Dosimetric Analysis of Radioimmunotherapy
with 1%Re-Labeled Bivatuzumab in Patients with

Head and Neck Cancer

Ernst J. Postema, MD?; Pontus K.E. Borjesson, MD?% Wilhelmina C.A.M. Buijs, PhD%; Jan C. Roos, MD, PhD3;
Henri A.M. Marres, MD, PhD# Otto C. Boerman, PhD?; Remco de Bree, MD, PhD?% Margreet Lang, PhD5;
Gerd Munzert, MDS; Guus A.M.S. van Dongen, PhDZ, and Wim J.G. Oyen, MD, PhD?

1Department of Nuclear Medicine, University Medical Center Nijmegen, Nijmegen, The Netherlands; 2Department of
Otolaryngology/Head and Neck Surgery, VU University Medical Center, Amsterdam, The Netherlands; *Department of Nuclear
Medicine, VU University Medical Center, Amsterdam, The Netherlands; “Department of Otolaryngology/Head and Neck Surgery,
University Medical Center Nijmegen, Nijmegen, The Netherlands; 5Boehringer Ingelheim BV, Alkmaar, The Netherlands; and
6Boehringer Ingelheim Pharma GmbH & Co KG, Biberach an der Riss, Germany

From December 1999 until July 2001, a phase | dose escalation
study was performed with '8Re-labeled bivatuzumab, a human-
ized monoclonal antibody against CD44v6, on patients with
inoperable recurrent or metastatic head and neck cancer. The
aim of the trial was to assess the safety and tolerability of
intravenously administered '8Re-bivatuzumab and to deter-
mine the maximum tolerated dose (MTD) of 86Re-bivatuzumab.
The data were also used for dosimetric analysis of the treated
patients. Dosimetry is used to estimate the absorbed doses by
nontarget organs, as well as by tumors. It can also help to
explain toxicity that is observed and to predict organs at risk
because of the therapy given. Methods: Whole-body scintigra-
phy was used to draw regions around sites or organs of interest.
Residence times in these organs and sites were calculated and
entered into the MIRDOSES program, to obtain absorbed doses
in all target organs except for red marrow. The red marrow dose
was calculated using a blood-derived method. Twenty-one
studies on 18 patients, 5 female and 16 male, were used for
dosimetry. Results: The mean red marrow doses were 0.49 +
0.03 mGy/MBq for men and 0.64 *= 0.08 mGy/MBq for women.
The normal organ with the highest absorbed dose appeared to
be the kidney (mean dose, 1.61 = 0.75 mGy/MBq in men and
2.15 = 0.95 mGy/MBq in women; maximum kidney dose in all
patients, 11 Gy), but the doses absorbed are not expected to
lead to renal toxicity. Other organs with doses exceeding 0.5
mGy/MBq were the lungs, the spleen, the heart, the liver, the
bones, and the testes. The doses delivered to the tumor, recal-
culated to the MTD level of 1.85 GBg/m?, ranged from 3.8 to
76.4 Gy, with a median of 12.4 Gy. A good correlation was found
between platelet and white blood cell counts and the adminis-
tered amount of activity per kilogram of body weight (r =
—0.79). Conclusion: Dosimetric analysis of the data revealed
that the range of doses to normal organs seems to be well within
acceptable and safe limits. Tumor doses ranged from 4 to 76
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Gy. Given the acceptable tumor doses, 86Re-labeled bivatu-
zumab could be a good candidate for future adjuvant radioim-
munotherapy in patients with minimal residual disease.
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Squamous cell carcinoma (SCC) is the predominant his-
tologic type among tumors of the head and neck. They
account for approximately 5% of all malignant neoplasmsin
Europe and the United States. Worldwide, more than
500,000 new cases were diagnosed in 2000 (1). Patients
with early stages of disease (stage | or 1) are usually treated
with surgery or radiotherapy and have a good prognosis.
Patients with stage |11 or IV disease usually undergo com-
bined surgery and radiotherapy, but the failure rate is high:
Locoregiona disease recurs after conventional therapy in
about 40% of these patients, and distant metastases develop
in nearly 25%. The management of these advanced stages of
disease especially leaves room for improvement. Develop-
ment of an effective systemic adjuvant therapy for eradica-
tion of minimal residual disease is a major challenge. The
use of radiolabeled monoclona antibodies (mAbs) for this
purpose may be a promising approach, since SCC of the
head and neck (HNSCC) is a radiosensitive tumor type.
The use of radiolabeled mADbs for the treatment of ma-
lignancies is caled radioimmunotherapy (RIT). RIT ap-
peared to be a successful treatment modality in patients with
non-Hodgkin's lymphoma, a radiosensitive tumor type (2).
RIT isalso used in studies for the treatment of solid tumors.
For treatment of HNSCC, the CD44 antigen seems a suit-
able target. A particular CD44 isoform, containing the vari-
ant exon v6 (CD44v6), is expressed homogeneously in
amost all tumors derived from sguamous epithelium,
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whereas its expression on normal human tissues is highly
restricted (3). This expression is maintained in tumor me-
tastases, asimmunohistochemical evaluation showed homo-
geneous expression of CD44v6 in 94 of 95 lymph node
metastases (3). Antibodies directed against CD44v6 were
already used in previousclinical RIT trials. In 1998, a phase
| study using the ®Re-labeled chimeric mAb U36 was
performed for evaluation of the safety and efficacy of RIT
(4). In 5 of 12 patients treated with U36, human antichi-
meric antibodies developed. Therefore, a humanized mAb
called bivatuzumab, which is also directed against CD44v6,
was developed for further clinical trials.

