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Ibritumomab tiuxetan is an anti-CD20 murine IgG1 k monoclo-
nal antibody (ibritumomab) conjugated to the linker-chelator
tiuxetan, which securely chelates ''In for imaging or dosimetry
and Y for radioimmunotherapy (RIT). Dosimetry and pharma-
cokinetic data from 4 clinical trials of ®°Y-ibritumomab tiuxetan
RIT for relapsed or refractory B-cell non-Hodgkin’s lymphoma
(NHL) were combined and assessed for correlations with toxic-
ity data. Methods: Data from 179 patients were available for
analysis. Common eligibility criteria included <25% bone mar-
row involvement by NHL, no prior myeloablative therapy, and no
prior RIT. The baseline platelet count was required to be
=100,000 cells/mm3 for the reduced °°Y-ibritumomab tiuxetan
administered dose (7.4-11 MBg/kg [0.2-0.3 mCi/kg]) or
=150,000 cells/mm? for the standard 9°Y-ibritumomab tiuxetan
administered dose (15 MBg/kg [0.4 mCi/kg]). Patients were
given a tracer administered dose of 185 MBqg (5 mCi) ''In-
ibritumomab tiuxetan on day 0, evaluated with dosimetry, and
then a therapeutic administered dose of 7.4-15 MBaqg/kg (0.2-
0.4 mCi/kg) °Y-ibritumomab tiuxetan on day 7. Both ibritu-
momab tiuxetan administered doses were preceded by an in-
fusion of 250 mg/m? rituximab to clear peripheral B-cells and
improve ibritumomab tiuxetan biodistribution. Residence times
for %Y in blood and major organs were estimated from ''In
biodistribution, and the MIRDOSES3 computer software program
was used, with modifications to account for patient-specific
organ masses, to calculate radiation absorbed doses to organs
and red marrow. Results: Median radiation absorbed doses for
0Y were 7.42 Gy to spleen, 4.50 Gy to liver, 2.11 Gy to lung,
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0.23 Gy to kidney, 0.62 Gy (blood-derived method) and 0.97 Gy
(sacral image—derived method) to red marrow, and 0.57 Gy to
total body. The median effective blood half-life was 27 h, and
the area under the curve (AUC) was 25 h. No patient failed to
meet protocol-defined dosimetry safety criteria and all patients
were eligible for treatment. Observed toxicity was primarily he-
matologic, transient, and reversible. Hematologic toxicity did
not correlate with estimates of red marrow radiation absorbed
dose, total-body radiation absorbed dose, blood effective half-
life, or blood AUC. Conclusion: Relapsed or refractory NHL in
patients with adequate bone marrow reserve and <25% bone
marrow involvement by NHL can be treated safely with 90Y-
ibritumomab tiuxetan RIT on the basis of a fixed, weight-ad-
justed dosing schedule. Dosimetry and pharmacokinetic results
do not correlate with toxicity.
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Radioimmunotherapy (RIT) with the pupeemitter0yY
permits efficient delivery of ionizing radiation to targeted
cells while limiting radiation to normal tissue. TH&Y-
labeled antibody?°Y-ibritumomab tiuxetan (Zevalin; IDEC
Pharmaceuticals Corp., San Diego, CA), directed against
the B-lymphocyte CD20 antigen is well tolerated in clinical
trials and has demonstrated overall response rates of 67%—
83% for relapsed and refractory non-Hodgkin’s lymphoma
(NHL) (1,2). °Y-lbritumomab tiuxetan is a murine IgGd
monoclonal antibody (ibritumomab) conjugated to the
linker-chelator tiuxetan (a derivative of diethylenetriamine-
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TABLE 1
Summary of Y-lbritumomab Tiuxetan Studies

No. of patients

With central
Patient dosimetry Ibritumomab tiuxetan
Type population Description Enrolled data dose
Phase /1l LG/IG/M* NHL Dose escalating 51 50 7.4,11, 15 MBg/kg (0.2,
0.3, 0.4 mCi/kg)
Phase |lI LG/F/Tt NHL Rituximab vs. 70 0 15 MBg/kg (0.4 mCi/kg)
randomized Ibritumomab tiuxetan 73 72
Phase I LG/F/Tt NHL Baseline 30 30 11 MBa/kg (0.3 mCi/kg)
thrombocytopenia
Phase llI Follicular NHL Rituximab refractory 57 27+ 15 MBa/kg (0.4 mCi/kg)
nonrandomized
Total 179

*LG/IG/M NHL = low-grade, intermediate-grade, or mantle cell.
TLG/F/T NHL = low-grade, follicular, or transformed.

*Central dosimetry was performed for 27 patients before protocol was amended to eliminate requirement for dosimetry.

pentaacetic acid, designated MX-DTPA) for stable retention
of 2Y for RIT or In for radiation dosimetry and biodis-
tribution studies. Tiuxetan forms a covalent, urea-type bond
with ibritumomab and chelates the radionuclide via 5 car-
boxyl groups (3). Rituximab, the unlabeled human/mouse
chimeric anti-CD20 antibody administered before ibritu-
momab tiuxetan, induces complement-dependent cytotoxic-
ity, antibody-dependent cell-mediated cytotoxicity, and pro-
grammed cell death. The CD20 antigen, the target of both
rituximab and ibritumomab tiuxetan, is expressed solely on
normal and neoplastic pre-B- to mature B-lineage cells. The
CD20 antigen represents an optimal target for immunother-
apy because it is absent from hematopoietic stem cells and
antibody binding does not induce antigen shedding or mod-
ulation (4).

