 266 X 1072 +553 x 10°2 9.86 X 1072 + 2,06 X 1072 4.930
Ovaries 261x1072+562 x 1073 9.65 X 1072 + 2,08 X 1072 4.823
Pancreas 341 x1072+473x10°3 126 X 107" +1.76 X 1072 6.313
Red marrow 269x10°2+555 x 1072 9.95 X 1072 £ 2,07 X 1072 4976
Bone surfaces 274x1072+566 x 1072 1.01 X 107" + 2,09 X 1072 5.066
Skin 256 X 1072+ 553 x 1072 947 x 1072+ 2,05 x 102 4735
Spleen 2.60 + 1.36 9.61 = 5.04 480.6
Testes 251%x1072+558 x 1073 9.26 X 1072+ 2,07 X 1072 4.628
Thymus 269 X 1072573 x 1072 9.96 X 1072+ 2,11 x 102 4,979
Thyroid 253X 1072 +562 x 1072 9.35 X 1072+ 2,07 x 102 4,675
Urinary bladder wall 651 x10°2+5.06 x 1073 241 x107' +1.85x 1072 12.03
Uterus 261x1072+568 x 1073 612X 1072+ 4,02 x 1072 3.059
Total body 1.08 x10°' £ 3.16 X 1073 4.00x 107" +1.20 X 1072 20.00

“There were no statistical differences between all patients (p < 0.05 by paired Student's t-test). LLI = lower large intestine; ULl = upper large intestine.

important implications for future clinical trials involving radio-
immunodetection and that this MAD, labeled with '*®Re, could
possible permit a successful regional RAIT of tumors of
epithelial origin.
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Diagnosis of Recurrent Glioma with SPECT and
Iodine-123-a-Methyl Tyrosine

Torsten Kuwert, Burkhard Woesler, Carlo Morgenroth, Hartmut Lerch, Michael Schifers, Stefan Palkovic, Peter Matheja,

Wolfgang Brandau, Hansdetlef Wassmann and Otmar Schober

Departments of Nuclear Medicine and Neurosurgery, Westfilische Wilhelms-Universitit, Miinster, Germany

lodine-123-a-methyl tyrosine (IMT) allows the investigation of amino
acid transport rate in brain neoplasms. It was the aim of this study to
evaluate the potential of IMT-SPECT to diagnose the recurrence of
gliomas after primary therapy. Methods: Using a triple-headed
SPECT camera, the cerebral uptake of IMT was determined in 27
patients 22 mo, on average, after surgical removal of a primary brain
tumor. Eighteen patients had suffered from high-grade gliomas, and
nine had suffered from low-grade tumors. Four patients were
examined before and after surgical revision of a presumed tumor
recurrence. A total of 31 studies were evaluated. The final diagnosis
was based on prospective clinicopathological follow-up. Recur-
rence was diagnosed in 23 cases, with marked clinical deterioration
occurring 3.1 mo, on average, after SPECT, and was confirmed by
histopathology in 14 instances. Eight cases were free of recurrence,
as evidenced by inconspicuous clinical follow-up, ranging from 6 mo
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to 17 mo after SPECT in seven cases, and by clinical course and
histopathology in the remaining subject. Results: Patients with
recurrence had significantly higher ratios of IMT uptake in the tumor
area to that in a background region than did patients without
recurrence (2.27 * 0.59 compared to 1.47 * 0.29; p < 0.002). The
best cutoff level of the IMT uptake ratio in the differentiation between
recurrence and benign posttherapeutic lesion was 1.8. Using this
study-specific discrimination threshold, the sensitivity and specific-
ity of IMT-SPECT for detecting glioma recurrence were 18 of 23
(78%) and 8 of 8 (100%), respectively. The area under the binormal
receiver operating characteristic curve, fitted to the data, was 0.90 +
0.06. Conclusion: lodine-123-a-methyl tyrosine-SPECT is a prom-
ising new tool in the follow-up of patients with gliomas after primary
therapy.

Key Words: SPECT; iodine-123-a-methy! tyrosine; amino acids;
brain neoplasms; gliomas

J Nucl Med 1998; 39:23-27

IMT-SPECT IN ReEcURRENT GLiomas « Kuwert et al. 23