In most RIT trias, the radionuclide 131| or Y is used. 131|
emits low-energy B-radiation and high-energy, high-abun-
dance v-radiation. Although, in most cases, treatment with
131]-labeled mAbs can be given on an outpatient basisin the
United States (5,6), the high-energy, high-abundance y-ra-
diation emitted by 31 may, in some countries, require
hospitalization of patients to protect relatives and the gen-
eral public from radiation. Y decays by high-energy
B-emissions but lacks vy-radiation. Therefore, scintigraphy
and dosimetry cannot be performed when only %°Y -labeled
mADbs are used—a limitation, especially when anew mAbis
clinically evaluated in RIT for the first time. For this study,
185Re was used because of its excellent physical properties.
186Re decays by both B- and y-emission. The mean energies
of the B-emissions are 362 keV (71% of disintegrations) and
309 keV (22%). The low-energy (137 keV), low-abundance
(10%) ~y-radiation is ideal for scintigraphy, as shown in
Figure 1, and permits treatment on an outpatient basis even
at high doses.

Given the encouraging RIT results with 1¥Re-U36, the
ideal physical properties of 18Re, and the availahility of a
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day 1

FIGURE 1. Biodistribution directly after and 1, 2, and 3 d after
186Re-bivatuzumab RIT in patient 6, who had carcinoma in the
left parotic region.

day 2

day 3
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humanized mADb, this study was conducted to assess the
safety and tolerability of intravenously administered 1%6Re-
bivatuzumab and to determine the maximum tolerated dose
(MTD) of #Re-bivatuzumab. The data of this trial were
also used for dosimetric analysis. Dosimetry can be used to
give insight into the radiation doses absorbed by nontarget
organs, as well as by tumors. It can aso help to explain
toxicity that is observed and to predict organs at risk be-
cause of the therapy given.

MATERIALS AND METHODS

Patient Eligibility

Patientswith a history of histologically confirmed HNSCC were
candidates. At the time they entered the study, they had to have
either distant metastases or local or regional recurrent disease for
which curative treatment options were not available. The tumor
had to be measurable clinicaly or radiologically. The patients had
to be between 18 and 80 y old, give written informed consent, and
have a life expectancy of at least 3 mo and a Karnofsky perfor-
mance status of over 60.

Patients with serious concomitant pathology, such aslife-threat-
ening infections, organ failure, or a recent myocardial infarction,
were excluded. Other exclusion criteria were dlergic diathesis,
hematologic disorders, congestive heart failure, unstable angina
pectoris, bronchial asthma, pregnancy, or the absence of accept-
able means of birth control in fertile women.

The white blood cell (WBC) count had to be at least 3.0 X
10%L, the granulocyte count at least 1.5 X 10%L, and the platelet
count at least 100 X 10%L. The last course of chemotherapy or
radiotherapy had to have been at least 4 wk before inclusion in the
study.

Bivatuzumab

Bivatuzumab (also known as BIWA 4) is a humanized mAb of
the 1gG1 isotype. It was produced and supplied by Boehringer
Ingelheim Pharma GmbH & Co KG. Bivatuzumab recognizes a
transmembrane glycoprotein on the outer cell surface. After bind-
ing of the mAb to the antigen, an epitope encoded by CD44v6, it
is dightly internalized (<20%). This antigen is expressed by all
primary head and neck tumors and by the mgjority of cells within
these tumors. In addition, homogeneous expression has been ob-
served in SCC of the lung, skin, esophagus, and cervix (3).
Heterogeneous expression was found in adenocarcinomas of the
breast, lung, colon, pancreas, and stomach (3). In normal tissues,
expression has been found in epithelial tissues, such as skin,
breast, prostate myoepithelium, and bronchial epithelium (3). The
reactivity of bivatuzumab is essentially restricted to sguamous
epithelia.

Bivatuzumab was labeled with 18Re using S-benzoyl-mercap-
toacetyltriglycine (MAG3) as a chelator by the method of Visser et
al. (7). The radiochemical purity of each 186Re-bivatuzumab batch,
as assessed by thin-layer chromatography or high-pressure liquid
chromatography, always exceeded 95%. The immunoreactive frac-
tion of each batch ranged from 81% to 100%, with a mean of 90%.
185Re and MAG3 were obtained from Mallinckrodt.

Study Design

The present clinical trial was an uncontrolled dose escalation
study. All patients underwent prestudy screening, consisting of
a review of their history and physical examination, including
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examination by an experienced oncologic ear, nose, and throat
surgeon; laboratory analysis; electrocardiography; CT of the
thorax; and radiol ogic assessment of the tumor siteby CT, MRI,
or ultrasound.

Study treatment consisted of a single injection with 50 mg of
bivatuzumab labeled with 185Re in increasing doses, starting at
0.74 GBg/m? (20 mCi/m?), with increments of 0.37 GBg/m? (10
mCi/m?). Two patients were entered at the lowest dose level, at
which toxicity did not exceed grade 1 according to the Common
Toxicity Criteria, version 2.0, of the National Cancer Institute. At
the higher dose levels, 3 patients were entered per level. If dose-
limiting toxicity occurred (grade 3 nonhematologic or grade 4
hematol ogic toxicity), the group treated at that dose level had to be
extended to atotal of 6 patients. The MTD was defined as the dose
level at which not more than 1 of 6 patients experienced dose-
limiting toxicity.