Preclinical studies have demonstrated that the biodistri-
bution of 20Y -ibritumomab tiuxetan is adequately predicted
by the 11In-labeled antibody (5,6). 11In (half-life = 67.9 h)
emits y-rays, which can be detected scintigraphically for
dosimetry and biodistribution studies.

Ibritumomab tiuxetan dosing in these trials was estab-
lished on the basis of the results of a phase | trial. In this
single-center, dose-escalation study, patients with recurrent
low- or intermediate-grade NHL received 0.74, 1.11, 1.48,
or 1.85 GBg (20, 30, 40, or 50 mCi) of ibritumomab
tiuxetan. The only significant toxicity was myelosuppres-
sion. The maximum tolerated dose (MTD) without periph-
eral blood stem cell or bone marrow reinfusion was estab-
lished as 50 mCi. Doses of =40 mCi of ibritumomab
tiuxetan were not myeloablative. Hematologic toxicity was
found to correlate best with the quantity of radioactivity
administered by body weight (mCi/kg) rather than with total
radioactivity (mCi) or with radioactivity administered by
body surface area (mCi/m?) (7). Therefore, dosing in later
studies was determined by body weight.
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On the basis of the results of this first study, a phase I/11
ibritumomab tiuxetan trial evauated nonmyeloablative
doses ranging from 7.4 to 15 MBg/kg (0.2—0.4 mCi/kg).
The MTD was established at 15 MBqg/kg (0.4 mCi/kg) for
patients with a baseline platelet count of =150,000 cells/
mm?3 and at 11 MBg/kg (0.3 mCi/kg) for patients with a
baseline platelet count of =100,000 cellsymm? (1).

Subsequent trials included a phase 111 randomized, con-
trolled study comparing °Y -ibritumomab tiuxetan RIT with
astandard course of rituximab immunotherapy (375 mg/n?/
wk X 4); aphase Il reduced administered dose (11 MBag/kg
[0.3 mCi/kg]) study for patients with mild thrombocytope-
nia; and a phase 111 study for rituximab-refractory patients.
Companion dosimetry and biodistribution studies were con-
ducted with Mn-ibritumomab tiuxetan for 179 patients
enrolled in these 4 clinical trials. Dosimetry and biodistri-
bution studies were required to determine that individual-
ized patient radiation absorbed dose estimates to critical
organs, and the dose-limiting marrow compartment met
safety guidelines. We have combined results from these 4
trials and performed extensive analyses to determine if
radiation absorbed dose estimates correlated with indicators
of treatment toxicity.

MATERIALS AND METHODS

Patient Population

One hundred seventy-nine patients from 4 phase |, II, and I11 trids
of QY -ibritumomab tiuxetan were evauated in a central dosimetry
analysis. Table 1 describes the 4 trids included in this analysis.

Patients with histologically confirmed, relapsed or refractory
B-cell NHL were included, providing they had bidimensionally
measurabl e disease and a monoclonal-positive B-cell population in
lymph nodes or bone marrow. In addition, patients had to be at
least 18 y old, not pregnant or lactating, and following reliable
birth control methods. Within 2 wk before initial treatment, pa-
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tients were required to have acceptable hematologic status (abso-
lute neutrophil count [ANC], =1,500 cellmm3; platelets,
=150,000 cellsyfmm3 in standard-dose studies; and =100,000 cells/
mm3 in reduced-dose studies), and acceptable renal function
(creatinine, =177 pmol/L) and liver function (bilirubin, =34.2
wmol/L). Patients were excluded if they had a bone marrow biopsy
demonstrating =25% involvement with NHL or prior external
beam radiation therapy to >25% of the patient’s bone marrow.
There was no limitation on the number of prior therapies or
relapses. All prior chemotherapy had to have been completed =3
wk before study treatment (6 wk if nitrosourea or mitomycin C).
The studies were approved by the Institutional Review Board at
each study site and written informed consent was obtained from all
patients.

Study Design

In al 4 trials, patients received 250 mg/m? rituximab to opti-
mize biodistribution of the radiolabeled antibody on day 0, which
was immediately followed by 185 MBq (5 mCi) *In-ibritumomab
tiuxetan (1.6 mg ibritumomab tiuxetan) for dosimetry. Dosimetry
was performed over the following 6 d at the clinical site. Y-
ibritumomab tiuxetan was given only if the estimated radiation
absorbed dose was below the protocol-defined upper limits of 3.0
Gy for red marrow and 20 Gy for any other organ not involved
with NHL. One week after the MIn-ibritumomab tiuxetan injec-
tion, patients meeting these dosimetry criteria received a second
infusion of rituximab (250 mg/m?), which was immediately fol-
lowed by aslow intravenousinjection of %Y -ibritumomab tiuxetan
over 10 min. The therapeutic administered dose of Y -ibritu-
momab tiuxetan ranged from 7.4 to 15 MBg/kg (0.2—0.4 mCi/kg)
up to a maximum administered dose of 1.2 GBq (32 mCi).

Dosimetry

Initial estimates of radiation absorbed dose to support the treat-
ment decision were made at the clinical sites using quantitative
imaging and blood sampling data with the MIRDOSE3 software
program (8). Subsequently, centralized dosimetric analyses of all
patients were performed at the Radiation Internal Dose Informa-
tion Center, Medical Sciences Division at the Oak Ridge Associ-
ated Universities (ORAU), in collaboration with the Division of
Nuclear Medicine at the Mayo Clinic. The following section
describes methods used at the clinical sites and later replicated for
the central analyses.

Whole-body, lungs, liver, spleen, kidney, and bone marrow
radiation absorbed doses were estimated from observed in-
ibritumomab tiuxetan residence times in the defined regions of
interest (ROIs). Initialy, the scans were obtained at 8 time points:
shortly after injection, 2h,4—-6h,1d, 2d, 3d,4-5d, and 6 d after
injection. Subsequently, the monitoring schedule was simplified by
eliminating the 2-h, 2-d, and 4- to 5-d sampling points. Anterior
and posterior images were acquired using a medium-energy colli-
mator, a 256 X 1024 computer acquisition matrix, and photopesk
settings of 172 and 247 keV with 15% windows. Examples of whole-
body gamma-camera scans at 24, 72, and 120 h after administra-
tion of Mn-ibritumomab tiuxetan are displayed in Figure 1.

Blood samples were also drawn immediately after 1In injec-
tion and at 7 additional time points, with the times corresponding
to the scan times. The sampling schedule was later simplified to 5
sampling times by eliminating the 2-h, 2-d, and 4- to 5-d sampling
points. In a subset of patients, blood samples were collected at 4
time points after %°Y -ibritumomab tiuxetan injection (30 min, 90
min, 18—24 h, and 5-7 d).
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FIGURE 1. Whole-body gamma-camera scans at 24, 72, and
120 h after administration of '"'In-ibritumomab tiuxetan. Radio-
labeled antibody is evident in blood pool at 24 h (A), with tumor
localization seen in abdominal mass, liver, and spleen at later
time points (B and C).

Organ radioactivity content was estimated from the geometric
mean (GM) of anterior and posterior ROl counts. Correction for
attenuation for individual organs was estimated using an average
correction factor derived from the first 1% n-ibritumomab tiuxetan
administration whole-body count (before first urination). An 1in
imaging standard was included in each whole-body scan to ensure
gamma-camera el ectronics were stable and scan speed was correct.

The activity (A) in organ i at time t was calculated from GM
counts of the organ region (GM;(t)) and the first whole-body count
(GM(0)) as:

GMi(!)

Ao = Ao X GTW[)(U) . Eq. 1
van Reenen et al. (9) showed this method to be accurate in the
quantification of uptake in the spleen, liver, and whole-body re-
mainder in experimental baboons, and it is assumed to provide a
reasonable approximation for other organs.

The fraction of injected activity (FIA) in organ i at timet for
0V, FIA,0(t), is computed as:

AN = xeont

FlAim = A‘ ’
i

Eq. 2

where A 1y,(t) = activity of *In measured in organ i at time't,
My, = decay constant for Mlin (0.0102 h=1), \w, = decay
constant for %Y (0.0108 h-1), t = time after injection (h), and
Aiy yn = injected activity of 1n.

The whole-body remainder was calculated by subtracting the
combined activities of the lungs, liver, kidneys, spleen, and urinary
bladder from the whole-body Y activity.
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The FIA for specific organs and the whole-body remainder was
plotted versus the imaging time (h). The data were fit to afunction
with the sum of exponentials depending on the degree of correla-
tion. The area under the curve (AUC) was analytically determined
and expressed as the residence time of the organ or the remainder
tissue (10).

Residence times in red marrow were derived from blood time—
activity curvesfollowing the method of Sgouros (11). Whole blood
1N concentration (wCi/mL) was measured, decay corrected to
simulate °Y concentration, and plotted as a function of the time of
blood draw. The curve was fit with either a mono- or a biexpo-
nential function, which was then integrated to obtain cumulated
activity per milliliter of blood (Ap). The blood residence time
(Thiood) Was then obtained by multiplying the A, times the blood
volume/activity injected.

Red marrow residence time (t,,) was then estimated as:

B M 0.19
Trm = Toiood| 1y~ ]\ 1 = hematocrit)*
The red marrow mass (my,) used in the residence time calcu-
lation was derived from the phantom-specific marrow mass pro-

vided by MIRDOSES, adjusted for ideal body weight using the
following equation:

Eq. 3

__ referencered marrow mass X patient ideal body weight Eq. 4
Mhm = reference body mass - EG

where reference red marrow massis 1,120 g for an adult man and
1,050 g for an adult woman (12). The ideal body mass was
calculated from Metropolitan Life Foundation tables using patient
height and medium frame (13). The reference body mass is 70 kg
for men and 58 kg for women.

Sacral image-based bone marrow dosimetry was also per-
formed by measuring the FIA in a defined marrow region using
serial whole-body images obtained after injection of !n-ibritu-
momab tiuxetan (14). The sacral ROl was quantified in the same
manner as that used for soft-tissue regions. The fraction of total-
body red marrow mass included in these regions has been previ-
ously defined (15). The fractional value was converted to Y
rCi/g red marrow and multiplied by the appropriate factor using
the phantom-specific total-body marrow mass to determine the Y
FIA for the total-body red marrow. The total-body red marrow
residence times were calculated by determining the AUC of the
FIA-versus-time curves.