Patients who responded to the first treatment with 18Re-bivatu-
zumab were €ligible for a second administration. They underwent
the same visit schedule as for the first administration.

Pharmacokinetics

Blood samples for pharmacokinetic analysis were taken directly
after injection, at 5 and 30 min after injection, and at 1, 2, 4, 16,
21, 48, 144, 240, and 336 h after injection. Both serum and blood
samples were counted in a well-type y-counter (Wizard 1470 [at
the Amsterdam study center] or Wizard 1480 [at the Nijmegen
study center]; Wallac) along with standards of the injection solu-
tion. The amount of activity in the samples was expressed as
percentage injected dose per kilogram of blood or serum.

Scintigraphy

Whole-body scintigrams for visual assessment of biodistri-
bution and for dosimetric analysis were made within 1 h after
injection and at 21, 48, 72, and 144 after injection. A known
aliquot of the injected dose (gamma camera standard) was
inserted in an acrylic block of 15-cm height and was scanned at
the same time for reference purposes. At the Nijmegen study
center, images were acquired using a Siemens double-head
gamma camera. The images were processed at |CON worksta-
tions using a locally developed dosimetry tool. This tool allows
copying and transferring regions of interest (ROIs) between
various whole-body studies. At the Amsterdam study center, the
data were acquired with an ADAC double-head gamma camera.
Datawere transferred electronically in Interfile format and were
converted without loss of information to ICON files. These data
were analyzed using the same dosimetry tool.

ROIs were drawn around the gamma camera standard; the
whole body; the heart and its background; the right lung and its
background; the liver; the spleen and its background; the left
kidney and its background; the testes, if applicable, and their
background; and the tumor, if visible, and its background. All
images were reviewed by one physician. The counts in each ROI
were corrected for background using the ROIs drawn adjacent to
each organ.

Dosimetry

Background Correction. The activity in the body (Cyg) was
determined as the geometric mean of the counts in the anterior
image (CAwg) minus the counts in the standard ROl on the
anterior image (CAst), and the counts in the posterior image
(CPwg) minus the counts in the standard ROI on the posterior
image (CPsr). This is depicted in Equation 1:
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Cwe = \‘//(CAWB — CAgr) - (CPyg — CPgy). Eqg. 1

The activity in the standard (Csr) is determined as the geometric
mean of the counts in the ROI on the anterior image (CAsr) and
the counts in the ROI on the posterior image (CPst):

Csr = \CAgr - CPqr. Eq. 2

The activity in the heart (C) was determined as the geometric
mean of the counts in the anterior ROI (CAy) and in the posterior
ROI (CP4) minus background (Eq. 3). The background in the
anterior image (CAy gs) Was calculated by multiplying the counts
per pixel in the ROI for the background of the heart by the number
of pixelsin the ROI of the heart. Similarly, the background in the
posterior image (CPy gc) Was calculated. Partial background sub-
traction was used: Only afraction of the counts in the background
ROIs was subtracted (8). This fraction (F) was calculated by
dividing abdomen thickness minus organ thickness by the abdo-
men thickness. For the heart, F equals 0.5 (8).

Cu= \(CA, — 05 CAype) - (CPy — 05 CPygo). Eq.3

The activity in the lungs, spleen, and kidneys (Corg) Was deter-
mined as the geometric mean of the counts in the anterior ROI
(CAore) and in the posterior ROl (CPorg), minus F = 0.66 times
the background in the anterior image (CAors,gc) and the posterior
image (CPorcpa), respectively (Eg. 4) (9). The background for
each organ was calculated similarly to the background for the
heart. The activity in the lungs was assumed to be 2 times the
activity in the right lung. The activity in the kidneys was assumed
to be 2 times the activity in the left kidney.

Corc = \//(CAORG —0.66- CAORG,BG) - (CPorg — 0.66 - CPORG,BG)-
Eqg. 4

The activity in the liver (C|) was determined as the geometric
mean of the counts in the anterior ROI (CA_,) and in the posterior
ROI (CP.)) (Eg. 5). No background correction was made, since the
liver occupies amost the entire thickness of the patient’s abdo-
men (8).

C. = \CA, -CP,. Eq. 5

The activity in the testes (Crg) was determined using the anterior
image only (the geometric mean of the counts in the anterior ROI
[CA1g] and the background in the anterior image [CAtegal)

(Eq. 6).

Cre = CAre — CArege Eq. 6

The activity in the tumor (C;) was determined using either the
anterior image (the geometric mean of the counts in the anterior
ROI [CA+] and the background in the anterior image [CA1gg]) or
the posterior image (the geometric mean of the counts in the
posterior ROI [CA1] and the background in the posterior image
[CATgg]), depending on the site of the tumor (Eg. 7).

C;=CA; —CA;ps Or C;=CP;— CPrpe. Eq. 7

Attenuation Correction. The attenuation of the activity in the
whole body and in the abdominal organs was considered to be
caused by 11.25 cm of tissue between the center of the patient and
the skin. The attenuation of activity in the intrathoracic organs is
less, because the lungs contain air, leading to less attenuation.
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Therefore, the residence times of these organs are multiplied by
0.85 to correct for the differences in attenuation in the abdomen
and thorax.