Residence times for the lungs, liver, spleen, kidneys, urinary
bladder contents, red marrow, and remainder tissue were entered
into the MIRDOSE3 computer software program to calculate the
estimated radiation absorbed dose to these specified organs per
unit PY injected activity (mGy/MBq [cGy/mCi]). This value was
multiplied by the total activity of %Y -ibritumomab tiuxetan (MBq
[mCi]) delivered to the patient to determine radiation absorbed
dose (cGy). Dose projections made at clinical sites were based on
the reference organ masses incorporated into MIRDOSE3. Spleen
and liver radiation absorbed dose projections calculated in the
central analysis were adjusted linearly on the basis of the differ-
ence between patient spleen and liver masses obtained from base-
line CT scans and those in the standard adult male and female
models.

Blood and plasma half-life and the AUC were calculated as
follows.

The predicted Y FIA for whole blood and plasma for each
patient was entered into an Excel worksheet (Microsoft, Redmond,
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WA) and analyzed separately using a noncompartmental logarith-
mic-linear regression fit of the data using the equation:

FIA(t) = exp(—\d), Eq. 5

where A\, is the total (effective) elimination rate constant and t is
the time after injection.
Effective half-life (effective ty,) was calculated as:

effective ty, = In 2/\.. Eq. 6

Biological half-life (tyo,) was calculated from the effective (\¢)
and physical (\p) rate constants as.

tl/2b = 0693/()\9 - )\p) Eq 7

The AUC, fromt = 0 extrapolated to infinity, was cal culated as:

AUC (0-infinity) = AUC (Otng) + FIA(tu)/Aes  EQ. 8

where t).4 is the time at which the last measurement-based FIA
data point was obtained.

Urinary Clearance

Total urine volume was collected from patients during 7 con-
secutive days after ibritumomab tiuxetan RIT in 2 of the 4 clinical
trials described here. Urinary clearance of °Y was either estimated
from urinary 1% n activity after 5 mCi 1 n-ibritumomab tiuxetan
or directly measured after a therapeutic dose of 0.2—-0.4 mCi/kg
90Y -ibritumomab tiuxetan.

Statistical Methods

Summary statistics (median and range) were generated for es-
timated Y radiation absorbed doses to organs using data from the
central (ORAU) analysis. Statistics were based on 179 patients.
Two types of statistical tests were used to examine possible cor-
relations between dosimetric or pharmacokinetic parameters and
safety parameters. The Kruska-Wallis test (3 or more group
comparisons) was used to identify significant differences in the
median dosimetric or pharmacokinetic variables by clinical param-
eters. The Pearson correlation coefficient test was used to deter-
mine whether linear correlations existed between safety parame-
ters (hematologic nadir and days to recovery) and dosimetric
parameters (blood-derived marrow dose, sacral image—derived
marrow dose, and total-body dose) or pharmacokinetic parameters
(whole blood half-life and AUC).

RESULTS

Demographics

The patient popul ation was 43% femal e and had a median
age of 59 y (range, 24-85 y). The mgjority of patients
(78%) had follicular NHL (International Working Formu-
lation [IWF] B, C, D), 8% had smal lymphocytic lym-
phoma (IWF A), and 6% were identified as having trans-
formed NHL. Most patients (89%) were stage |1l or stage |V
at study entry and the baseline World Health Organization
performance status was 0 or 1 in 98% of patients. Eighty-
seven patients (49%) had bone marrow involvement at
baseline. More than half of the patients (53%) had tumors of
=5 cm in maximum diameter. The median number of prior
therapeutic regimens, including rituximab, was 2 (range,
1-9).
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TABLE 2
Organ Radiation Absorbed Dose (Gy) from Y

7.4 MBa/kg
(0.2 mCi/kg) 11 MBag/kg (0.3 mCi/kg) 15 MBg/kg (0.4 mCi/kg) All patients
Organ n Median Range n  Median Range n  Median Range n  Median Range
Spleen 2 164 023-3.05 46 580 1.65-17.11 118 8.17 0.76-24.48 166 7.42  0.23-24.48
Liver 4 404 220-623 46 3.48 0.64-15.81 129 467 1.22-1856 179 450 0.64-18.56
Lungs 4 115 0.72-1.76 46 1.73 041295 129 225 094-527 179 2.11 0.41-5.27
Red marrow (blood-
derived) 4 019 0.13-0.38 46 047 0.06-095 129 069 0.18-2.21 179 0.62 0.06-2.21

Kidneys* 4 017 0.09-0.29 46 026 0.00-0.65 129 0.23 0.00-0.76 179 0.23 0.00-0.76
Bone surfaces’ 4 018 0.12-0.35 46 044 0.06-0.72 129 059 0.20-1.57 179 0.54 0.06-1.57
Urinary bladder wall¥ 4 052  0.33-0.68 46 0.87 0.41-253 129 0.89 0.38-2.70 179 0.87 0.33-2.70
Total body 4 029 0.24-036 46 046 0.28-0.67 129 060 0.23-0.80 179 0.57 0.23-0.80
Other organs$ 4 017 0.09-029 46 0.33 0.06-0.55 129 044 0.12-061 179 040 0.06-0.61

*Actual minimal kidney dose was 0.03 cGy; here it is rounded to 0.0 Gy.

TDose to bone surfaces includes contributions from both red marrow and whole-body remainder residence times.

*Absorbed dose to urinary bladder wall from 90Y activity in urine was estimated using difference in total-body radioactivity observed at
time 0 and that observed at later time points (corrected for decay) and assuming that voiding occurs every 4.8 h.