The residence times of the testes and the tumor are multiplied by
0.25 and 0.58, respectively. The attenuation of the testes by an
overlying layer of 1.5 cm of soft tissue can be defined using
Equation 8, in which . equals 0.144 cm~1 for 137-keV photonsin
tissue, and x = 1.5 cm of tissue. The attenuation of the abdomen
can be defined using the same equation and x = 11.25 cm. By
dividing A1 55 by Ass, a correction factor of 0.25 is obtained.

A=Ay e Eq. 8

The distance between the center of the tumor and the skin is
thought to be 7.5 cm, leading to a correction factor of 0.58, which
is calculated using the same method as described for attenuation
correction of the testes.

Residence Times. Equations 1-7 were applied to each imaging
time-point to yield time—activity curves for each organ. The activ-
ity in the whole body at each time-point was decay corrected.
Time—activity curves for the whole body were obtained by assum-
ing no biologic clearance of injected activity at the first imaging
time-point. The decay-corrected counts were fit to a single-com-
ponent exponentia clearance expression, yielding the biologic
half-life. Assuming that 100% of the injected dose was present at
thefirst imaging time-point, the percentage of the injected dose for
each succeeding scan was calculated by dividing counts of each
succeeding scan by the counts of the first scan. These data were fit
in a single-component exponential clearance expression, yielding
the residence time value of the whole body.

Residence times in all organs were calculated using the trape-
zoidal method. First, alinear extrapolation was made between the
assumed uptake fraction of O at the time of injection and the
measured fractional uptake at the time of the first image. This
extrapolation was not corrected for physical decay. From each
time-point to the next, a line was drawn between the fractions of
uptake. The areas under al these lines were summed. The remain-
ing area under the curve from the end of data collection until
infinity was determined by considering only physical decay of the
radionuclide.

Absorbed Doses. The absorbed dose to the organs was calcu-
lated using the MIRD schema. Tumor, heart (contents), lungs,
liver, spleen, kidneys, red marrow, testes, urinary bladder, and the
rest of the body (remainder) were considered source organs. The
tumor as a source organ was considered to be |located at the site of
the thyroid gland. Because the organ anatomically nearest to the
tumor is the thyroid gland, one cannot estimate the absorbed dose
toit. The absorbed dose to the thyroid is expected to be (very) low,
since no uptake in the thyroid (and the stomach) is seen, meaning
that neither circulation of perrhenate (26ReQ,~) nor actual uptake
of radiolabeled antibody occurs in the thyroid. For the bladder, the
dynamic bladder model was used. A voiding interval of 4 h was
assumed. Using the counts for the whole body, the biologic half-
life was determined as described previously. Biologic half-life and
voiding interval were entered into the dynamic bladder model,
yielding the residence time in the urinary bladder. The calculated
residence times as described in the previous section were entered
into the MIRDOSES3 computer program, version 3.1 (Oak Ridge
Associated Universities) (10), to compute the absorbed doses,
using the reference adult software phantom for the men. For the
women, the adult female phantom was used.

The absorbed doses in the tumors were calculated using the
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known fraction of activity in the tumor, divided by the weight of
the tumor. To assess the volume of the tumor, its 3 dimensions—as
assessed by CT scanning—were multiplied by w/6. The weight
was estimated by multiplying the volume of the tumor by its
density, being 1.0 g/cm@. This calculated weight was entered into
MIRDOSES, in which a sphere represents the tumor. The dose rate
in each tumor was estimated using iterative approximation.

The red marrow dose (Dry) was estimated using the blood
clearance data, as described by Shen et a. (11). The absorbed
dose in the red marrow (cGy/mCi) is calculated according to
Equation 9:

05019 Cyog . 02128 Ay
R 1-Ht Wiy

Eq. 9

In Equation 9, Ht represents the patient’s hematocrit before infu-
sion (L/L), Cyoeoq is calculated using the residence times in blood
(kBg-h-mL=1-MBq~1), Aws represents the whole-body residence
time (h), and Wi,q, represents the body weight of the patient (g).

Statistical Analysis

Associations between myelotoxicity and doses were calculated
with SPSS 10.0 software (SPSS Inc.) using the Pearson correlation
test. Two-sided significance levels were calculated for al param-
eters, with P < 0.05 considered statistically significant.

RESULTS

Twenty patients with locoregional recurrence or metas-
tases of head and neck cancer, and for whom no curative
options were available, were included in the trial and treated
with 18Re-bivatuzumab. Three of these patients received a
second injection with 1.85 GBg/m? (50 mCi/m?) 18Re-
bivatuzumab at least 12 wk after the first injection. The
specific clinical data of the patients treated and the trial
outcome are described elsewhere (12). For 2 patients
treated, not enough data were available for adequate dosi-
metric analysis. Thus, the results of the dosimetry of 21 RIT
procedures on 18 patients are presented.

Red Marrow Doses

The doses absorbed in the red marrow were estimated for
al 21 patient studies, as presented in Table 1. The data of
men and women are presented separately, since men and
women have different mean blood volumes according to the
standard phantom models (5.2 L in men, 3.9 L in women).
Therefore, the weight of the bone marrow differs between
the sexes, leading to differences in absorbed marrow doses.
Table 2 shows the mean absorbed doses at the different dose
levels.

Because pharmacokinetic data were used to estimate the
red marrow doses, the small variance in absorbed doses
suggests a consistency in the pharmacokinetics of these
patients.

Absorbed Doses in Other Organs

The calculated residence times in the source organs were
entered into the MIRDOSE3 program. The results of the
MIRDOSES3 analysis are listed in Tables 3 and 4. Since 2
different models were used (adult and female adult), the
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TABLE 1
Absorbed Doses in Red Marrow

Patient no. Dose level (GBg/m?) Dose (GBq) Red marrow dose (mGy/MBQq) Red marrow dose (Gy)
Men
1 0.74 1.27 0.522 0.66
3 1.11 2.06 0.503 1.03
4 1.11 1.98 0.532 1.06
6 1.11 2.08 0.511 1.06
7 1.48 2.76 0.497 1.37
8 1.48 2.60 0.524 1.37
10 1.85 3.38 0.459 1.55
111 1.85 3.12 0.516 1.61
11.2 1.85 3.17 0.481 1.53
12.1 1.85 3.34 0.486 1.62
12.2 1.85 3.35 0.497 1.67
141 2.22 3.83 0.459 1.76
14.2 1.85 3.16 0.438 1.38
15 2.22 4.00 0.481 1.93
18 1.85 3.22 0.514 1.65
19 1.85 3.67 0.449 1.65
Mean + SD 0.492 + 0.029
Women
2 0.74 1.18 0.635 0.75
9 1.48 2.40 0.622 1.49
13 2.22 3.61 0.624 2.26
16 2.22 3.31 0.619 2.05
20 1.85 2.57 0.684 1.76
Mean + SD 0.637 = 0.027

data for men and women are presented separately. As stated
earlier, the thyroid dose could not be estimated. Although
MIRDOSES lists both the effective dose and the effective
dose equivalent, these values are not applicable to patients
receiving radiation therapy. As an alternative, the absorbed
total-body dose was calculated, considering the body as an
organ.

Table 3 shows the mean absorbed doses, expressed as
mGy/MBq and grouped by dose level, in all target organs of
male patients. The mean dose actually absorbed by all
organs was determined by MIRDOSES using the reference
adult phantom and was calculated by multiplying the mGy/
MBq values by the actual dose, in megabecquerels, that the
patients received.

The data for the women were processed similarly, using
the female adult phantom. The mean absorbed doses, ex-

pressed as mGy/MBq, are presented in Table 4. The ab-
sorbed doses in women appear to be higher than those in
men because of the different reference body weight of the 2
models (female adult, 57 kg; adult, 70 kg). Because the data
of only 5 women could be used for dosimetric analysis, no
mean absorbed doses per dose level could be given, except
for the highest dose level of 2.22 GBg/m? (60 mCi/m?), at
which 2 women were treated.

The organ that received the highest doses was the kidney
(1.61 = 0.75 mGy/MBq in men, 2.15 = 0.95 mGy/MBq in
women). Other organs receiving absorbed doses exceeding
0.5 mGy/MBq were the lungs (1.16 = 0.29 mGy/MBq in
men, 1.46 + 0.22 mGy/MBq in women), the spleen (1.11 +
0.39 mGy/MBq in men, 1.56 = 0.53 mGy/MB(q in women),
the heart (0.83 = 0.21 mGy/MBq in men, 1.27 = 0.20
mGy/MBq in women), the liver (0.76 = 0.17 mGy/MBq in

TABLE 2
Mean Absorbed Doses

Men Mean absorbed Women Mean absorbed
treated Dose level red marrow treated Dose level red marrow
(n) (GBg/m?) dose = SD (Gy) (n) (GBg/m?) dose = SD (Gy)
1 0.74 0.66 1 0.74 0.75
3 1.11 1.05 = 0.02
2 1.48 1.37 = 0.00 1 1.48 1.49
8 1.85 1.58 = 0.09 1 1.85 1.76
2 2.22 1.85 £ 0.12 2.22 2.15+0.15
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TABLE 3
Absorbed Organ Doses in Men

Mean absorbed organ dose for different dose levels = SD (Gy)

Mean absorbed organ 0.74 GBg/m?  1.11 GBg/m?  1.48 GBg/m?  1.85 GBg/m?  2.22 GBg/m?
Organ dose = SD (mGy/MBq) (n=1) (n = 3) (n=2) (n = 8) (n=2)