SIncludes adrenals, brain, breasts, gallbladder wall, heart wall, lower large intestine wall, muscles, pancreas, skin, small intestine,
stomach, thymus, thyroid, upper large intestine wall, and ovaries and uterus (female patients) or testes (male patients).

Organ and Bone Marrow Dosimetry

For each of the 179 patients undergoing ibritumomab
tiuxetan dosimetry, projected radiation absorbed doses were
below the protocol-defined upper limits of 3.0 Gy to red
marrow and 20 Gy to normal organs. Radiation absorbed
dose estimates are presented in Tables 2 and 3.

Analyses were performed to estimate the radiation ab-
sorbed dose to red marrow based on both blood-derived and
sacral image—derived methods. The median values for Y
for all patients were 0.62 Gy (range, 0.06—2.21 Gy) for the
blood-derived method and 0.97 Gy (range, 0.06—2.57 Gy)

for the sacral image—derived method. The median value for
the 1| n radiation absorbed dose to bone marrow using the
blood-derived method was 0.02 Gy. The median Y radi-
ation absorbed dose was highest to the spleen: 7.42 Gy
(range, 0.23-24.48 Gy). The median YIn radiation ab-
sorbed dose was also highest to the spleen, 0.15 Gy.

0Y-lbritumomab Tiuxetan Pharmacokinetics

The median effective half-life for %Y -ibritumomab tiux-
etan in blood was 27 h (range, 14—44 h). The median
biologic blood half-life of the antibody was 46 h (range,

TABLE 3
Organ Radiation Absorbed Dose Factor (mGy/MBq) from °°Y
7.4 MBa/kg
(0.2 mCi/kg) 11 MBag/kg (0.3 mCi/kg) 15 MBag/kg (0.4 mCi/kg) All patients
Organ n Median Range n  Median Range n  Median Range n  Median Range
Spleen 2 361 037685 46 594 1.89-29.70 118 7.81 0.62-26.87 166 7.35  0.37-29.70
Liver 4 727 343-1039 46 3.85 0.85-15.93 129 459 0.87-17.55 179 432 0.85-17.55
Lungs 4 227 114275 46 2.04 059-354 129 205 084486 179 2.05 0.59-4.86
Red marrow (blood-
derived) 4 037 022059 46 053 0.09-1.11 129 065 0.14-1.84 179 059 0.09-1.84
Kidneys 4 031 0.16-045 46 027 0.00-0.51 129 o0.21 0.00-0.95 179 0.22  0.00-0.95
Bone surfaces* 4 035 0.19-054 46 049 0.09-0.84 129 054 0.16-1.31 179 053 0.09-1.31
Urinary bladder wallt 4  0.83 0.72-1.13 46 0.96 0.48-2.19 129 0.84 0.38-2.32 179 0.89 0.38-2.32
Total body 4 053 045057 46 052 027-068 129 055 0.32-0.78 179 054 0.27-0.78
Other organs# 4 031 0.16-045 46 038 0.06-0.51 129 0.41 0.11-0.62 179  0.41 0.06-0.62

*Dose to bone surfaces includes contributions from both red marrow and whole-body remainder residence times.

TAbsorbed dose to urinary bladder wall from 0¥ activity in urine was estimated using difference in total-body radioactivity observed at
time 0 and that observed at later time points (corrected for decay) and assuming that voiding occurs every 4.8 h.

*Includes adrenals, brain, breasts, gallbladder wall, heart wall, lower large intestine wall, muscles, pancreas, skin, small intestine,
stomach, thymus, thyroid, upper large intestine wall, and ovaries and uterus (female patients) or testes (male patients).
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TABLE 4
90y Effective Half-Life, Biologic Half-Life, and °°Y AUC Derived from !'In Activity in Blood

Dose group Time (h)
MBa/kg (mCi/kg) Parameter n Median Range
7.4 0.2) AUC 4 15 9-24
Biologic t1/2 4 34 18-60
Effective ti2 4 23 14-32
11 0.3 AUC 43 23 3-54
Biologic t1/2 43 43 19-66
Effective ti2 43 26 15-33
15 0.4) AUC 98 27 3-102
Biologic t1/2 98 47 22-140
Effective ti2 98 28 17-44
All AUC 145 25 3-102
Biologic t1/2 145 46 18-140
Effective ti2 145 27 14-44

18-140 h). The median residence time for %Y -ibritumomab
tiuxetan in blood was 26 h (Table 4). The median values for
plasma effective half-life, biologic half-life, and AUC were
similar to the corresponding median values for whole blood.

Urinary Clearance

In the 2 studiesin which urinary clearance was measured,
the mean fraction = SD of injected %Y activity excreted in
urinewas 9.2% = 3.2% and 11.5% =+ 4.5% when estimated
from In activity. The mean fraction of injected %Y activ-
ity obtained through direct measurement of Y was 5.8% *+
1.6%.

Correlation of 2°Y-lbritumomab Tiuxetan Dosimetry and
Pharmacokinetics with Hematologic Toxicity

Observed toxicity of 20Y-ibritumomab tiuxetan was pri-
marily hematologic and reversible. Multiple analyses were
performed to determine whether dosimetric or pharmacoki-
netic data correlated with hematologic toxicity. Dosimetric
parameters analyzed included blood-derived red marrow
radiation absorbed dose, sacral image—derived red marrow
radiation absorbed dose, and total-body radiation absorbed
dose. Pharmacokinetic parameters analyzed included Y
effective haf-life and AUC in blood. Hematologic param-
eters included hematologic nadir, nadir grade, and days to
recovery for the ANC and platelets.