Adrenals 2.08E—01 = 2.08E—02 0.27 0.44 = 0.03 0.50 = 0.09 0.68 = 0.07 0.89 = 0.09
Brain 2.01E-01 = 2.14E-02 0.26 0.42 = 0.04 0.48 = 0.09 0.66 = 0.07 0.86 = 0.09
Gallbladder wall 2.08E-01 = 2.11E-02 0.27 0.44 = 0.04 0.49 + 0.09 0.68 = 0.07 0.88 = 0.09
LLI wall 2.05E-01 = 2.15E-02 0.27 0.43 = 0.04 0.49 = 0.09 0.67 = 0.07 0.87 = 0.09
Small intestine 2.05E-01 = 2.15E-02 0.27 0.43 = 0.04 0.49 = 0.09 0.67 = 0.07 0.88 = 0.09
Stomach 2.04E-01 = 2.13E-02 0.27 0.43 = 0.04 0.49 = 0.09 0.67 = 0.07 0.87 = 0.09
ULI wall 2.05E-01 = 2.14E-02 0.27 0.43 = 0.04 0.49 = 0.09 0.67 = 0.07 0.88 = 0.09
Heart wall 8.35E—-01 = 2.12E-01 1.07 1.50 £ 0.10 2.53 = 047 2.78 = 0.82 3.21 =1.09
Kidneys 1.61E+00 = 7.52E—-01 1.80 2.54 =1.70 4.20 = 0.03 6.14 = 3.06 5.28 = 2.45
Liver 7.62E-01 = 1.72E-01 0.60 1.63 = 0.28 2.39 = 0.63 2.53 = 0.48 2.75 = 0.98
Lungs 1.16E+00 + 2.89E—-01 1.35 2.25 +0.77 3.29 = 0.60 4.00 = 0.84 3.89 = 2.20
Muscle 2.02E-01 = 2.13E-02 0.26 0.43 = 0.04 0.48 = 0.09 0.66 = 0.07 0.86 = 0.09
Pancreas 2.08E-01 = 2.11E-02 0.27 0.44 = 0.04 0.49 = 0.09 0.68 = 0.07 0.89 = 0.09
Bone surfaces 9.22E—-01 = 4.65E-02 1.26 1.96 = 0.08 2.53 = 0.06 2.97 = 0.14 3.51 = 0.16
Skin 2.00E-01 = 2.12E-02 0.26 0.42 = 0.04 0.47 = 0.09 0.65 = 0.07 0.85 = 0.09
Spleen 1.11E+00 = 3.86E—01 1.97 1.65 + 0.81 2.67 = 0.27 3.78 = 1.35 517 = 0.75
Testes 7.31E-01 = 2.28E-01 0.65 1.88 £ 0.32 1.77 £ 0.12 2.28 = 0.81 2.98 = 1.31
Urinary bladder wall 3.03E—-01 * 3.27E-02 0.37 0.60 = 0.03 0.85 = 0.28 1.01 = 0.09 1.14 £ 0.15
Total body 2.81E-01 = 1.66E—02 0.36 0.58 = 0.03 0.71 = 0.10 0.92 = 0.05 1.14 £ 0.02

LLI = lower large intestine; ULI = upper large intestine.

men, 1.12 = 0.26 mGy/MB(g in women), the bones (0.92 +
0.05 mGy/MBq in men, 0.92 = 0.03 mGy/MBq in women),
and the testes (0.73 = 0.23 mGy/MBq).

Tumor Dosimetry

If CT scanning before treatment with 8Re-bivatuzumab
showed a measurable tumor lesion, and if this lesion was
visible on scintigraphy after RIT, dosimetry for the tumor
was performed. In this study, 15 lesions could be evaluated
and were analyzed.

The tumor sizes ranged from 5.1 to 285.9 cm®. The tumor
doses differed markedly: Doses ranged from 1.4 to 73.9 Gy.
Because tumor doses in a dose-escalation study cannot
easily be compared, tumor doses were calculated postulat-
ing that all patients were treated at MTD, being 1.85
GBg/m? (50 mCi/m?). The recalculated tumor doses ranged
from 3.8 to 76.4 Gy, with a median dose of 12.4 Gy. The
tumor doses of al individual lesions are listed in Table 5.

In the patient studies used for tumor dosimetry, stable
disease was observed in 2 cases. The actual absorbed doses
in the tumors of these patients were 74 and 16 Gy, respec-
tively.

Correlation Between Toxicity and Absorbed Doses
Because hematologic toxicity appeared to be dose limit-
ing, and because no other serious toxicity was observed,
platelet and WBC nadir levels were compared with total
injected activity, injected activity per square meter of body
surface area, injected activity per kilogram of body weight
(al parameterslisted in Table 6), whole-body absorbed dose
(listed in Tables 3 and 4), and red marrow absorbed dose (as
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listed in Table 1). Correlation coefficients between nadir of
platel ets and WBCs, and the 5 parameters mentioned above,
were plotted (Fig. 2), calculated, and listed in Table 7. The
injected activity per kilogram of body weight appeared to
correlate best with hematologic toxicity, with a correlation
coefficient of —0.79. Second-best correlations were found
between whole-body dose and WBC nadir (r = —0.75) and
between administered activity per sguare meter of body
surface area and nadirs (r = —0.73).

DISCUSSION

Dosimetric analysis of patients treated with %Re-bivatu-
zumab did not reveal unexpectedly high absorbed doses in
normal organs. The organ that received the highest dose is
the kidney. Patients treated at MTD and 1 dose level higher
(1.85 and 2.22 GBg/m?, respectively) had absorbed dosesin
the kidneys of maximally 11 Gy, thus not exceeding 20—25
Gy, adose that is thought to cause renal toxicity (13). Other
organs receiving relatively high absorbed doses are the
lungs (maximally 5.4 Gy). Because lung toxicity is expected
at doses of more than 27 Gy (14), the doses found in this
trial were thought not to lead to pulmonary problems. For
the spleen, the heart, the liver, and the bones, doses were
considered to be within safe ranges as well. The absorbed
dose in the testes appeared to be maximally 4 Gy, assuming
that there was uptake in the testes only and not in the
epididymides or scrotal skin. Some uptake in the scrotal
skin could be expected, using a radiolabeled antibody that
could target skin. In a particular patient, 2 separate testicles

1695



TABLE 4

Absorbed Organ Doses in Women

Mean absorbed organ dose for different dosage levels = SD (Gy)

Mean absorbed organ 0.74 GBg/m?2 1.48 GBg/m? 1.85 GBg/m? 2.22 GBg/m?
Organ dose = SD (mGy/MBq) n=1) (n=1) (n=1) (n=2)