Dosimetric Parameters Versus Hematologic Nadir
and Recovery

Tables 5 and 6 present the results of analyses examining
correlations between hematologic toxicity and dosimetric
parameters using the Kruskal-Wallis test, and Figure 2
presents the results of the Pearson correlation coefficient
test. With 1 exception, no significant P values (P = 0.05)
were obtained. The single significant P value was noted in
the correlation of total-body radiation absorbed dose and
days to recovery for platelets (Kruska—-Wallis test); how-
ever, the data indicated that a higher body dose correlated
with a shorter time to recovery (Table 6). This relationship
is not considered clinically meaningful because a higher
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total-body radiation absorbed dose would be expected to
result in a more prolonged recovery time.

Similar results were obtained when correlation analyses
were performed by individual dose group (11 MBg/kg [0.3
mCi/kg] and 15 MBg/kg [0.4 mCi/kg]).

Pharmacokinetic Parameters Versus
Hematologic Toxicity
Table 7 presents the results of analyses examining cor-
relations between hematol ogic toxicity and pharmacokinetic
parameters using the Kruskal-Wallis test, and Figure 3
presents the results of the Pearson correlation coefficient
test. None of these analyses produced significant P values.
Similar results were obtained when correlation analyses
were performed by individual dose group (11 MBg/kg [0.3
mCi/kg] and 15 MBg/kg [0.4 mCi/kg]).

Liver Dosimetry Versus Toxicity

The mgjority of patients in al studies had unchanged or
improved liver and kidney function laboratory test values
throughout the treatment and follow-up period. Because
abnormalities occurred in so few patients, statistical analy-

TABLE 5
Radiation Absorbed Dose vs. Hematologic Nadir Grade

Median red marrow dose (Gy) Median total-

Nadir grade Blood-derived Sacral-derived body dose (Gy)

ANC

0-2 0.62 0.99 0.57

3 0.64 0.88 0.58

4 0.58 0.11 0.58
P = 0.482 P = 0.108 P = 0.958

Platelet count

0-2 0.62 0.92 0.56

3 0.65 0.96 0.58

4 0.49 0.11 0.54
P = 0.066 P = 0.398 P = 0.382
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TABLE 6
Radiation Absorbed Dose vs. Hematologic Recovery

TABLE 7
Pharmacokinetic Parameters vs. Hematologic Nadir Grade

Median red marrow dose (Gy)

Time to recovery Median total-
(d) Blood-derived Sacral-derived body dose (Gy)
ANC
0 — — —
1-14 0.63 0.91 0.57
15-28 0.62 0.11 0.58
>28 0.46 0.85 0.55
P = 0.694 P = 0.090 P = 0.354
Platelet count
0 0.83 0.15 0.60
1-14 0.63 0.93 0.59
15-28 0.64 0.11 0.58
>28 0.44 0.98 0.46
P = 0.607 P = 0.227 P = 0.040

ses correlating chemistry parameters and liver and kidney
radiation absorbed dose were not performed.

Six of 179 patients (3%) had a clinically significant shift
from baseline in the liver chemistry values. All were doc-
umented by the investigator to be related to disease progres-
sion or preexisting conditions. The median radiation ab-
sorbed dose to the liver for these 6 patients was 4.15 Gy
(range, 2.68-9.75 Gy), similar to the median (4.50 Gy) and
range (0.64-18.56 Gy) for the population as a whole. Five
patients had radiation absorbed dosesto the liver of =12 Gy
(range, 12-18.56 Gy), the highest of the range of calculated
whole liver radiation absorbed dose estimates observed, and
none exhibited abnormalities in liver function tests.

Kidney Dosimetry Versus Toxicity

The maximum estimated radiation absorbed dose to the
kidneys was 0.76 Gy, and no renal dysfunction was ob-
served.

Whole blood
effective ty/» Whole blood
Nadir grade (h) AUC (h)
ANC
0-2 0.27 0.25
3 0.29 0.24
4 0.27 0.24
P = 0.050 P = 0.898
Platelet count
0-2 0.27 0.26
3 0.27 0.24
4 0.27 0.20
P = 0.547 P = 0.594
DISCUSSION

Radiation dosimetry provides an estimate of the radiation
absorbed doses from RIT to solid organs and red marrow.
Dosimetry is critical during phase | and Il trials of radiola-
beled antibodies to determine biodistribution, establish a
dosimetry database, and examine potential correlations be-
tween dosimetry parameters and clinical outcome within a
defined patient population. Even outside of a clinical trial,
dosimetry may be helpful to customize radiopharmaceutical
administered doses for individual patients. This is particu-
larly important if a radioimmunoconjugate has significant
interpatient variability in urinary clearance, such as with
131]-|abeled antibodies (16,17). Kaminski (16) reported uri-
nary excretion rates of 46%—90% within 48 h of antibody
administration. In the studies discussed in this article and in
additional ibritumomab tiuxetan trials, interpatient variabil-
ity was low with the SD <5% in all cases. In addition, in all
studies evaluated, the mean level of urinary excretion in the
first 7 d was also low, never exceeding 11%.
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dose and hematologic nadir value.
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As techniques for accurately predicting bone marrow radi-
ation absorbed dose evolve, dosimetry could potentiadly play a
greater rolein the use of RIT. However, as more experienceis
gained with aradiopharmaceutical, dosimetry evaluations may
not be necessary in certain situations, just as pharmacokinetic
assessments are not necessary in every patient treasted with a
chemotherapeutic or other therapeutic agent.