Adrenals 2.75E-01 = 3.56E—02 0.37 0.60 0.63 1.00 = 0.20
Brain 2.66E—-01 = 3.68E—02 0.36 0.57 0.60 0.98 = 0.21
Breasts 2.66E—-01 = 3.63E—02 0.36 0.57 0.60 0.97 = 0.20
Gallbladder wall 2.74E-01 = 3.62E—02 0.37 0.59 0.62 1.00 = 0.21
LLI wall 2.70E-01 = 3.70E-02 0.36 0.58 0.61 0.99 = 0.21
Small intestine 2.70E-01 *= 3.66E—02 0.36 0.58 0.61 0.99 + 0.21
Stomach 2.71E—-01 = 3.63E—02 0.36 0.58 0.61 0.99 = 0.21
ULI wall 2.71E-01 = 3.69E—-02 0.36 0.58 0.61 0.99 = 0.21
Heart wall 1.27E+00 + 1.97E—-01 1.77 3.10 3.57 3.77 £ 0.28
Kidneys 2.15E+00 = 9.51E-01 1.45 5.69 9.00 6.30 = 2.58
Liver 1.12E+00 + 2.59E—-01 1.70 2.81 3.24 3.02 = 0.34
Lungs 1.46E+00 + 2.17E—-01 1.76 3.86 4.37 4.34 + 0.27
Muscle 2.67E—-01 = 3.66E—02 0.36 0.58 0.60 0.98 = 0.21
Ovaries 2.70E-01 = 3.66E—02 0.36 0.58 0.61 0.99 = 0.21
Pancreas 2.75E—01 = 3.63E-02 0.37 0.59 0.62 1.00 = 0.21
Bone surfaces 9.18E—-01 = 2.56E—02 1.10 217 2.38 3.18 = 0.32
Skin 2.64E-01 = 3.61E-02 0.35 0.57 0.60 0.97 = 0.20
Spleen 1.56E+00 = 5.30E—-01 1.99 2.09 5.45 5.35 £ 1.70
Urinary bladder wall 3.51E-01 = 3.91E-02 0.34 0.90 0.92 1.29 = 0.01
Uterus 2.69E-01 = 3.66E—02 0.36 0.58 0.61 0.99 = 0.21
Total body 3.72E-01 = 2.61E-02 0.48 0.84 0.93 1.30 = 0.17

LLI = lower large intestine; ULI = upper large intestine.

were seen, thus suggesting that not the scrotum was visu-
alized, but the testes. Relatively high uptake of radiolabeled
immunoglobulins in the testes is not unusual. It was also
described for patients who received 11t n-labeled polyclonal
IgG for infection detection (8). Few data on the effects of
radionuclides on fertility and deterministic effects have
been published. Commentary 7 of the National Council on

Radiation Protection and Measurements gives a threshold
value of 3.5 Gy for external-beam radiation. Because the
dose rate of radionuclide therapiesis lower when compared
with external-beam radiation, doses that can be tolerated by
normal organs are higher than doses delivered by external-
beam radiation. The effects of RIT on fertility have not been
sufficiently established.

TABLE 5
Doses Absorbed by Tumor

Tumor self-dose

Tumor volume S-value Residence Administered Actual tumor Tumor dose if treated

Patient no. (cm?d) (mGy-MBqg~"-h~1) time (n) activity (GBq) dose (Gy) at 1.85 GBg/m2 (Gy)
1 285.9 7.38E—-01 1.45 1.27 1.4 3.8
2 11.5 1.79E+01 1.19 1.18 25.2 65.1
3 19.2 1.02E+01 0.32 2.06 6.7 10.8
4 10.8 1.82E+01 0.22 1.98 7.9 13.5
6 11 1.79E+01 0.07 2.08 2.6 4.4
7 471 3.84E+00 0.54 2.76 5.7 7.4
8 8.1 2.37E+01 0.11 2.60 6.8 8.7
9 16.2 9.16E+00 0.44 2.40 9.7 12.4
10 5.1 4.14E+01 0.53 3.38 73.9 76.4
13 69.6 2.84E+00 2.65 3.61 27.1 22.8
141 32.5 5.97E+00 0.69 3.83 15.8 13.9
14.2 30.2 7.24E+00 0.94 3.16 21.5 22.3
15 56 3.54E+00 0.62 4.00 8.8 7.3
16 66 3.00E+00 1.84 3.36 18.5 15.5
19 6.7 2.86E+01 0.12 3.67 12.6 1.9
Median 9.7 12.4
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TABLE 6
Administered Doses and Toxicity

Dose level Administered Weight Administered Platelet nadir WBC nadir
Patient no. (GBg/m?) activity (GBQq) (kg) activity (MBg/kg) (x 10%L) (x 10%L)
1 0.74 1.27 70.0 18.1 199 10.1
2 0.74 1.18 56.0 21.1 321 7.5
3 1.11 2.06 59.0 34.9 52 1.8
4 1.11 1.98 64.0 30.9 183 7.4
6 1.1 2.08 71.0 29.3 143 5.2
7 1.48 2.76 73.0 37.8 277 10.6
8 1.48 2.68 60.0 44.7 89 3.0
9 1.48 2.40 61.5 39.0 202 4.9
10 1.85 3.38 72.0 47.0 89 3.4
11.1 1.85 3.12 64.0 48.7 122 4.5
121 1.85 3.34 65.0 51.5 117 2.3
13 2.22 3.61 59.0 61.1 25 0.7
141 2.22 3.82 79.0 48.4 78 2.7
15 2.22 4.00 61.0 65.6 47 2.0
16 2.22 3.36 50.0 67.3 18 1.2
17 2.22 3.61 60.0 60.2 12 0.4
18 1.85 3.22 58.0 55.4 8 0.9
19 1.85 3.67 70.0 52.4 94 2.3
20 1.85 2.57 43.5 59.1 65 2.9

The absorbed dose to the red marrow was calculated using
the pharmacokinetic data Because pharmacokinetic data did
not vary much between patients (12), the interindividua vari-
aion in red marrow doses per administered megabecquerel
was small as well. There are some factors associated with
stable clearance of the mAbs. The antibody is humanized, so
aberrant clearance caused by neutraizing antibodies (human
antimurine or human antichimeric) is not to be expected. There
is no antigenic sink in the bone marrow or other organs
influencing clearance of the antibody. Because there is uptake
neither in the bone marrow nor in the bone, the main contrib-
utor to the red marrow doseis activity in the blood. Therefore,
we think it gppropriate to use the blood-derived method of
Shen et d. to edtimate red marrow dose (11).

The absorbed red marrow dose correlated well with the
blood cell nadirs (r = —0.69 for platelets, r = —0.72 for
WBC). The whole-body dose even showed a dlightly better
correlation (r = —0.69 for platelets, r = —0.75 for WBC).
Surprisingly, both dosimetry-independent parameters, the
administered activity per kilogram of body weight (r =
—0.79) and the administered activity per square meter of
body surface area (r —0.73), correlated well with the
blood cell nadirs. The reason to correlate parameters such as
dose/kg or absorbed whole-body dose with toxicity is that
there are as many administration and dosing schemes as
thereare RIT trials. Most RIT trials concern the treatment of
non-Hodgkin’s lymphoma patients. Although trials on pa-
tients with this disease cannot be compared with trials on
patients with head and neck cancer (differencesin pretreat-
ment, intrinsic activity of the mAbs used, localization of
disease in the bone marrow, use of murine mAbs), the
method of dosing the activity can be discussed. The 2 main
dosing schemes are dosimetry based or weight based. The
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first method uses a tracer dose of *!-labeled mAb to
determine the therapeutic dosage of radioiodinated anti-
CD20 mAb tositumomab that would lead to a whole-body
dose of 0.75 Gy (15). The second method uses a body
weight-derived dosing scheme for the ¥Y-labeled anti-
CD20 mAb ibritumomab (15 MBg/kg) and does not analyze
dosimetric data before treatment (16). In retrospect, we can
consider the suitability of these alternative methods of dos-
ing if they had been applied in the present study. If a dose
of 55 MBa/kg (the lowest dose at which grade 4 hemato-
logic toxicity was observed) had been defined asMTD, only
3 patients would have appeared to tolerate a dose of more
than 55 MBqg/kg without having grade 4 hematologic tox-
icity (Table 6). Two of them had grade 3 toxicity. If a
0.84-Gy whole-body dose (the lowest whole-body dose at
which grade 4 hematol ogic toxicity was observed) had been
chosen as MTD, 9 patients would have been undertreated,
since they appeared to tolerate higher whole-body doses.
Our data suggest that to dose using the patient’s weight can
be safe and has the lowest chance of undertreating patients.

The absorbed doses in the tumors tend to vary enor-
mously. These doses were similar to those achieved by
treatment with the other anti-CD44v6 conjugate, 1¥Re-U36
(4). The absorbed dose is higher in small lesions than in
larger tumors. Although it isto be expected that the smallest
tumors will have the highest doses, the actual doses in these
tumors could be lower: The statistical error could be signif-
icant, because the number of pixelsin such a small ROl is
low. In the estimation of tumor doses, the influence of
necrosis within a tumor is not considered. Radiolabeled
antibodies can reach only viable tumor cells, since there are
no blood vessels in necrotic parts of the tumor. Moreover,
intratumoral pressure plays a more important role in large
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FIGURE 2. Correlation of platelet and WBC na-
dirs with total injected activity (A), injected activity
per square meter of body surface area (B), in-
jected activity per kilogram of body weight (C),
whole-body absorbed dose (D), and red marrow
absorbed dose (E).
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TABLE 7
Correlation Coefficients of Hematologic
Toxicity Versus Dose

Parameter Platelet nadir WBC nadir
Dose (GBq) -0.69 —0.69
Dose level (GBg/m?) -0.73 -0.73
Dose per kilogram (MBag/kg) —-0.79 —-0.79
Whole-body dose (Gy) -0.69 -0.75
Red marrow dose (Gy) —0.69 -0.72

lesions. The absorbed dose in the tumor could therefore be
estimated more precisely by dividing the absorbed energy
through the weight of viable tissue, leading to higher ab-
sorbed doses. The fact that high tumor doses can be
achieved encourages the thought that 8Re-bivatuzumab
can be an effective systemic adjuvant treatment for patients
with head and neck cancer with minimal residual disease.

CONCLUSION

Dosimetric analysis of the data on treatment of patients
with 18Re-bivatuzumab revealed that the range of doses to
normal organs seems to be well within acceptable and safe
limits. Attention should be paid to the absorbed dose in the
testes. Hematologic toxicity was dose limiting. The admin-
istered activity per kilogram of body weight correlated best
with the extent of hematologic toxicity. Doses absorbed in
tumors were quite similar to those achieved by treatment
with the other anti-CD44v6 conjugate, 18Re-U36. Given
the acceptable tumor doses, %Re-labeled bivatuzumab
could be a good candidate for future adjuvant RIT in pa
tients with minimal residual disease.
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