In 4 clinical trials of QY-ibritumomab tiuxetan RIT,
dosimetry has provided valuable information in establishing
a robust database of expected organ radiation absorbed
doses. One hundred seventy-nine patients were required to
undergo dosimetry evaluation before the therapeutic Y -
ibritumomab tiuxetan administered dose was delivered.

The MTD for %Y -ibritumomab tiuxetan was determined
in a phase I/Il nonmyeloablative dose-finding study con-
ducted for patients with low-grade, intermediate-grade, or
mantle-cell NHL (n = 50; 7.4-15 MBg/kg [0.2—0.4 mCi/
kg]). Subsequently, patients with baseline platelet counts of
=150,000 cellsymm? were treated at the 15 MBg/kg (0.4
mCi/kg) level. Thisincluded al patients enrolled in a phase
Il randomized, controlled trial comparing rituximab with
Y -ibritumomab tiuxetan and a phase |11 trial for patients
with rituximab-refractory NHL. Patients with platelet
counts of 100,000—149,000 cellsymm? received a reduced
administered dose of 11 MBg/kg (0.3 mCi/kg) in a phase I
single-arm study. No patient was permitted to receive an
administered dose of >1.2 GBq (32 mCi).

Treatment was alowed in these 4 studies, only if esti-
mated organ radiation absorbed doses were below protocol -
defined maximum limits (20 Gy to uninvolved organs, 3 Gy
to red marrow). All 179 patients met these safety criteriato
proceed to receive the therapeutic administered dose of
QY -ibritumomab tiuxetan. The median radiation absorbed
doses to critical organs were considerably below maximum
limits: 7.42 Gy to spleen, 4.50 Gy to liver, 2.11 Gy to lungs,
0.23 Gy to kidneys, and 0.62 Gy to red marrow.
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Initial estimates of the radiation absorbed dose calculated
a the clinical site were used to determine whether the
patient would proceed to °°Y-ibritumomab tiuxetan RIT.
After treatment, a central anaysis was performed where
organ radiation absorbed dose estimates were recalculated
a the Mayo Clinic and a8 ORAU. This allowed for a
rigorous evaluation of the data and provided a consistent
analysis of al patient radiation absorbed doses based on
uniform assumptions and techniques.

For the most part, toxicity associated with Y -ibritu-
momab tiuxetan RIT was hematologic and reversible. Al-
though mild abnormalitiesin liver function tests occurred in
a few patients, these were also noted on the rituximab
control arm of the randomized study and most were attrib-
uted to other causes (i.e., lymphoma, intravenous drug
abuse, hepatitis, Gilbert syndrome). These patients had es-
timated radiation absorbed doses to the liver in the same
range as the overall patient population. Lung and renal
toxicity related to Y -ibritumomab tiuxetan was not ob-
served.

Extensive analyses were performed to determine whether
a correlation could be established between dosimetric or
pharmacokinetic parameters and hematol ogic toxicity asso-
ciated with Y -ibritumomab tiuxetan treatment. No clini-
caly significant correlations could be established.

Both platelet and neutrophil counts were followed to
assess acute hematol ogic toxicity because these parameters
are most significantly affected by irradiation of blood and
bone marrow. Several analyses were performed using dif-
ferent expressions of hematologic change that reflect sever-
ity of toxicity. The degree to which platelet and ANC values
drop and the duration of time during which the levels
remain low are of greatest concern. To that end, hemato-
logic toxicity was assessed by the nadir value and by days
to recovery of that value. Two types of statistical analyses
were used to tease out possible correlations. In these studies,
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the Kruskal-Wallis test was used to group patients either by
grade of nadir or by defined number of days to hematologic
recovery. The Pearson correlation analysis further evaluated
correlations seen among groups by treating the hematol ogic
nadir and days to recovery as continuous variables. These
approaches produced the following categories:

e Patients grouped by grade of hematologic nadir

e Hematologic nadir value evaluated as a continuous
variable

e Patients grouped by days to hematologic recovery

e Days to hematologic recovery evaluated as a continu-
ous variable

In turn, each of these evaluations was correlated with
several different parameters. Dosimetric parameters in-
cluded red marrow radiation absorbed dose and total-body
radiation absorbed dose. Pharmacokinetic parameters in-
cluded blood effective half-life and the AUC.

Dosimetric parameters were evaluated to determine
whether they could serve as predictors of toxicity. Two
different methods of calculating red marrow radiation ab-
sorbed dose were used: the blood-derived method and the
sacral image—derived method. Although these methods of
measuring red marrow radiation absorbed dose can predict
hematologic toxicity in other situations, none of the analy-
ses performed in this study of 179 patients produced clini-
cally relevant correlations between hematologic toxicity and
red marrow radiation absorbed dose.

In addition to red marrow radiation absorbed dose, tota-
body radiation absorbed dose was adso tested as a predictor of
hematologic toxicity. Again, none of the analyses produced
clinically significant results. Total-body radiation absorbed
dose has been suggested as a surrogate for red marrow and a
replacement for organ dosimetry for other radiopharmaceuti-
cas, particularly y-emitters such as 13!, where the radionuclide
targeting specific sites al so emits penetrating radiation through-
out the entire body. In contrast, Y -ibritumomab tiuxetan
carries a B-emitting radionuclide; thus, emissions remain con-
fined to targeted areas. Results of the analyses demondtrate that
total-body radiation absorbed dose does not correlate with
hematologic toxicity in this setting.

Finally, hematologic toxicity was analyzed in relation to
traditional pharmacokinetic parameters of blood effective
half-life and AUC. Again, no relevant correlation was noted
between these pharmacokinetic parameters and platelet or
neutrophil toxicity. In summary, both dosimetric and phar-
macokinetic parameters were unable to serve as predictors
of hematologic toxicity.

Sgouros et al. (18) have detailed complex patient factors
that can contribute to inaccuracies in bone marrow radiation
absorbed dose estimates and the resulting failure of red
marrow dosimetry to predict hematologic toxicity. These
include spatial relationship of bound radiolabeled antibody
to the dose-limiting marrow stem cells, variable radiosen-
sitivity within marrow cell populations, and interpatient
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variability in the bone marrow reserve. In addition, Bolch et
a. (19) have reported on the value of including marrow
cellularity in models designed to estimate bone marrow
absorbed dose. In this patient population, variable loss of
marrow function is common as a result of bone marrow
damage from prior chemotherapy and external beam radia-
tion therapy or from marrow involvement by NHL.

Another major limitation is that blood-derived red mar-
row dosimetry considers only radioactivity in the blood and
is unable to account for the secondary irradiation of hema-
topoietic cells from radiopharmaceutical targeting of NHL
within the marrow. In these studies of Y -ibritumomab
tiuxetan, 49% of patients had bone marrow involvement
with NHL. Thus, it is possible that blood-derived red mar-
row radiation absorbed dose calculations were underesti-
mated in almost half of the patients.

Unlike the blood-derived method, sacral image—based
red marrow dosimetry accounts for direct targeting of NHL
within the bone marrow. However, it also has shortcomings.
Red marrow radiation absorbed dose can be under- or
overestimated because of the difficulty in separating sacral
marrow regions of interest from overlying or adjacent lym-
phomatous adenopathy. This phenomenon was observed in
aphase I/11 2Y -ibritumomab tiuxetan study (20). Juweid et
al. (21) have also reported similar obstacles using sacral
imaging techniques to estimate red marrow radiation ab-
sorbed dose from the radiolabeled anti-antibody.

Because of the many factors limiting the effectiveness of
bone marrow dosimetry as confirmed by the extensive cor-
relative analyses presented here, we conclude that currently
available dosimetric and pharmacokinetic techniques cannot
reliably predict which patients are at risk for severe hema-
tologic toxicity in this defined population of relapsed or
refractory NHL patients. Thisis confirmed by the extensive
correlative analyses presented here. In the future, as internal
radiation absorbed dose models improve and become more
patient specific, dosimetry may provide more accurate esti-
mates of bone marrow radiation absorbed dose and resulting
toxicity. However, interna radiation treatment for other
diseases, such as radioiodine therapy for thyroid malig-
nancy, successfully relies on clinical parameters other than
individualized dosimetry to ensure safety. This approach is
now being taken with Y -ibritumomab tiuxetan. Six clini-
cal studies performed on 306 patients have resulted in the
development of an Y-ibritumomab tiuxetan weight-ad-
justed regimen associated with an acceptable safety profile.
Patients enrolled in these trials were required to have ade-
quate marrow reserve as follows:

e Less than 25% bone marrow involvement with lym-
phoma by bone marrow biopsy

e Basdline platelet count of =150,000 cellsmms (15
MBg/kg [0.4 mCi/kg] %Y -ibritumomab tiuxetan) or
100,000-149,000 cellsymm? (11 MBg/kg [0.3 mCi/kg]
Y -jibritumomab tiuxetan)
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e No prior autologous bone marrow transplantation or
peripheral blood stem cells

On the basis of the findings of these studies, Y -ibritu-
momab tiuxetan RIT is now administered without dosimetry
at administered doses of 15 MBg/kg (0.4 mCi/kg) and 11
MBag/kg (0.3 mCi/kg) to patients who fit these screening
requirements. Whereas dosimetry is no longer required in
this defined patient population, dosimetry will continue to
contribute to investigational studies expanding the role of
Y -jbritumomab tiuxetan in NHL for myeloablative trials
and for patients with extensive disease burden who do not
meet established criteria. In addition, the role of dosimetry
may change as internal radiation absorbed dose models are
developed that can account for patient-specific differences.

CONCLUSION

Y -lbritumomab tiuxetan RIT delivers a safe range of
estimated radiation absorbed doses to organs and red mar-
row. Toxicity, which is primarily hematologic and revers-
ible, did not correlate with dosimetric or pharmacokinetic
results, and these results could not be used to sort out
patients who would be candidates for administered dose
escalation or reduction. Therefore, baseline blood counts,
indicative of marrow reserve in this heavily pretreated pop-
ulation, and the extent of marrow involvement remain pa-
rameters for patient selection for nonmyeloablative treat-
ment. As a result of these findings, dosimetry is no longer
required before ®°Y -ibritumomab tiuxetan treatment for this
defined patient population. Imaging is still included in the
treatment regimen as a visual evaluation of biodistribution.
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